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ABSTRACT

An introduction to the use of the empirical methods for the
prediction of the molecular rotation [kﬂand linkage rotationl;/\;]of
carbohydrates is given. From knowledge of conformations the major
factors determining the sign of the optical rotatory dispersion
(cor.do) curves and the first circular dichroism (c.d.) band of
unsubstituted sugars are considered. The o.T.d. and c.d. of polysaccharides
and'pol&saccharide derivatives containing gccessible chromophores are |
discussedo

In Section A of this Thesis the variation with temperature of
the compensated molecular rotation (comor.)- of a series of monosaccharide
methyl glycosides has been measured in water, dimethyl sulphoxide and
dioxan and compared with Reeves' earlier measurements in N NaOH. The
change in the c.m.r. values with temﬁerature and solvent cannot be‘
rationalised solely by changes in the conformational equilibria around
the C(5) = C(6) and G(1) — OCH, bonds. An explanation is given in
terms of changes in the empirical parameters used to estimate monosaccharide
molecular rotations. The change in the c.m.r. values oﬁ replacing water
by any other simple solvent are greater than those obsgrved on inter;
changing other simple solvenis. A possible explanatiog for this is
given in terms of the theoretical description of dilute agueous solutions
of simple carbohydrates. |

The variation of [d/\JD with temperature has‘been measured for
several disacchgrides in the solvents mentioned. For o-linked
disaccharides in water it is suggested that the molecules spend
considerable time in "folded" conformations where the hydrophobic

glucose surfaces are screened from solvent. This is not possible

for B-linked disaccharides. The anomalous E/«“ob;]D for cyclohexaamylose



is explained by an "intramolecular inclusion complex" in which one
linkage approaches é folded conformation. The conéequences of these
suggestions on the conformations of A~1,4~linked oligosaccharides and
amylose are also discussed.

In Section B of this Thesis it is shown tha£ c.d. has great
scope for alginate characterisation. A rapid, sensitive, non-destructive
method for the estimation of alginate compositibn is given. Moreover
both guluronate and mannuronate residues can occur in the chains between
two like or two unlike residues and this has predictable second order
“influences on the spectra. By mixing_the‘"canonioal sPectfa" of the
thiee types of block found in alginates, ﬁsing a computer, alginafe
spectra can be accurately reproduced giving a direct index of block
structure. | |

Using calcium alginate as a modei the use of c.d. to characterise
the specific interacfiohs between polysaccharide polyelectrolytes and
inorganic cations has been explored. Alginate gelation has been
studied by diffusing divalent mefal ions direct1y into a c.d. cellt”i'
£illed with alginate solution. The striking spectr,al-c;_hang:.el-s which
occur eiucidate the cooperative mechanism for the formation of the
gel network by association of like ;egions-of the chains into
ordered bundles. An explicit chemical structure is also proposed

for these "microcyrstallite" regions which is in very good agreement

with other experimental evidences
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GENERAL INTRODUCTION

The extraordinary sensitivity of the closely related
chiroptical techniques of optical rotatory dispersion (o.r.d.)
and circular dichroism (c.d.) to the 3;dimensional geometry of the
molecules under observation makes them extremely valuable tools
for gaining information about molecular structure and conformation.
Unfortunately, although the theory is quite well understood in
general terms, we do not yet have a detailed enough understanding
to predict spectra from shape acéurately, except in a few extremely
limited cases, and must, therefore, rely on ﬁore empirical |
approaches. Sﬁoh methods have been most widely used in chemistry
of natural products, but although carbohydrates were to the foré
in demonstrating their usefulness (Hﬁdson 19091, Harris, Hirst
and Wood 19342) they have contributed little to the fundamental
theory compared with recent developments in the steroid field. The
main reasons for this are a scarcity of suitable chromophores in
unsubstituted carbohydrates and the complexity of the stereochemical
problem; due to possible interconversion between the less rigidlyl -
defined carbohydrate conformations.

Both techniques give essentially the same information and
examine the differences in the interaction of left and right
circularly polarised light with the electrons of dissymmetric
molecu1e53’4; optical rotation is a measure of different rates of
propagation, while c.d. arises from differential absorption.

Optical Rotation at a Single Wavelength

The electric vector of plane-polarised light is composed of
two electric vectors of equal amplitude (ER and EL), for right and

left circularly polarised light, which meke equzl angles with the
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axis of propagation (x). On passing through an optically active
medium, light bf one helical sense, EL say, is slowed down relative
to the other and on emerging the vectors no longgr make the same
angle with the x axis. This leads to rotation of the plane of the
polarised light, as shown in fig. 1. | '

Optical rotations are generally measured in solution and the

"specific rotation E(]" of a compound is defined as

L X 100

[ Temp. of measurement

Ay wavelength of measurement -1 x ¢

where & is the observed rotation, 1 is the length of the sample
tube in decimetres and ¢ 1is the concentration of the solution in
g/iOO ml. In quantitative comparisons of different compounds it is

more convenient to use the "molecular rotation [M]";

Molecular rotation [M] ; [o(] x mol. weight
| 100
In some publications, however, particularly in carbohydrate chemistry,
the product is not divided by 100.

Monosaccharides

The earliest and best known of the rules correlating
optical rotation with carbohydrate configuration are Hudson's "rules
of isorotation"l° They apply to derivatives of pyranose sugars and
assume that the rotation of each anomeric form of corresponding
derivatives is the sum of two independent contributions.
Anomerisation causes the contribution which is characteristic of
C(1) to be reversed in sign but does not change the contribution
dependent on the configuration from C(2) onward. Quantitative values

_show that the rules hold for many aldohexose derivatives but for
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X axisiof propagation

Fig. 1(a) Superposition of the electric
vectors for left and right circularly polarised

light before entering an optically active sample.

X

Fig. 1(b) Superposition on leaving the
optically active sample; +this shows the rotation
of plane polarised light by delay of one

circularly polarised component relative to the

other.



sugars with an axial group at C(2) tho valuos axro constant but very
different from those expected. This discrepancy has provoked much
speculation but can be readily explained by later theoriess.

Kauzmann6 recognised the fundamental unsoﬁndneés of the Van't
Hoff superposition principle, and Hudson's rules which were derived
from it, and pointed out that the Quantum theories suggest that
optical rotation is a result of the modification of electron motious
by interactions between groups. The texms to e considered, in
summing the interaction effects bgtween groups, are of thé type AB
("pairwise interactions"), AEC ("three;way interactions"), ABCD
("fourlway interactions") and so on.

An important empirical development, which only considered one
tybe‘of interaction, was made by Whiffen7, who proposed <that the
observed rotatioﬁ of a carbohydrate molecule could be regarded.as the
algebraic sum.of partial rotatory contributions due to various

conformational elements of assymmetry arising from chains of four atoms

such as UC-CX (fig. 2). The value of these contributions would depenrd

Figo 2 Looking along the connecting carbon - carbon dond
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on tho vino of tho anglo @ and was givon by an oxproocsion of the

oo ) : :
type Z_ a s8in (On); but by the conformational assumptions made,
. n=0 ' .
G was restricted to i_7V3 or /\. Bupirical values were assigned
to combinations of these contributions which allowed a fairly
accurate estimation of the net rotaition of various cyclic sugars
and cyclitols. The main features of this approach are given in moxe
detail in Appendix I along with an example of its use in the
calculation of monosaccharide molecular rotations.

. L ' . S L8

This empirical approach was extended by Brewsier to apply
to a wide range of cyclic and acyclic compounds. His hypothesis was
that " a2 centre of optical activity can be described as an
assymmetric screw pattern of polarisability" and it distinguished
three different ways in which this could arise.
(a) "Atomic assymmetry" where if the sole sourcé of assymmeiry
was tne atom X in 'a compound X ABCD (fig. 3) the net rotation of

a randomly oriented assembly oi molecules would be dextro for the

B

|
I
|
|
A[:::>=>:<<] C
|
|
D

Figo 3



configuration where the polarisability decreased in the order

A>.B7C > D. The earlier empi‘rical rules of Iaiarkerg were eciuivalent

to this assumption but such contributions were small and were more
likely to apply ﬁnder conditions where types (b) and (c) did not

arise. For the determination ofvcyclic carbohydrate rotations

Brewster neglected these contributionse.

(b) "Conformational assymmetry' whose contfibutions to the optical
rotation of a molecule were dealt with in a'manner very similar to
that of Whiffen except that more explicit rules were given for
computing ihe magnitudes of the contributions by given paifs of groups.
(c) "Permolecular assymmetry" due to the inherent axis of polarisability,
in a qarbohydrafe ring, which passes through the oxygen atom and C(S).
The presence of dissimilar axial groups at C(1) and C(5) or at C(2).and
C(4) would introduce a further axis of polarisability difference in
each cése whiéh would form a screw pattern of poiarisability with the
axis of the ring.

, In hexopyranose rings the rdtational'assymmetry o} the
hydroxymethyl group at C(5) necessitated a further empiriéal correction
and also +the large correction of 105o in molecular rotat;on was found
for the rotational assymmetry of the glycoéidic methyl group at C(1)
(dextro for an A~%2;form; levo for a B%glform)-

Brewster compared his own and Whiffen's calculated values, for

carbohydrates and their derivatives, with the observed rotations and

concluded that a wide range of constants could be employed when this
series was considered alone. Although VWhiffen's constants gave
slightly more accurate results Brewster's values allowed the series
to become part of a wide range of compounds where the application of

these empirical methods can be usefully employed. Also in considering



permolecular effects Brewster's theory was more consistent with the
observed origins of tﬁe coﬁtributions. Brewstér's assumptions

and values for his rotational constants are given in Appendix I

and an example of.the calculation of the molecular rotation of
methylLo(;Q;galactopyranoside is also given.

A more detailed evaluation of the possible application of
pairwise interactions to the determinatiohs of optical rotation and
conformational analysis was carried out by Kauzmann and co;workerslo.
Also, gobd agreement was found, using the above methods, bet&een
calculated and experimental rotations for the conférmationally
unambiguous 1,6\anhydrolﬁlg;hexopyranosides and their derivativesll.
Lemieux and Martin12 simplified and reduced'the number of empirical
parameters required by Whiffen's theory to calculate opticai rotations
(Appendix I) and in additidn combined n.m.r. spectral and optical
rotatory data to sﬁudy the effect of solvent.eﬁvironment on
conformational equilibria13’14. This follows from the fact that if a
molecule can exist in a number of different conformatioés each will
make a disérete contribution to the overall spectrum. éhanges in
the populations of different conformational states with?temperature
or Qith change of solvent will be reflected by changes in chiroptical
measurements. However, changes in the temperature and solvent also
change the contribution to the optical rotation from direct
spectroscopic perturbations, from solvent interactions and
intramolecular hydrogén bonding. Although these are not large enough
to obscure large conformational changes comparable with a chénge in

conformation of the sugar ring, their magnitude, as shown in Section

A of this thesis, can be comparable to that arising from changes in



tho conformation of tho C(1)~O-mothyl o C(5) hydwoxymothyl
groups undor tho sane conditions.

Di, Oligo and Polysaccharides

In more recent applicationsls’l6, Kauzmann's additivity
principles Tor optical rotation coupled with Brewster's empirical
treatmént in terms of screw patterns of polarisation have been
used to empiricaliy relate the single;wavelength optical rotations,
of di, oligo and polysaccharides, to their solution conformations at
the glycosidic linkage in terms of the dihedral angles ¢ and ¥
(fig. 4). The expressions are applicable to those di, oligo and
polymers in wﬁicb the sugar residues have the D configﬁration

and can be fairly reliably predicted ito be in the Reeves C(l)

conformatione.

Fige 4 The dibedral angles © and ﬂ/u

The linkage rotation [./\.] for a given wavelength can be

defined as;

[A] =B = (BRI ) -------
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where [MNR] is the molecular rotation for a disaccharide containing
a non;reducing (N) and a reducing (R) residue, BEN] the molecular
rotation of the methyl glycoside of N and [MFJ the molecular
rotation of the reducing éugar R. For trial purposes the
corresponding equations for the disaccharide glycosides can be
used to avoid any error due to differences in the mutarotation
equilibria of R and NR. " The linkage rotation represents the
optical rotation.arising from interactions across the glycoside
linkage minus any contributions to BﬁMELﬁ] apd ﬁnﬁ] by intgraction
of the glycosidic methyl and the hydrogen atom lost from N and R,
respectively, in the formation_of the disaqcharide NB..
The empiricai treatment now mgkes the.assumpﬁiop that

only interactions between bonded atoms will contribute to [Jﬂg]

since spectroscopic perturbatioq of one residge by the ofhe; will
tend to be quenched iﬁ polar, strongly hydrogen bogding solyents,
such as water or dimethyl sulphoxide. Using Brgwsterjs_conformatignalv
asymmetry terms, the partial rqtatory contributions'from chains of
; bonded atoms, taken four at a-time, will depend on the‘&ihedral
angle and will meke positive contributions when the;angl? is as shown
in fig. 2. For a 1,4 linkege for example the interagtion c(2) - c(1)
Zo- C(4') makes the contribution

[ iE]D = const x sin é Soli il (2)

where the constant can be calculated from Brewster's conformatiqn
XLVO (fig. 5) as 105 x 2/{? = 120° for the sodium D line. Summing
this plus the contributions from CO(5) - c(1) _0- c(4'),

c(1) 0= c(4*) - ¢(5") and C(1) Z 0~ c(4") - C(S') remembering

20 = ¢(1) - c(2)

- 0 -C(1) - 0(5) =nd Crethyl ~

to subtract the Cmethyl

gives an equation for L/\J of the form:
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[./\cu.lo]D - A= 120 (sin A ¢ + vin D) - (3)

o) ety

7/
7

N\

!
I
! CH;

H

Fige 5 Brewsters conformation XLV8 which was assigned the

‘enpirical value of 105°,

_ The consiant A has the value A = =105 for an « linkage and A = +105
for a B linkage since it is deduced from the C-methyl interactious.
The dihedral angles, denoted é§¢'and O+ to avoid confusion with

earlier computing conventions, are zero when the relevant C-H and

)

.C~0 bonds are eclipsed.

The empirical relationship suggests that the observed
i
linkage rotations will always be within the ranges quotéd in table 1,
but rarely approach the extremes because of the resulting steric

compression. This reasoning is in excellent agreement with the

observed values (table 1).

Table 1
[JAM ]D B-linkages A-linkages
Calculated =135 +345 =245 +135
Ovserved ~ 41 4106 - 61 + 83

(42 ovservations) (19 ovservations)
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Since the conformation is deduced in terms of two variables,
and experimental measurement gives only one value,; unambiguous
interpretation is impossible. Calculation can show, however, that
oligosaccharide crystal conformations, as might be reasonably
expected, do not necessarily dominate in solution. The solution
conformations suggesied by n.m.r. and conformational analysis in
terms of energy calculations can also be tested in this way.

An example of these calculations is given in Appendix I and a more .
detailed discussion of the information which can be obtained using
this approach is given in Chapter 2 of'this‘thesis.v

| This studyl6-also spectacularly demonstrates that iﬁternally
. consistent, rough predictions can be made about the average linkage
conformations in solution by hard sphere map computer calculations.
An increase in the number of accessible conformations results from the
presence of smaller substituents next to the glycosidic oxygen. |
Also, for di;equatorial glycosidic linkages the numerically averaged
values of A¢ and A are almost independent; A b.ei"'ng determinedl
and R, control A~ (fig. 4). Therefore,

2 3

on the basis of their conformational maps, glucosyl olié%mers can be

"~ by the nature of Rl’ while R

assigned the cellobiose g§¢ value and that of lactose is applicable
to the galactosyl homologues. When a large number of compounds are
analysed in this way and their l&f‘vaiues calculated from equation

3 the results consistently demonstrate that:

(1) each group of compounds having similar substitution around the
glycosidic oxygen shows only very small variations in this angle and
that

(2) replacement of a substituent with 2 1less bulky one causes this

narrow range to shift in +the direction expected from steric considerations.



The factors affecting A¢ and A"f for A-lirkages are less
easy to separate but the same general picture is observed if it is
assumed that, as in the P-seriesy z§¢ is the same for related
compounds. This assumption requires that for «%-linkages, even in
13,17

water, the exo-anomeric effect overrides the steric clashes

suggested by computer calculations and dominates- the conformation
around C(1).
In the case of 1,6 linkages there is a third angle of
rotation ( A(y) about C(5) - c(6). It is expected that A ¢ and
AW wiil have similar values to those in the isolated monomers
and the remaining .variable angle can be estimated directly from the
relationship:
[/\ calc]l)' - 120 sin A ¥
Finally, perhapé the most dramatic illdstration, in carbohydrate
chemistry, of the usefulness of opticél rotation measurements at a

18,19

single wavelength is the demonstration of‘the cooperative
formation of double helices in solutions and gels of iota and kappa
carrageenan., That this tertiary étructure formation caﬁA cause
multiple cross;linking and hence tangled netwoxrks has ?een demonstrated
by controlled degradation and chemioal moaificationzo t; give a
sample which showed a cléan coil %o helix transition Qith a corrsesponding
doubling of molecular weight21° A further confirmatign of these
results has been obtained By a simple extension22 of the above methods.
The linkage terms for the double helii—are calculated from X-ray
diffraction studiesz3 for the solid state by substituting the valuss
A¢AB, A«/\AB, A¢BA and Af\/\BA for the altsrnating carrageenan

structure (fig. 6) into equation 3. For the random coil the

conformational terms are assumed to be the same as in the corresponding



14

o AT AFTAGE P e
- NN
L=13 ;9-—1,4 |
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n

Fig. 6 Schematic reprosentation of the alternating structure

for carrageenan

disaccharides. When these calculated values are compared with
measured values for the solufiqn in which the ftransition 6ccurs
excellent agreement is obtained.

More recent worxl9’ using these Optical rovation methods
has shown the first example of polysacchariae quaterna;y structure.
This is the cooperative association of unlike»polysaccﬂaride chains
in the binding of polysaccharide helices o galaciomannans. Noreover

i
thié bindiﬁg of galactomannaﬁ stabilises the helix under conditions
where it is not stable alone and thus represents a ligand induced
change of polysaccharide conLormatlon.

All the above empirical treaiments are only applicable for
compounds which do not have chromophores which absorb in the near
u.v., s0 that direct speciroscopic perturbations, from solvent
interactions or infra-molecular hydrogen bonding, do not have
large enough contributions to affect tnose from wnich the

relationships are derived. Uhere such chromophores are present,
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however, secondary infiuences on them may swamp the far u.v,
conformational contributions and the relationships should only
be applied along with studies of the Cotton effects due to these
chromophores,

O.R.D., and C.D,

If the specific rofation (or Eﬂ) is measured as a function
of wavelength, then greater absolute véiﬁes are generally obtained
at shorter wavelengths. This is a result of the usual form of the
"plain curve" and we can use this, in spectral regions'remote from
~ an absorption band to estimate the position of its maximum

25

absorption by making use of the Drude equation.

In the region of an absorption band, left and right handed
circularly polarised light are not only propagated with different
velocities, in chiral molecules, but are also absorbed to different

extents. Thus the lengths of the two vectors ER and E_ are now

L
different, after passing through the 0ptically‘aotive medium, and
the emergent wave is no longer truly plane polarised; .in fact the
point of the resultant electric vector describes an eliipse as
shown in Fig. T+ The plane of polarisation is now def@ned by the
major axis of this ellipse and the minor axis pro&ides’a measure
of the c.d. The angle © is known as the “ellipticity" but

for meaningful comparisons of the c.d. of various samples the

"molecular ellipticity" (?] may be employed where;

[O] = O x mol., weight (g ) degree cmz/aecimole
. lxc .

and 1 is the pathlength (mm) of the sample cell; c is the
concentration of the solution (g /cm3).

Due to this differential absorption an s-shaped component

is superimposed on the plain o.r.d. curve. A curve 6f this type is
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Figo 7 Effect of an optically active absorbing
plane polarised light.
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described as "anomalous o.r.d." and both effects c.d. and anomalous
o.r.d.,are known as the "Cotton effect'". Because of the commoﬁ
physical origin of the chiroptical methods, if either of the two
curves is known over the entire spectral-range, the other can be
calculated using the Kronig-Kramer's transform equations4. For an
isolated chromophore the c.d. and o.r.d. bands have the form shown
in fig. 8. Since c.d. is an absorption phenomehon, the band is bell
shaped, as in u.v., but may be either positive or negative depending
on whether the dissymmetric system absorbs left or right circularly
polarised light more strongly. While c.d. drops off rapidly, and
only has non negligible values at wévelengths restricted to the
immediate region about Rmax’ the optiéal rotation remains significant
even at wavelengths remote from the absorption bénd; This has the
advantage of zllowing o.r.d. to be used even when there is no
absdrption in the accessible region because of the still appreciable
contribution from groups which absorb in the far u.v. Indeed the
previously discussed empirical theorieé basedvon rotations at a
single wavelength essentially make greatly simplifying:assumptions
concerning what will give rise to relevant absorption pands since,
formally, the optical rotation at any wavelength can be regarded
as the algebraic sum of the contributions due to the various
optically active bands. However, the disadvantage is always
present in o.r.d. that resolution of the spectra from different
chromophores is much more difficult than for c.d. because of these
appreciable "background" rotations, along with the inherently more
complex shape of the o.r.d. band.

Early c.d. measurements were usually obiained by the modification

of svectropolarimeters and, consequently, looked at the ellipticity
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of the emergent light. This is extremely susceptiblé to cell

strain and light scattering artefacts, causing c.d. to Be overshadowed
by oerod, until the developmentB, in the early 1960's, of new
commercial instruments. These measure directly the difference

in absorption of right and left circularly polarised light and have
led to the rapid development of this potentially superior technique.

Plain Curves

When an electron moves from its initial energy state to a
state of higher energy by absorbing light, the wayelength required‘
for most electrons in an organic molecule is shorter than the
minimum obtainable with present instruments (around-185 nm). In
particular this is true of the electrons of the saturated bonds of
the ring forms of carbohydrates and the absence of any discernible
Cotton effect in the fegion of carbonyl absorption (~ 290 nm) confirms
that only tiny amounts of open chain forms are present under equilibrium
conditions. In unsubstituted carbohydrates, of the chromophores
responsible for optical rotation, the ring oxygen and methoxyl absorb
below 180 nm while the hydroxyl group absofption occurs ﬁear 150 nme.
In the accessible region below 200 nm, unsubstituted mqnosaéoharides
show the onset of a dichroism band26'attributable to l;ght absorption
by the ring oxygen; the sign and magnitude of this band are
determined by the stereochemical arrangement of groups.around the

215273 4.4, although the sign

ring oxygen. It has been demonstrated
of the o.re.d, curve is significantly influenced by the configuration
at the anomeric carbon atom,; the major effect in determining the sign
of the first c.d. band is the introduction of a new axis of polarisability

difference in the molecule due to the replacement of the equatorial

hydroxyl at C(2) or C(4) with an axial one (c.f. Brewster's pemmolecular



effect). Another important factor is perhaps the influence of the
C(4) configuration on the confqrmation of the freely rotating-
hydroxy methyl  group at C(5).

Similarly in the plain o.r.d. curves27, 2lthough the data
'express the contributions of all asymmetric centres, as the far
u.ve. transitions of the ring oxygen are approached, their contributions
..rgach a maximum and bécome dominant in relation to the contributions
from other optically active bands. Table 2 summarises the direction
of rotatory contributions of individual ‘asymmetric qonfiguratidns,

in the D-pyranose series, in the accessible region below 210 nm and

in the visible region.

Table 2
Configuration about Cl Conformatién 1C Conformation
Carbon No, ’ 600;250nm Below 210nm 600L250nm Below‘210nm
.l(a) a in Cl conformation + + Z | ~
1(e) a in 1C conformation - - + +
| 2(a) , - I + -
2(e) + , - - +
3(2) o : . . ;
4(2) + - . +
5(e) with 4(e) . + - N
5(e) with 4(a) and 1(a) + - z +
5(e) with 4(a) and 1(e) - - + +

(a) and (2) denote axial and equatorial substituents respectively.
The magnitude of the C(3) configurational contribution is
smaller than the rest, as expected since it lies on the existing
axis of polarisability of the ring. The results alsq indicate that

interactions between a bulky substituent and a neighbouring group



may affect the optical rotation, a possibility that is not always
considered in the single wavelength calculations.

Cotton Effect Curves

Although most unsubstituted carbonydrates show only plain
curves and the onset of dichroic bands, electronic systems which have
a smaller difference in energy between their initial and excited
states will absorb light of longer wavelengths. The transition
most studied by the chiroptical techniques is the ketone n — %
transition in which a non bonding electron on the oxygen atom is
promoted +to a higher energy antilbonding orbital of the carbonyl
group25,28329.

For a number of-chromophoresg the effect of the spatial .
distribution of other atoms or groups on .optical activity has been
systematised into rules. The best known of these are the cafbonyl
octant rulgzs, which has greatly simplified the use of chiroptical
methods in the determination of steroid ketone stereochemistry, and -
the peptide quadrant rule29, which has helped the develoiment of the
techniQues to the point where spectra from the helix, pleated'sheet

and random coil conformations of polypeptides can be intérpreted

qualitatively. In favourable cases protein spectra can also be

matched quantitatively by mixtures of these three extremesjo.

Unfortunately in carbohydrate chemistry these better
understood chromophores are seldom encountered, although similar
transitions are exhibited by the carboxyl, amide and acetyl groups
present in some naturally occurring plant and animal polysaccharides.
If an accessible derivative is not present in fhe carbohydrate;,
suitable derivatives may, of courSe,be prepared by substitution of

the hydroxyl groups on the sugar residues, but this could
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substantially alter the preferred conformation. A recent review of

31

polysaccharide c.d. has been made by Morris and Sanderson™ .

Polysaccharides Containing Acéessible Chromophores

Polysaccharides in this category are most responsive to the
.ohiroptical methods because they contain sugar residues which
possess ;n acéessible optically active chromophofe. The iﬁdividual
monomeric residues of the polymers have been extensively studied to_

gain an insight into the spectral behaviour of the natural material.
32,33

£

(a) Acidic Sugars: Chiroptical studies of the uronic acids

show a main Cotton effect around 210 nm typical of the carboxyl

n— A% transition. An interesting small negative band, which has
been attributed to an identical transition for a particular
conformétion or solvatioh state, also appears at ﬁigher anelength
for uronosides possessing an equatorial hydroxyl group at-C(4)f This
is not observed for the corresﬁonding methyl glycosides which have an

33 that a hydrogen

axial hydroxyl at C(4). It has been suggested
bonded, stabilised conformation of the carboxyl group ié possible,
for equatorial C(4) hydroxyl groups, in whiéh the ohromdphore aﬁd

the ring oxygen lie in the same plane and allow the sté%ilisation

of the excited state by conjugation with the non;bonding electrons
of the ring oxygen. This would reduce the energy required for the
transition and account for the observed, small longer wavelength
band. The corresponding stabilised conformation of this type is
impossible for an axial hydroxyl group at C(4) since it does not have
the chromophore aligned in this way. This agrees with the absence of
the lower energy transition when the C(4) hydroxyl is axial. Support

32

for this interpretation comes from the relative increases in the

size of the longer wavelength band in non polar solvents where there
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will be increased intramolecular hydrogen bonding.

33 also demonstrates that methyl-f-D-

Y \ v

mannuronoside and methyl—o(fg-guluronoside give spectra which

The recent study

are completely different. This suggests that the structure of the
commercially imvportant, seaweed polysaccharide alginic acid may be
determined by an application of the chiropticél methods and the
successful investigation of thisAdirect, rapid index of éomposition
is described in Chapter 3 of this thesis. In Chapter 4 is described
the application of c.d. to the study of alginate gelation, by diffusing
calcium ions directly into a cell filled with sodium alginaté solution.
Thé striking spectral changes which occur have 16d to the elucidation
iof the coofeiative mechanism34 for the formation of the gel network
by assobiation of like regions of the molecular chains int§ ordered
bundles. An explicit chemical strﬁcture is also proposed for:these
ﬁmicrocrystallite" regions which is in very good agreément with other
experimental evidence.

These chiropticai studies may also be applied to pectin, a
1,4 linked poly;aL;Q;galactopyranosyl uronié acid similar to alginate
but complicated by the presence of high (70%) or low (éQ%D degrees of
methyl esterification along with neutral sugars, which occur either

34 35

in the main chain. Esterification

appreciably affects the position of the c.d. peak36

as side chains™" or as "kinks"
and the calcium
gelation of low methoxy pectin can also be monitored as for alginates
and a similar mechanism postulatedo The gelation of high methoxy pectin
requires the pH to be low and sucrose or sorbitol must be added to
depress the activity of the water. The gels are formed by cooling

heated pectin solutions, which satisfy the above conditions, in a

c.d. cell and this results in a large increase in the spectrum
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intongity, without altoring its shapo or position3°. Although a
vory small incroase is observoed on cooling such solutions under
nonlgelling conditions, the c.d. indicates? as expacted; a
different gelation mechanism from that of the low;methoxy calcium
gels. This is believed‘to take place by +the association of ;egions
of uronic ester, with the possible incorporation of occasional
acidic residues since.these occupy no more space tvhan the ester and
34 |

are also electrostatically neutral” .

Al A} Al
(b) 2-Deoxv—2-Acetanido Sugars: Replacement of the c(2) hydroxyl

group of a sugar residue by an acetémido group occurs in many
biologically important macromolecules and monomeric stu&ies have
shown37 thav substitufion of an eguatorial acesamido group leads to
a negative c.d. band centred ground 210 nm. The corresponding axial
chromopﬁd&e gives a smaller positive band at the same wavelength.

\ N

The spectrum of N-acetyl-D-glucosamine together with that of muramic

acid have been combined to show that the separation and freedom of

CH OH ,}
l o

CH, '
O-CH-COOH

H,OH
HO

IIJH—CO—CHB

Fige 9 N-acetyl-muramic acid

9)38

rotation of these chromophores in N-acetyl-muramic acid (figo

to very little interaction between taem and each essentially.

leads



experiengesthe same electrostatic environment as in their
'monosubstituted sugars. From this has been deduced the E;acetyl
muramic acid conformation which will be an‘important factqr in
- the determination of the precise shape and function of bacteriél cell
wall, peptidoglycan networks; since it is a major component of the
peptidoglycan.
Probably the most important group of polysaccharides

containing acetamido chromophores are the mucopolysaccharides which,
after extensive structural_studies39, have been shown to have the
characteristic disaccharide repeats shpwn in table 3. Stone40 has
extengively examined the chiroptical effects, in these polysaccharides,
arising fiom the electronic transitions bf the acetam;do and carboxyl
groups'in the sugar residues and these are shown in fig. 10. The
magnitude of the 208 nm negative band, presentAin all the spectra;l
varies in magnitude and all also show other distinctive features.
Dermataﬁ sulphate (D S ) shows an additional c.d. minimum around

190 nm and hyaluronic acid (HA) and the chondroitin 4 (QHL4LS) and

6 (CHL6:S) sulphates show the beginning of this negative band.

In contrast heparin (H), heparitin sulphate (HS) and kepatan sulphate
(KS) show an additional positive band centred near 190 nm in addition
to the 208 band. Thus the c.d. spectra define two broad groups
qorrelating with the polysaccharide structural types, namely those
containing a 1,3 linked acetamido sugar (HA, CH;4;S, CH;6;S,.DS) on the
one hand and those containing a 14 linkeq acetamido residue (H, HS, KS)
on the other. From the monosaccharide ce.dey the higher intensity of the
E;acetyl chromophore n—) 7 * transition at around 210-215 nm will make
it the predominating influence on the spectra, although this wiil‘be

modified by the influence of the corresponding carboxyl transition which
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L, f\ HS H KS DS  |CH-4-S [CH-6-S
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Fig. 10 cods spectra of the mucopolysaccharides
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Hyaluronic acid

HA

CHondroitin=6-sulphate
Ci-6-5

R(1) = 504 “R(2) = H

CHondroitin-4-sulphate

CH-4-S

R(1) = BE R(2) = so3'

- Dermatan sulphate

DS

Keraéan sulphate

KS

Heparln F

R(1) = R(2) = H

3
Heparitin sulphate H S
R(1) = R(2) = 503—

R(3) = Ac or 503‘

Table 3. Basic idealised disaccharide repeat uniis of the

mucopolysaccharides.



also takes place in this region.

The mucopoly;accharide chiroptical spectra depend on the
local environment of the chromophore and hence on the structure
around the group and the overall polysaccharide conformatiohs
which are, in turn, determined by the anomeric configurations and
linkage positions of the individual'sugar residues, along with

their particular ring conformations. D-Glucuronic acid, N-acetyl-D-

A} v v

glucosamine and Eracetylﬁg—galactosamine exist in the Cl conformation
and examination of the disaccharide repeat units in table 3 shows that
HA, CHL4;S and CH;6LS are likely to have similar conformations. DS
‘woula, however, be expected to have a different conformation, beqause
of the presence of the ériduronic acid residues, which have been shown4
to prefer tﬁe alternative 1C conformation, and this is borne out by its
slightly different c.d. spectrum. HoweQer, the chondroitins and
dermatan sulphate are probably idealised extremes of a spectrum of
closely related structures differing in sulphate content and the

nature of the uronic acid group since dermatan sulphateé, from
different sources, may contain significant amounts of:glglucuronic

acid as well as é}iduronic acid42. It has already.been?éhown in
heparin that although the drawn disaccharide repeat is a significant
structural feature the main uronic acid residue is the ,okllinked
;}iduronic acid43’44 in the 1C conformation and this residue is also
partly sulphated.

Further studies into the structural and conformational aspects

of these molecules would be useful and c.d. could play a significant
part in these, since it is non;destructive and requires only small_

amounts of material. The use of c.d., coupled with 2 mild method for the .

removal of N-acetyl groups and the existing mild methéd for sulphate
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remoyal45, cogld ipdicaﬁe the effect of these on the polysaccbaride
solution ponformations° Morgover, the study of de;g;acetylated
mucopolysaccharides, from different sources, might clarify the
possibility of differences in uronic acid composition in addition
to those found for heparin.

Polysaccharide Derivatives

It is unfortunate +that most polysaccharides, unlike those
above, do not possess a chiroptically accessible chrcmophore.
Substitution of the hydroxyl groups on the sugar fesidues, with
suitable derivatives such as acetates, carbanilates and xanthates
can overcome this difficulty but it must always be remembered that
this may have a large effect on the preferfed solution conformations
of the polymers.

The carbanilates of BL1,4 and a(:1,4‘linked glycans have been
studied, comparatively, by Bittiger énd Keilich46, emphasising
cellulose and amylose in particular, along with their corresponding
disaccharide building ﬁnits. Very recently, the corresponding. |
acetates and xanthates of these polymers, plus dextran have been
similarly compared47’48. The conclusions drawn were very similax
and are summarised below. In all cases the advantage of c.d. over
o.r.d.y, for examining single chromophores, was evident.

(a) ol -1,6 Linkages: From the symmetry and position of the ellipticity

48

mexima in the c.d. spectra of the dextran acetate series” , a completely

random solution conformation is indicated, as might have been
expected from the flexibility conferred on the oligomers, by the
presence of the extra bond in these linkageso

46,47

(b) p-1,4 Linkages: Both types of derivative spectra show a

AY

simple negative Cotton effect for cellulose and its related oligo-
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saccharides and the position and symmetry of the transition is similar
for the xylan series. Thus there is no evidence for preferred
conformations in solution. This is in agreement with the

rotational flexibility available to both +the parent dimers

(cellbbiose and xylobiosé49, even in the presence of acetate groups47,

as shown by conformational analyses,

(¢) A-1,4 Linkages: The c.d. spectra of the acetates of amylose and

its oligomers48 show completely different features from those above.

Glucose penta-acetate and B-maltose octa-acetate give simple positive
c.ds. spectra but for maltbtriose hendeca—acetate the positive c.d.
maximun is shifted to longer wavelength and a more pronounced negative

band appears. Amylose tri-acetate gives a similar spectrum and a

A

. similar type of behaviour is observed for the A~glycan carbanilate
derivatives460 These dramatic spectral chahges have been attributed
to interaction of the acetate and parbanilate groupsy of the t&pe
that may be present in helical systems. In such an arrangement
interaction of the chromophores results in an exciton type splitting
of the c.d. band associated with transitions such as the :carbonyl
7{ —— /T*. Thus the negative band in the ace%ate symmet;ic exciton
spectrum appears in the low wavelength region.accessible to the
instrument, partly obscuring the weaker n—7{* tand and apparently
shifting its meximum to longer wavelengths.

The interpretation of this éplitting as indicative of 1ong;range
helical ordering must, however, be questioned, since Nakanishi and his
co:-workersso’51 have shown that such an effect can be caused by
chrémophores suitably arranged in pairs. Thus for vicinal bis p-
chlorobenzoates on sugar residues51, an antiparallel arrangement
of the two groups gives rise to a single Cotton effect whereas,'whep

\

they are gauche-disposed the two groups interact to give a split
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pattern in the c.d.; the two maxima of opposite sign being situated
on either side of the normal absorption maximum. The signs of the
maxima are related to the chirality of the screw pattern défined

by the two aroyloxy groups on looking along the connecting C;C

bond (c.f. Brewster's conformational assymmetry) and quantitative

variations in intensities are extremely sensitive to minor deviations

in the dihedral angle between the aroyloxy groups.



SECTICN A

MEASUREMENTS OF OPTICAL ROTATION AT A SINGLE WAVELENGTH
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CHAPTER 1

TER INFLUERCE OF SOLVENT AND TEMPERATURE ON THE.OPTICAL ROTATICHN

OF KONOSACCHARIDES IN THE PYRANOSE RING FORM

INTRODUCTION

A comprehensive understanding of the ordered structures of
polysaccharides and their biological function requires a detailed
knowledge of the conformations adopted by their constituent sugar
units. Similarly, to make full use of single wavelength
measufements of optical rotation in studies of these structures by
the methods described invvthe General Intfoduction, one needs to
know the influence of solvent and temperature on the optical
rotations of the monosaccharide units which make up the poiymers.
The studies described here were made on the‘methyl'pyranosides since
the mutarotation of - the unsubstituted monosacéharides are affected'
by the temperature and the nature of the solvent, and this will
complicate the changes in optical rotation.

The conformational analysis of the pyranose rihgiforms of
carbohydraté.monomers is Dbased on the principles estaplished for
cyclohexanelo since only slight changes in the ring geometry will
be caused by the substitution of two slightly shorter}carbon;oxygen
bonds. The conclusion52 that the "chair" shape is thermodynamically
more stable than either the "boat" or the more flexible "skew boat"
form was experimentally justified by the pioneering work of Reéves53.
He used the previously determined, stereochemical requirements for
the formation of a complex between cuprammonium reagent and two

hydroxyls on a pyranose ring to determine the predominant solution

coenformations of many methyl pyranosides.
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Most of Reeves' assignments have been confirmed by later

54

physical measurement s s in particular by nuclear magnetic resonance
spectroscopy (nem.r.) which can bé used, ~ in favourable cases, to
determine the composition of the solution and the conformation of
each component. This information may be obtained by consideration
of the two kinds of data provided by n.m.r. ’ |

(a) Studies of the relationship between the chemical shift of a
proton and its environment55 have shown that the anomeric hydrogen
étom, being on a carbon atom attached to two oxygen atoms, is
étrongly deshielded and usually resonates at a lower field than other

protons. Also axially attached protons usually resonate at higher

field than equatorial prdtons in chemically similar environments.

\

' 55 to

(v) The vicinal spin-spin coupling constants have been shown

vary.with the dihedral angle and Karplus56 rationalised this using the

relationship: _

J=Joc082 § +X
Whefe.J'is the coupling constant between two hydrogen atoms attached
to'neighbouring carbon atoms at a dihedrai angle of Q 'and Jo and K
are constants. Although this simplified equation does Qot teke account

57

of the nature and exact gedmetrical relationship of the substituents”'y

J

it can often distinguish-between two possible conformatiorns e.g. trans
diaxial (7;10 Hz) and trans diequatorial (2-4 Hz) hydrsxyl groups in a
pyranose ring.

The conformations of aldohexopyranoses in solution are

determined mainly by the tendency of the bulky hydroxymethyl group -

\) AY

at C(5) to assume an equatorial orientation. Hence all B~D-anomers

exist predominantly in the Reeves' Cl chair ring form53 because the

alternative 1C form is highly destabilised by the repulsive interactions
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between syn;diaxial hydroxymethyl and anomeric hydroxyl groups.

These stéric interactions are not present for ok;Q 1C ring
conformations but @ost of these also adopt the Cl conformation. The
formation of the methyl glycosides of the sugars, by increasing both
the repulsive interactions involving the C(l) substituent and the
anomeric effect, will increase this relgtive stability of the C1l form
over the élternative 1C form. In the absence of a hydroxymethyl at
C(S) the conformations of the aldopentopyranoses are governed by the
relative configurations of the hydrqul groups. Thus & and B;QL
arabinopyranoses favour the 1C conformation, aklgglyxopyranose and
o(%glribopyranose are each conformational mixtures and the other
aldopentopyranoses are predominantl& in the C1 ring form.

‘Although the precise calculation of the relative freelenergy
of each conformation is not possible,‘approximate calculations are
extremely useful in the prediction of the preferred ring conformation.
All of these assume that the freé energies of conformational isomers are
additive functions of the energy_terms arising from non-bonded
interactions and that interactions of this'type do not éistort the
shape of the ring. The most quantitative of these hag been
proposed by Angya158 and considers not only interactiogs between
axial groups but also gauche interactions between groups attaohed.
to contiguous carbon atoms, along with a contribution:from the
"anomeric effect®. The values used for the non;bondéd interactions
were determineds; in aqueous solution at room temperature,from the

59

and from the

58559160

equilibria of cyclitols with their borate complexes
anomeric equilibria of the pyranose ring forms of sugars

Anomeric Effect

Apart from the steric interaction energies another factor must
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bo conuidorod in tho calculation of tho rolativo Lwroo onorgios of
w

v v

pyranoses. lost l-substituted dorivatives of A -D-glucopyranose
(and many other sugars) are more siable than the corresponding

-

p-D-anomers, although the former has the substituent at c(1)
axially attached. This predisposition of a polar substituent to
agsume an axial orientation contrary to pure steric counsiderations

' : + € Ev) ~61 ' a4y " y : oo A4l
was Tirst referred to by ZZdward and was named the "anomeric eifect

61

. 62 . _ .
by Lemieux -. This phenomenon was attridbuted ~ to an unfavourable

v .

dipolé-dipole interaction between ithe carbon—oxygen bonds and the
bond from the anomeric carbon atom to ﬁhe equatorial substituent
since these dipoles form a small angle when the substituent is
equatorial but a large one when it is axial (fig. 1.1). This

s 62,63,6 .
explanation has been extended '’ 3204 .na the effect attributed

equatorial group x axial group x X

Fige 1.1

—r

to the tendency of the molecule to adopt thai conformation which
minimises the- number of repulsive interactions between opposing

e

unshared pairs of electrons oa the ring oxygen and the aglyconeX.

In accordance wiih these theories ihe magnitude of the anomeric effect



decreases as the polarity of the solvent increases, although Lemieux
has suggested64 that hydrogen bonding of the solvent with the acetal
oxygen atoms has a more pronounced effect. Also the anomeric effect
is greatest when the effective charge density on the C(1) substituent
is high65. |

More recent theoretical considerations66 show that the anomeric
effect represents the balance between attractive and repulsive
dominant . interactions and suggest that the attractive make the
greater contributions. This would indicate that the anomeric effect
does not linorease the free energy of the anomer with the equatorial
anomeric group, by dipole repulsion, bﬁt actually decreases, by
dipole attraction, the free energy of the axial anomer. The 130 _
chemical shift data for sugars and their methyl glycosides appear67
to be consistent with this hypothesis.

The evaluétion of the anomeric effect is the least satisfactory :
part of the free energy calculations because it varies considerably
not only .with the nature of the solvent but also with the presence
. and configuration of substituents in other\parts of the'ﬁyranose
molecule. Thus a value of 0.55 k cal mole_1 must be at*t‘:jributed58
to the anomeric effect when the hydroxyl group on c(2) is equatorial
but an increased value of 1.0 k cal mole_1 must Pe takgq when this
hydroxyl is axial and a value of 0.85 k cal mole-l is attributed
to the effect when there is no subétituent on €(2). Thé anomeric

effect has also been shown68 to increase with the extent of

methylation of the hydroxyl groups. At equilibrium in agueous

\ ) \ v

solution, D-mannose contains 67% of the A -pyranose form, 2-0-

methylfgfmaﬁnose 75%, 2,3 di-O-methyl-D-mannose 80% and 2,3,4,6-tetra~0-

\ [y 68
methyl-D-mannose 86%. Perlin has also shown that a similar change



33

(67 Z 86%) takes place for ggmannose on changing the solvent from water
to dimethyl sulphoxide although no such change is observed for 2;
glucose. For Q;galactose'the main effect of this change of solvent

is a large increase in the proportion of the furanose ring forms in
the equilibrium mixture. Similar effects are observed68 for the
equilibria of the methyl pentosides in methanol69 and any explanation
of these effects must involve not only the increased anomeric effect
in less polar solvents but also specific solvent effects by water
which favéur the pyranose ring forms, and in particular those with

equatorial anomeric substituents, over the furanose ring forms.



EXPERIMENTAL

l. Preparation of Samples

Methyl akjg—glucopyranQSide, methyl Big—glucopyranoside,
methyl a{—grmannopyranoside and methyl Bfgrgalactopyranoside were
all samples obtained from a commercial source (Koch;Light, Colnbrook,
Bucks, Englgnd)o Methyl B-%rarabinopyranoside was a sample previously
prepared at Edinburgh University. These samples werevrecrystallised
twice from ethanol and possessed melting points znd specific rotations
in close agreement with those in the literature.

The styracitol (1,5 anhydro mannitol) was a gift from
Dr J.C.P. Schwarz of the University of Edinburgh and had a melting
point and specific rotation very close to the 1literature value.
This sample was used without recrystallisation.

1(a) Preparation of Anhydrous Methyl o=D~Galactopyranoside

Methyl c(Tganlactopyranoside monohydrate was purchased from
Koch~Light and had me.pe. 82—85°C= lit. mepe for the monohydrate 111°C
(MiCh9817o)c

The crystals were dissolvéd in ethanol, a émall volume of
benzene added and the solvent removed using a rotary %vaporator.

This was repeated twice and was followed by twice repeating the process
using ethanol alone. The sample was recrystallised from ethanol,
dried overnight in a vacuum desiccator and stored tightly sealed:

MePo 117—11900: 1it. m.pe. for the anhydrous form 114-116°¢C

(Micheel) .

1(b) Preparation of Methyl 3,6 AnhydroL-D-Galactopyranoside

This was prepared from a previously made sample of methyl

6—O—toluene—p—su1phony1—g(ﬁgrgalactopyranoside7l using the method

of Haworth, Jackson and Smith72 and had m.po l37—141°C: lit. mep.

140°C (Micheel) .



l(c) Preparation of Methyl Aand B;D—Xylopyranoside by a Fischer

Synthesis
Acetyl chloride (4 ml) was added dropwise to anhydrous methanol

(200 m1) to give a 1% solution of hydrogen chloride in methanol.
ngylose (20 g) was boiled under reflux with thisAsolution for six
hours and then thé.acid neutralised overnight with silver carbonate.
The solution was decolourised by filtration through a padvof active
charcoal and concentrated to a thick syrup. Paper chrpmatography,
using double development with solvent (b) and detection using the
periodatocuprate spray, showed the presence of three spotslone of
which was undetected xylose.

l(d) Preparation of Methyl B-D-Xylopyranoside by Fractional Frecipitation

" Bthyl acetate was carefully added to the syrup and a white oily
semi-solid separated out which was filtered off. This was the methyl
B-g?xylopyranoside and it was crystallised by a careful precipitation from
ethanol using ethyl acetate. The crystals had mepo 150—158°C and two
recrystallisations from ethanol did not improve this. |,

A column of Dowex 1 anion exchange resin, in thé hydroxide form,
was prepared as described in the General Methods section. The crude
methyl B-D-xylopyranoside (1.5 g) was dissolved in wat;r (5 m1) and
carefully put on to the column using a pipette. This was run on to the
column and washed in with a further 5 ml of water add;d in the same
way. The column was eluted with carbon dioxide free water at a
constant flow rate (~ 20 ml hr—l) and the eluate was collected
as 10 ml fractions. The amount of carbohydrate in each fraction was
determined by the phenol-sulphuric acid test and gave one sharply

defined peak between fractions 45-62.
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These fractions were combined and concentrated, the last traces
of water being removed by the addition of a small amount of benzene.
The sample was recrystallised twice from an ethanol-ethyl acetate

mixture: mope 156-159°C: 1it. mepe 156=157°C (Micheel).

l(e) Preparation of the Methyl A -~D-Xylopyranoside by Separation
73 '

on a Basic Ion Exchange Column

The ethyl acetate mother liquor from the separation of the
methyl B-D-xylopyranoside was concentrated to a thick syrup (15.5 &) .
Paper chromatography using solvent (b) and the periodatocuprate spray
geve the same three ;pots as mentioned above. One of these was the
unchanged xylose,'one was the methyl Bfg—xylopyranoside and the other
more promineﬁt spot was attributed to the methyl o(-ﬁg-xylopwranoside.

The anion exchange column was reconverted fo the hydroxide form
as described in the General Methods section. The mixture of the
D-xylopyranosides (5 g) was dissolved in fhe minimum amount of
water (~ 10 ml) and carefully transferred to the column and washed
in as previously described. The column was again’eluted with carbon
dioxide free water ( ~ 20 ml hr_l) and fractions (10 ml) collected.
Approximately 110 fractions were collected and the elqtion pattern
was determined using the phenol-sulphuric acid test for carbobydrate
material (fig. 1.2). Paper chromatograms, using solvent (b) and the
periodatocuprate spray, were used to determine the extent of overlap
of the peaks and the results of these are also shown in fig. 1l.2.

Fractions 35-44 were combined and concentrated, the last amounts
of water being removed by the addition of a small volume of benzene.
The sample was dissolved in ethyl acetate and reconcentrated to give
white crystals of methyl oA -D-xylopyranoside which were recrystallised

from ethyl acetate: mo.po 89—91°C: lit. mopo 91—9200 (Mic_hee17o)°



Figo 1.2 Elution pattern for the separation of the methyl xylopyranosides oh an anion exchange column.
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Fractions 58-65 were also combined,.concentrated and crystallised
in the same way. The resulting crystals had mepe. 150?158°C'proving the
effectiveness of the separation on the column of anion exchange resin.
However only a small quantity of this material was obtained and it
was not further purified. The unchanged 'giaylose was retained on.
the column and was not eluted.

2. Solvents Used in the Optical Rotation Measurements

The measurement of the optical rotation against temperature
-was carried out in three solvents: distilled water, dioxan and
dimethyl sulphoxide. The analar dioxan (B.D.H., Poole, England)
was redistilled before use and was stored in a dark bottle away from
the light. The dimethyl sulphoxide (B.D.H.) was used either directly
from a new bottle which had been shown‘by infra-red spéctroscopy to
contain very little water or it was diied by vacuum distillation over
calcium hydride, having refluxed over calcium hydride for four hours.
It was stored; tightly sealed, over molecular sieve (4A) in a vacuum
desiccator.

3o Preparation of Sample Solutions

The solutions used for the optical rotation measurements were
made up in volumetric flasks by weighing out a quantity of the
sample calculated to give a final solution reading on the polarimeter
close to 1°. For the dioxan solutions this was normally not possible
and the maximuﬁ amount which could be dissolved was used. These
solutions were left to stand overnight'to make sure none of the material
settled out. All solutions were millipore filtered and transferred to
the polarimeter cell in one operation using a syringe.

4. Measurement of the Optical Rotation against Temperature

The optical rotation measurements were made on a FPerkin Elmer
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141 polarimeter fitted with an automatic digital readout. The
measurements were noted at two wavelengths.

(a) At the wavelength of the sodium D line, 589 nm, for comparison
with the empirical theories described in the General Introduction.
(v) At 546 nm, the wavelength of the mercury lamp which has the
highest intensity and gives more accurate readings with opaque

or absorbing solutions,.

The solution measurements were all recorded in the same 1 dm polarimeter
cell equipped with an envelope through which water waé circulated by
a Hazke thermocirculator to thermostat the cell. The deviation from
the thermostatted temperéture was + 0.25°C. The average (+ 0.001°)
of four recordings of the optical rotation was noted, for both
wavelengths, at temperature intervals of 7-8°C from 20-90°C and at
three points when the cell was recooled. The cell was allowed 20
minutes to equilibrate when it reached each new temperature. All
readings were corrected for the cell blank of the cell containing
the appropriate solvent which was determined for each solvent as
indicated in the CGeneral Methods section.

The molecular rotations of the sample solutions at each
wavelength and temperature were calculated using the formulze detailed
in the General Introduction. These were normalised for comparison
with the value at 25°C, in the same solvent, by compensating for the
change in refractive index and density with temperature using the

74

following equation’ ":

0 o
| 25°C, 2 25°%C
(Normalised Molecular Rotation)g = [M] g o (nS )7+ 2 . Ps
ToC\ 2 ToC
(ng )" +2  pg

[M:]g is the molecular rotation measured at the temperature TOC in a

. T
solvent(S) of refractive index (ng) and density (ps)_at T°C and



25°¢ 25°¢
(ng ) and (pg ) are the refractive index and density of the

solvent at 25°C.
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RESULTS AND DISCUSSION

The normalised molecular rotations were plotted against
temperature and the best curves drawn through the points. In all
cases the change in this molecular rotation was either linear with
temperature or could be best fitted by a shallow curve. An example
of the magnitude of the changes at 589 nm and the shapes of the curves
is shown ‘in fige. 1lo3 for three of the methyl A-D-glycopyranosides
in water. The magnitude of the changes with temperature in dimethyl
sulphoxide ané dioxan are similar but the dioxan values are slightly
more scattered about the best curve because of errors in measurement
caused b& the limited solubilify of thebglycosides in dioian. To |
compare the values in dimethyl sulphoxide and dioxan with those in

water the normalised molecular rotations were compensatéd for the

change in solvent refractive index according to the equation74x
2590, 2
o
CemoTo = (normalised mol. rot.fg ¢, (nH 0 )T+ 2
)
(n32°92 4 2

The normalised molecular rotation at temperature'roc in {he solvent
(S), which has the refractive index (ng5oc) at 25°C, was taken from
the best curve dravm through the points gnd (nézgc) isﬁ.the refractive
index of water atl 25°C. The compensated molecﬁlar rotation (Oomoro)
is tﬁerefore the normalised molecular rotation referred to the
refractive index of water at 25°C°

The variation of compensated molecular rotation with temperature
in distilled water; dimethyl sulphoxide and dioxan is'given in table 1,1

for all the methyl glycosides (and styracitol) studied. Only the

results obtained at the sodium D line (589 nm) are reproduced in table
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1.1 since these can be correlated with previous measurements and also
with the empirical rotational perameters used to estimate the
molecular rotation of such glycopyranosides (General Introduction).

The results obtained at the most intense mercury lamp radiation,

546 nm, are given in Appendix 2.

| From table l.1 it can be readily seen that the variations

in the c.m.r. with temperature are small and would be swamped by
those caused by any large conformational effects such as a complete
alteration in the conformation of the sugar ring or the changé in the
glycbsidicAéngles, ¢ and ~~, associated with a cooperative polysacchaiide
transition of the type described in the General Introduction for the
carrageenans. The exact magnitude of the variations with temperature
are recorded in table 1.2 where the change in the compensated molecular
rotation (zkc.m.ro), at 589 nm, on altering the temperature from 25°C
to 80°C is given by:

o Oon ...
( A Comoro)ggog = (c.moro)go ¢ - (C-mol‘.)

25°C

D

The change in the compensated molecular rotation which érises‘from a
change in the solvent can be ﬁuch larger, although stili small
compared with that expected for a complete alteration i; the

conformation of the pyranose ring. These are recorded in table 1.3,

again for measurements at 589 nm, where;

solvent A solvent A solvent B
(A comcro)solven_t B = (Comoro)D — (c.moro)D

NaOH 75

The (A Comoro)H2o values calculated from Reeves' measurements
of the effect of sodium hydroxide upon the optical rotation of
methyl pyranosides are included in table 1l.3. As shown these
have very similar relative magnitudes to those obtained in this

study and are consistent with the general treatment developed below.

'Reeves75 carried out his measurements at 27.5 1_2.500 and checked



TABLE 1.1

589

Value of c.m.To at the temperature indicated (degrees)

The Variation of the Compensated Molecular Rotation (c.m.r.).with Temperature at A

Sample Solvent 20 25 30 40 50 60 70 80

Me ol-D-glucopyranoside H,0 30307  304.0 304.2 304.7 305.2 305.7 306.2  306.8
SO 298.8 298.8 298.7 298.6 298.5 298.3 298.0 2976
Dioxan  306.0 306.8 307.6 308.6 309.3 309.6 309.7 309.8

Me o{-D-xylopyrancside H,0 208.6 28,7 28,9 24902 24904 24947 250.0  250.3
SO 241.0 2410 240.9 240.8 240.5 239.9 239.2 23803

Dioxan  266.8 266.8 266.7 26605 26601 265.8 265.2 264.5

Me d-D-mannopyranoside 0 148.8  149.3 1497 150.5 1514 152.2 153.1 15349
SO 138.8 140.3 141.8 1446 1471 149.3 15L2  153.0

| Dioxan  212.8 212.2 211.3 209.0 205.8 2017 196.6 19046

Mo o-D-gelactopyranoside - _H,0 3744 313.3 37201 370.3 368.6  367.2 3662 36503
| WSO 336.6  335.6 334.7 333.1 3315 330.2 3289  328.0

Diozan  303.3 304.1 304.8 306.3 307.7 309.1 310e4 311.4
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Sample | _ Solvent
Me Big—arabinopyranoside H20

SO

Dioxan
3,6 Anhydro—me—kag—galacto- HZO
pyranoside TS0

| Dioxan

Me Big-glucopyranoside ' HZO

MSOo

Dioxan
Me ngrxylopyranoside : H20

| DMSO
; Dioxan

Me B—g—galactopyranoside " "HZO” "

DMSO

TABLE 1.1 (Continued)

Value of com.r. at the temperature indicated (degrees)

20°
39007
332.4
333.8
138.8
128.8
148.2
6242
~6405
=679
~106.3

~95.0

=112.5 -

=0.7

-23 02

25
390;0
3311
333.9
138.0
128.9
14749
-62,.0
~63.4
674
=105.9
947
-113.2

30

389.3

329.8
334.0

137.3

129.0
147 .6
-61.7
~62.4
~6648
~10505
=943
=114.0
1.7

~2302

40
308.0

327.2

334.1
135.8
129.2
147.1
=611
—60.7
6640
~104.9
9347
~11505
2.6

~2362

50
38646
324,.8
333.8
134.3
129 .4
1467
-6046
-59.1
-6505

~104.4
=-93+5
-117.0
~306

-2302

60 .
-
32245
33249
132,8
129°é
146,3
60,1
=576
-65¢3

-103.9
=934
~118.4
~406
=232

70
38349
32001
3315
131.4
129.8
14549

=597

=565
=652
-103.6
-93.5
~119.9
~5.6
~23.3

80

382.5

318.1

330,0

129.9

130.0

14545

=59.4
=5563
-6562
~103.3
~-93.8
-121.4
606
-2303

0%



Sample
Me B-D-galactopyranoside(Continued)

Styracitol (1,5 anhydro mannitol)

Solvent
Dioxan
H20
DMSO

Dioxan

TABLE 1.1 (Continued)

Value of comor. at the temperature indicated (degrees)

20
-48.2
-82.8
-85.4

25 30 40 50 60 70 80

=477  =47e5 =470 <4609 =470 =471 =47.4
~82.8 -82.,9 -82.9 -82.9 -83,1 83,2 ~83.2
-8406 “8307 ' -8202 -8009 -79 08 “7807 -77 07

LG



TABIE 1.2

The Change in the Compensated Molecular Rotation ( A com.r.) on Changing the Temperature from 25°C to 80°C:

Measured at 589 nm

0
(A oomoro)sooc in the solvent indicated (degrees)

25°¢

Sample Water DMSO Dioxan
Me A~D-glucopyranoside | ‘ 3 -1 3
Me:iﬁgrxylopyranoside | 2 , -3 -2
Me Jrgrmannopyranoside 5 13 =22
Me A-D-galactopyranoside -8 -3 | T
Me B-érarabinopyranoside -8 =13 ‘ | =4
3,6 Anhydro-me—oL—Ergalacto— -8 1 -2

pyranoside
Me B—Erglucopyranoside ' 3 8 | 2
Me B-D-xylopyranoside } 3 1 » ' -8
Me 6727galactopyranoside **.-5 o 0 0]
Sfyracitol (1,5 anhydro mannitol) 0 7

2s



TABLE 1.3

The Change in the Compensated Molecular Rotation ( A cem.r.) with Change of Solvent: Measured at 589 nm

Sample (A comera)pen®  ( Acomoro)g:gxan (gcomoro)gi“go (Acom.r.)gigaOH
Me ol-D-glucopyranoside | 8 ; (26) 3 g (18) -5 g(_8) o ) (=3)
Me o/-D-xylopyranoside 26 ) 18 ) -8 ) -3 g

Me o(—__]%—mannopyranoside 72 (90) 63 (78) -9 (-12) 1 (-2)
Me Afg—galactopyranoside -32 g (3) -69 ; (~56) -38 g(_59)» -16 ; (-16)
Me B-L-arabinopyranoside 3 ) ~56 ) -59 ) -16 )

3,6 Anhydro-me- ~D-galactopyranoside 19 10 -9 -

Me B-D-glucopyranoside -4 ) =5 ) -1) 30) (.
Mo B-—;_D_—qulopyranoside -19 % ) =T % 7 +11§ (11) ~2 g -
Mo B-D-galactopyranoside | -25 (10) 47 (=34) -22  (-43) -19 (-19)
Styracitol (1,5 anhydro mannitol) - -2

Me B-D-mannopyranoside o 19 (16)

The values in the brackets are the group contributions

mentioned in the text.
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that the observed differences in optical rotation,; in neutral and
alkaline aqueous solutions,; were not due to differences in the
solution ionic strengths by also observing the optical rotations in
sodium chloride solution.

A quantitative explanation of the results listed in the tables
l1e1 = 1.3 is not possible with the present limited empirical approaches
to an understanding of the optical rotation of sugars but two hypotheses
have been considered in an attempt to gain a qualitative insight.

a) The A cem.T. values with solvent and temperature are related
to changes in the conformational equilibria in different solvents,

12’13’64, and that effects due to direct N

as suggested by Lemieux
spectroscopic perturbations by the solvent eqvironment are unimportant.
b) The solvent and temperature effects can be explained by changes in
the magnitudes of the empirical parameters used to estimate the
molecular rotations of éaturated pyranoid cérboﬁydrates when the solvent
environment is altered. This assumes that the extent of perturbation
of the chromophores by dissymmetric features of the molecule is directly
influenced By the physical properties of the solvent. |

Neither of these hypotheses is likely to accountzfor all the
observed changes on its own but the relative importanc; of the two
effects can be indicated. The Ac.m.r. when water is replaced by the
non-polar solvents dioxan, carbon tetrachloride or chlo¥oform will be
considered in most detail since these are. the solvent extremes but the
similarities and differences on'making the other changes in the so}vent
environment will also be mentioned. |

Hypothesis (a): Changes in the Confommational Equilibria Due to Changes

in the Solvent Environment

Reeves and Blouin75 suggested that the observed changes'in the

optical rotations of some methyl glycosides was caused by the ionisation



of hydroxyl groups resulting in a change from chair to flexible boat

ring forms, aue to increased repulsionsy; particularly where the boat
conformation allows bulky substituenté to become "equatorial®. However

the present knowledge of the free energy difference between chair and
flexible boat forms makes this explanation very unlikely and more

recent n.m.r. evidence76 has confirmed that the conformations of sugars
substituted at C(l) are the same in agqueous and alkaline .solutions.

A1l the methyl glycosides are therefore taken to be in the chair form

in alkaline solution and it is also considered thét the methyl pyranosides
do not alter their'ring chair conformation when water is replaced by

the other simple solvents studied here. The fact that the conformationally |
rigid compounds studied by Lemieux (table 1.4 and ref. 13) and the

methyl 3,6 anhydro o(-g—galactopyranoside (table 1.3)give A CoMeTe

values of similar magnitude to the methyl pyranosidés supports this

view. The observed Ace.m.r. values must therefore be due to solvent
dependent changes in the conformational equilibrium around the

¢(5) - ©(6) and C(1) — OCH, bonds if this hypothesis is to be valid.

3
The change in the contribution to the c.m.r. which arises

from solvent dependent alterations in the orientation of. the

hydroxymethyl group about the 0(5) - C(6) bond can be approximately

assessed by comparing the ol- and Big;glucopyranosides with the

corresponding Qfxylopyranosides and the o(fgrgaiactopyranoside

with the P-L-arabinopyranoside. The three possible staggered

orientations are shown in fig. l.4 along with the values which can

be assigned to their contribution to the molecular rotation in aqueous

éolution, using the empirical parameters suggestéd by Lemieuxlz. The

observed effect of introducing the primary hydroxyl group at C(6)

into a 6-deoxy-D-hexopyranose structure is to increase the molecular



Fige 14 Staggored ovientations around tho €(5) = C(6) bLond

H

rotation, in aqueous solqtion, by about 250, This indicates that the
conformation 104(a) is preferred in aqueous solution, whether the
hydroxyl group at C(4) is axial or equatorial. On replacing a polar
strongly bhydrogen bonding solveni such as water by dioxan one would
expect an increase in the contribu%ions from 1.4(b) and l.4(c) for
galactopyranosides and glucopyranosides respectively due to the
presence of a weék_intramolecular hydrogen bond, beiwseen 0(6) and
0(4), in the non-polar solvent.. This reasoning is supported by the
negative . contridbution to the cem.x. from the hydroxymethyl groups

in methyl A-D-glucopyranoside and galactopyranoside on making this

' solvent change. As meniioned in the General Introduction, a similar
hydrogeﬁ vonded conformation of the carboxyl group with 0(4) ras
been suggested to explain the small higher wavelength band observed in

the c.d. of meihyl uronosides which have an equatorial aydroxyl group



at C(4) and the size of this band increases when water is replaced
by non-polar solvents. However.it is difficult to explain on this
basis why no effect of this type is observed for the methyl B-D-
glucopyranosides and why heating the aqueous solutions from 25°C
to 80°C or making the solution alkaline gives no indication of a
'contribution to the Ac.m.r. from this source.

To test this hypothesis an approximate assessment was made of
the contribution by the hydroxymethyl group to the Acem.r. (tables 1.2
and 1.3). The assumptions made were those mentioned above with the |
further assumptions thaf the hydroxymethyl group will make the same
contribution in methyl o(—g—mannopyranoside as in methyl o(—g—gluco— _
pyranoside and its contribution in methyl ng—galactopyranoside will
be identical to that in methyl o(ig-galactopyranoside. The contribution
of the hydroxymethyl group can then be deducted from the observed Ace.m.r.
values and these adjusted values are giveﬂ in brackets in table l.3. It
can be seen that although the contribution from the hydroxymethyl group
may in some cases, e.g. for the methyl /A and B—gtglucopyranosides, be

-the dominant effect, in general the observed QAc.m.ro values in table 1.3
cannot be rationalised simply in texms of changes in the c.m.r. arising
from solvent dependent changes in the orientation of the hydroxyﬁethyl
group about the C(5) - C(6) bond.

The final conformational equilibrium which may be solvent
dependent and hencé contribute to the A com.r. when the solvent
environment is altered is that involving rotation about the C(1) - OCH3
bond. Lemieux13’64 has studied the effect of solvent on the optical
fotation of the conformationally rigid methyl 2,3 dideoxy-4,6-O-ethylidene
—o =D-hexopyranoside (1.4(d)) and its p-anomer (1l.4(e)) to determiﬁe the

effect of this. His results,; approximately compensated for the change in



solvent refractive index wusing the refractive indices listgd, are

shown in table l.4. It was found that water had a relatively large
special effect on the molecular rotationof the o{~anomer. This special
effect of water is consistenf with the results obtained in this study and
will be discussed later in this chapter.

13,64 that the special effect of water on the

Lemieux suggested
molecular rotations could arise from its unique possibility, because
of its dihydric nature, to stabilise the conformation 1.5(b) which
has pgrallel and opposing orbitals for the unshared pairs of electrons
.on~its ring oxygen énd glycosidic oxygen. The conformer 1.5(0) which
has the CH3 group antiparallel to the aﬁomeric hydrogen afom is consideréd
so highly strained as to bhave negligible existence. This theory, by
consideration of the empirical rules for the prediction of optical
rotation, gives an explanation consistgnt with the sign of the Ac.m.r.
valués when water is replaced by any other solvent. However the empirical
theories7’8, whose parameteré were calculated from the measured rotations
in waterg.obtain very good agreement between the observed and calculated
#alues by éssigning parameters of identical magnitude to both A~ and
p-anomers on the assumption that they are exclusively in the conformations
1.5(a) and 1.5(d) respectively. This is incompatible with the explanation
suggested by Lemieux and it is felt that this effect cannot offer a full
explanation of the results in table 1.4, This is discussed more fully
under hypothesis(b). Moreover, even when coupled with the estimated
contributions to:the (A com:ro)EZévent from the hydroxymethyl group,

the changes in the c.m.r. with solvent due to an alteration in the

conformational equilibrium around the C(1) - OGH3 bond cannot fully

1
account for the magnitude of the observed (A ccm.r.)goovent° For
. . Dioxan 2.
example, if we examine the (A com.ro)H 0 values adjusted for the

2



' CH) o CH’JTO ‘ .
The effect of solvent on the compensated molecular rbta’cion of some 4,6~0- :

: HO
ethylidene-D- hex0pyranosides(a) and related compounds, | 1 4(8) 14( b) -
o}
Solvent n20°C 17 ( c.m.r.);Zévent . l.4(a)(b) l.4(b)(b) 1.4(0)(b) 1.4(d)(b) 1.4(e)(b) Lt .
4 ’ . — ' 3
cHO1, 1.4459  (c.m.r.)®HOl3 2 +8 £ 420 +1 :o \
20 : | . CHo OR
ccl, 1.4601 (c.m.r.)CClg 2 +9 - +21 +9 ocK
Hy0 . . | 1.4(c)
CH,COCH, ~ 1.3588 - (oum.r.) ((H3)2C > 6 - +29 -8 . |
. H20 , . :
CH,OH ©1.3288 (c.m.r.)gf;gOH - +5 +19 . +40 -15 °“,~Y°
. . _ . ' o
CH,CN 1.3442 (c.m.r.)CH3CN 2 +6 +39 +33 -8
3 HoO OCH,
CH,SOCH,  1.4783 (c.m.r.)(f{HE’,))ZSO 2 +12 -17 +1T +13 | 1.4.(c)
20 - ' |
H,0 13330 [4] 2 0.2 - 83 206 4218 141
2 ° Ul HQO +0. — + » + -

. c"%o
. ’ : ° \OCN,
(2) From ref. 13 approximately corrected for the solvent refractive index using the above values.

(b) The compounds have the structures showm.

1.4(e)
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contribution of the hydroxymethyl group and given in brackets in
table 1.3y then a'large discrepancy is apparent between those such
as methyl o{-D-mannopyranoside (+78°) and methyl ng-galactopyranoside
(=34°) and those given in table 1.4 for the ( D;c.moro)ﬁog-pOIar solvent
of the methyl 2,3 dideoxy-4,6-O-ethylidene J{ﬁg—héxopyraioside («,+20°)
and its p-anomer (~ 0°) respectively.

It is, therefore, considered that changes in the compensated
molecular rotations due to changes in the conformational equilibria
in the methyl pyranosides when the solvent environment is alteréd are,

by themselves, insufficient to explain the changes in the compensated

molecular rotations observed here.

Hypothesis (b): Solvent Dependent Changes in the Magnitude of the

Rotational Parameters

in this section an attempt is made to rationalise the Ac.mer.
values that are observed on chénging the solvent or the solution
temperature in terms of the influence.of the solvent environment on
the magnitude of the rotational parameters derived in the empirical
tﬁeories.» Such variation could conceivably occur as a result of changes
in the wavelengths of the far ultra-violet o.r.d. extrema and/or in the"
inteﬁsity of their Cotton effects, aslindeed have been directly observed
for the carbonyl group3’25. Such solvent dependent group increments
have been found78 to be important in the study of the influence of
solvents upon the Cotton effects of rigid ketones and it was suggested?
they may even be the dominant factor when the chromophores are not in
an excessively hindered steric environment.

The hypothesis has been examined by considering in detail fhe

Ac.mor. values observed when-water is replaced by the non-polar solvents

dioxan, carbon tetrachloride and chloroform, in which solvent-solute



association will be very limited, but similar relative A comoTs
values are observgd (tables 1.2 and 1.3) for the other changes in
the solvent environment. The empirical parameters suggested by.
Brewster8 are used here since it is felt +that they are slightly
more consistent with the general theoretical basis of the phenomenon
and they also allow the carbohydrates to become part‘of a wider
series of compounds. As shown in table 1.5 the symbols Aa to Af
represent the change in Brewster's rotational constants which are
given in more detail in Appendix I.

TABLE 1.5

Rotation constants for use with carbohydrates

Rotation
" Brewster's Present Change
Brewsters8 Present Values(degrees) in these Values
(degrees)
k (0-E)(0-H) | Aa +45 ~15
k (0-8)(0-) y 450 0
Permolecular effect Ac +100 +20
c(1)/c(5) (XXXIX) _‘
Permolecular effect Ad +60 -25
c(2)/c(4) (x1)
€(6) hydroxymethyl (XLII) Ae +25 not applic.
C(1l) -O-methyl (XLV) AL + or - 105 0

The analysis of the methyl pyranosides and the 4,6 ethylidenejgr
hexopyranosides in terms of these empirical parameters is given in
table 1.6 along with the Aco.m.r. observed when the solvent is changed
from water to the non-polar solvents. For the hydroxymethyl group at

C(6) it is impossible to distinguish between the magnitude of the



Ac.m.r. caused by solvent dependent changes in the conformational

equilibria around the C(5) - C(6) bond and that caused by the effect

TABLE 1.6 _
Compound 0 Analysis .(A com.r.)goévent Ac.n.r.
obs(degiees) calc.
) (degrees)
Me ,l;g;glucoPyranosidé g +Aa +4c + AF +18(b) . +5
Me o(-‘-_lgl-xylopyranoside ) | |
Me ol;é;mannopyranoside —243 + AC ~ Ad + AF +78(b) | +75
Me o(;g_—-gala'ctopyranoside' ) +3Aa +Ac + Ad + Af ...56(b) _\_50
Me B-\-g;arabinopyranoside %
Me B-\-g-glucopyran oside ) - Aa -:-Af : 4 -‘-6(b) +15
Me B;__]_};xylopyranoside g
Me B—__]__)__—galactopyranoside +Aa +404 - Af ' -\-34(b) -\-40
1.4(b)(a) ZAa +Ab | +§(°) 415
104(0)(8') ' +Aa +Ab +Ac +Af +3(d) +5
l.4(d)(a) +Ac +Af +21(¢) +20
l.4(e)(a) Af +5(9 o

(a.) The structures of these compounds are shown above table 1l.4.

() (4 comer.)p ™"
2 : '

(¢) Average value of (A cem.r.) CHOLy  na (A com.r.) CC14

H,0 _ H,0%

(@) ( A cemero) gzglj’,

of the solvent on the contribution from each of the possible orientations
(fig. 1.4) of this group. The total contribution from the hydroxymethyl

grdup, from Yboth effects, has therefore been assessed, using the same



assumptions and values described under hypothesis (a)and the
(Acom.re) gigxan values 1listed in brackets in table 1.3 are used
here. This iréatment means that the changes in the rotational
constants; Ab and Ae, which differentiate between the hexopyranosides
and the pentopyranosides are not considered for the mefhyl pyranosides
listed in tables 1.3 and 1l.6. Similarly it is impossible to
distinguish between the contributions to Af, the change in the
rotation constant XLV (Appendix‘I) due to changes in the
‘conformational equilibria around the C(1) - OCH3 bond and those due
to solvent influenced changes in the value of}the contribution fxoﬁ
each of the individual orientations (fig. 1.5). The parameter AT
therefore represents the sum of both these effects.

By equatihg the observed A c.m.r. values with the totals of
the rotational parameters used to express the ch?nge in the molecular
rotations of the compounds (table 1.6) a numerical value can dbe
derived for each of the rotational parameters and these are given in
fable 1.5° The values, rounded to the nearest five degreesyhave been
deduced using the values obtained from the minimum no. of COmpoﬁnds
as a guide and adjusting them to give the best overall fit with the
experimental values. They indicate the change in the numerical value
of Brewster's rotation constants required to fit the A ce.m.r. when the
solvent is changed from water to non-polar éblvents and a comparison
of the calculated and observed A co.m.r. values (table 1.6) shows
that this treatment is generally very satisfactory.

This approach also gives a very simple explanation of the observed

differences in the ( A;comoro) ;oévent for methyl 2,3 dideoxy-4,6~0-

2
ethylidene~ A-D-hexopyranoside and its B-anomer (table 1.4 and ref. 13)

whicﬁ is more consistent with the empifical theories7’8 for the



estimation of carbohydrate molecular rotations. The (Ac.m.T.) Is{oévent

for the P-anomer leads to a very small value for Af, the parametir
associated with C(1) - OCH3, and a numerical value of zero (table 1.5)
has been assigned to it. This suggests that when water is replaced
by the less polar solvents there is no change from the most favoured
conformation 1.5(d) (fig. i°5) and the influence of solvent on the
magnitude of the contribution from this orient;fion is very small.

It is of course possible that a change in the conformational

13,64 is equally balanced .

equilibrium of the type suggested by Lemieux
by the difference resultiqg ffom alterations in the contributions from
each érientation. Brewster's parameter that corresponds to Af
-(table 1.5 and Appendix I) is, according to his method, supposed

to have the same magnitude in A and B anomers and the greater

observed (Ac.m.r.) ;:évent for the ok anomer can, therefore, be
attributed to Ac the change in the rotational constant (XXXIX)

which arises from the permolecular effect of the axial c(1) - OCH3 bond «

Ceneral Considerations of the Effect of the Sélvent Environment

When all of the A com.r. values (in brackets in table 1.3)
obtained in this study, after subtraction of the hydroxymethyl
céntribution'as previously indicated, are examined along with those .
of Lemieux, it is noticeable that the observed Acem.r. values on
replacing water by any other simple solvent are almost invariably"
-greater thén those observed on interchanging any of these other
simple solvents. This large effect of‘ﬁater on the optical rotation
of these pyranosides can be considered in the light of the theoretical
deécription of dilute aqueous solutions of simple carbohydrates.

In water the oxygen atom of each molecule is tetrahedrally

coordinated by means of hydrogen bonds to the oxygen atoms of adjacent



water molecules, At 25°C X-ray diffraction detects79 a high
concentration of water molecules 4.92 apart which is compatible with
the distance of an oxygen atom from its co-planar, second nearest

neighbour in the ice-like arrangement suggested for water79’8o. Th

e
distance - between equatorial hydroxyl groups on the same side of a
glucose ring, e.g. hydroxyl groups attached to C(2) and C(4), is
40862 81 and Kabayama and Patterson82 proposed that the eQuatorial
hydroxyl groups on opposite sides of a monosaccharide ring'could

form strong hydrogen bonds to two layers of water molecules, in the
tridymite water structure, one above and one below the plane of the

ring (fige 1.6). From the study of models the hydration of axial hydr&xyl
groups is expected to be consiaerably less than that of equatorial
hydroxyl groups because they cannot form strong hydrogen bonds with

this "laftice water", These suggestions are consistent with mofe
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recent thermodynamics3, dielectric and n.me.r. studies of aqueous
solutions of simple carbohydrates and may contribute substantially to
the observed bredominance of pyranose ovef furanose ring forms of
reducing sugars in aqueous solution, as mentioned in the Introduction
to this Chapfer.

A possible explanation of the large effect of water can ﬁéw be
suggested. The strong hydrogen bonding of the equatorial hydroxyl groups
on opposite sides of the pyranose ring to different layers of the latﬁice
water will not only restrict the rotation of the hydroxyl groups ?ut also
may resist any tendency to flatten the ring arising from steric effects.
When this special effect of the water is removed, the steric repulsions’
befween ring atoms and, for example, between an axial hydroxyl group and

the lone pair orbitals of the ring oxygen, may flatten the ring

slightly as it does in the solid stateas.- This would te expected to
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Fige 1c6 A péssible model for the hydration of monosacchafidesgz;
(a) A plane of the oxygen atoms in the tridymite structure of water.
The atoms marked A and V¥ are joined by.straight hydrogen bdnds to the
atoms directly below and above respectively.

(b) The B-D-glucose molecule, which can replace the hexagon marked A,

showing the direction of possible perpendicular hydrogsn bonds.



decrease the C(2)/C(4) permolecular effect (Appendix I) and also
the k(O0-E) (0-H) contribution by diminishing the exocyclic angle &
of the 0-C-C-0 conformational units (fig. 2 in the Geqeral Introduction;
where both u and x are oxygen atoms). This is consistent with the sigﬂ
.of the changes in the rotational constants required to fit the observed
results. Also, in water, as the temperature is raised the X-ray
diffraction pattern showsss that there is a decreasing probabilify
- of water molecules being spaced 4.5 - 5.38 apart. This breakdown
of the "lattice water" with the removal of the special solvation would
be expected, on the basis of the above'suggestion, to'give(llc.m.r.) gggg
values in water which have the same relative magnitudé as the
(D comor.) gigxan and this is generally observed.

As priviously mentioned the(l&com.po) gagH values measured
by Reeves (table 1.3 and ref. 75) also have %Ee same-relative (but
not absoluté) valués as:%hgée reported in this study, apart from
tﬁose methyl glycosides which have vicinal diaxial hydroxyl or
hydroxyl/C(1) - OCH3 groups. This alkali sensitivity of the
glycosides, where the effect of the alkaline water solvent may
be thought of as being equivalent to that expected from a water/aimetbyl
sulphoxide hybrid (table 1.3), could possibly be due to the large
structure-breaking capacity of the highly solvated hydroxyl ions on
bulk water87 coupled with increased repulsions of the axial hydroxyl
group with the ring oxygen lone pair orbitals ﬁndef ionising conditions.
The breakdown of the "lattice water" would be expected to diminish
the special solvent effect of water although-the unstructured
alkaline water solvent would still be str§pg1y hydrogen bonding,

c.fo dimethyl sulphoxide. Similar effects a;é observed on the optical

rotation of methyl-f-maltoside and amyléée when water is replaced by



aqueous alkali or dimethyl sulphoxide and this will be discussed in
Chapter 2. From the results of this study given in table 1.3 it

0

is apparent from the small (A ColMoTo ) ?‘Ig value and the large
2

Dioxan

(A ColeTe ) 5.0 that methyl oA -D-mannopyranoside is inconsistent
5 =

with the explanation developed above but is consistent with the small
(A comore ) gagn observed by Reeves!? for this compound. Thus for
methyl oA fgimannopyranoside aqueous alkali and dimethyl sulphoxide
show anomalous behaviour giving optical rotation values very élose
to those of the water value and similar effects are observed75
for methyl o 12—1yxoside, altroside and guloside and methyl
OLQerhamnoside, in aqueous alkali.

In conclusion, just as a wide range of rotationai constants

d7’8’12 in +the determination of the molecular rotations

can be employe
of carbobydrates, a similar wide range is possible for the postulated
‘change in the value of these with variations in the solvent or
témpeiatureo Yoreover, this approach is also subject to all the
limitations10 caused by considering only one typé of interaction.
However, it is felt that the evidence presented here indicates that

-the concept of solvent dependent changes in the magnitude of these
interactions (hypothésis b) can be at least as important as that of
solvent induced changes in the conformational equilibria (hypothesis a).
The evidence presented here also suggests that in thé sugar residues
which are important in biological systems theré could be small, solvent
dependent changes in the rotational equilibrium of the hydroxymethyl
group around the C(5) - C(6) bond. Also -the suggested explanation of the
observed changes in the compensated molecular'rotation when the solvent

environment is altered involves small solvent induced changes in the ring

chair conformation. This mekes hypothesis(b) equivalent to hypothesis(a)



and a fuller understanding of the effect of solvent environment
would have to consider both the direct and the indirect influences
of any change in the solvent environment on the optical rotation

of the residues which constitute the biological molecules.



CHAPTER 2

THE CHARACTERISATION OF THE LINKAGE ROTATIONS OF SOME DI, OLIGO AND

POLYSACCHARIDES BY OPTICAL ROTATION MEASUREMENTS AT A SINGLE WAVEIENGTH

INTRODUCTION

The overall shape of di, oligo and polysaccharides is
determined by two factors.
a) The conformation of the individual monosaccharide residues.
b) The relative conformations of pairs of these residues around their
glycosidic linkage.
The sugar residues in the carbohydrate oligomers and polymers which
have been subjected to detailed conformational analysis exist in the
expected ring chair conformations. Thus if & reasonable value (usuall&
around 117°) is assumed for <he C;O—C bond apgle associated with the
glycosidic linkage only two more variables require to be defined to
determine the conformation of a disaccharide unit. These are the

torsional angles, ¢ and »%ﬁ , around the glycosidic linkage and are

illustrated in fig. 2.1 for cellobioseo

H,OH




’ 72

The definition of the conformation with ¢ =~/ = 0 is an arbitrary one
and as yet no standard definition has been agreed. In this study
Rees'15 notation, A ¢ A~} 4, is used for which the angles are
measured frﬁm the positions which bisect the reflex angles

o(5) - (1) - ¢(2) and C(s) ~ C(4) - ¢(5) respectively (for a
1,4—1inkage) and have the éositive directions éiven in Appendix 1.

The methods now in use for the calculation of‘the conformational
energies of polysaccharides have recéntly been é.ssessed88 and itlwas
concluded that even though the energy functions remain incompletely
developed and tested, conformational analysis caﬁ still hake ucgeful
ﬁredictions.for polysaccharides. Despite uncertainties about the
energies arising from polar, torsional and hydfogen bonding interacti§ns
the interatomic distances at which van der Waals repulsion becomes
intolerably severe are.well known for most pairs of atoms and can be
used as a first approximation to the assessment of conformational
stabilitiesSg. Conformations are said to be '"fully allowed"'if all
pairs of atoms are separated by greater distances than the sum of their
van der Waals radii and "marginally allowed" if some separation
distances are closer than this sum but no closer than 0.9 of Vthis Sume
All possible conformations may be sampled by usihg a computer to step
through .A¢ and A~f~and the results are normally pl‘btilzed.. as a
conformational map. More than 90% of the conformations on the map
ate disallowed'’, as shown in fige 2.2 for ok-1,25 A-1,3 and ok—154
linked glucobiose residues. It is also noticeable that the maps are
rather similar when the convention for ¢ and ~/~ which is used in fhis
Chapter is employed and this similarity is also apparent when energy
functions are used90.

For ol -1,4 and B-1,4 linked polysaccharides it is possible

to evaluate these energy calculations by comparing them with model
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Fige 2.2 Conformational map for'aL-1,4,¢4-l,3 and.aL;l,Z glucanss

the allowed conformations are enclosed by continuous, broken and
dotted lines respectively. The map is a corrected version of the

one in ref. 14
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oryubai structuros. Mge 2.3 shows the onorgy maps dqfivod for
('3-1,449'(_1\1d A—1,491’97 linkagos Ly stopping tho ungles A g and A~
through small increments and computing the van der Waals energy .

_ at each stage. The most. likely hydrogen bond across the f~1,4
linkage is between 0(3/) and 0(5) (fig. 2.4(a)) and across the
o=1,4 linkage it is between 0(3”) and 0(2) (fig. 2.4 (B)). -The
boundaries of +these hydrogen bondé-as determined by the 0,00
distancés are shown in fig. 2.3 by the dotted iineso

92

The B-1,4 linked disaccharides B-cellobiose’” and
methyl B-cellobiosid693 have slightly different crystal conformations
but both lie in that region of the map which offers the besi compromise .

between van der Waals energy and hydrogen bonding. For comparison

cHOH

HO—

HO™ HO
fl-/w
(a) Cellobiose '
CH.OH
HO s o)
WO
Pig. 244 Ci H
¢ CH
‘ (b) Maltose : ©
S OH
H~© ~ HO

the "bent chain' conformation of cellulose is also shown and it lies
in the same ‘region as the established disaccharide conformations and
appears to be stabilised in the same way. For the oA-1,4 lirkages

similar correlations emerge that only a narrow band of the map allows
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Figo 203 Coéparison of the conformations of glycﬁsidic linkages

in di and oligosaccharide crystals with conformational energies and
with possible polysacéharide conformations. The limits of +the
possible hydrogen bonds described in the text aré indicated by the
dotted lines. The van der Waals energies are shown by the contours

of constant energy and are in k cal. (1 k cal. = 4.2 kJ). VWhen

the results were given in terms of other conventions for ¢ and »¢;
they were converted to A ¢ and Aq&“using the‘approximate relations
giyen in ref. 15. ‘ |

(a) p-1,4 Linkage; the symbols are 0, B—cellobiose92; O, methyl p-
cellobioside93; C, the "bent chain" conformation for cellulose. The
mep is adapted from ref. 49..

(b) £ ~1,4 Lim{age; the symbols are #, ﬁ-maltose94;A, cyclohexa—amylose%?
0O, methyl B-maltoside96; O, left handed v;amylose;ZEﬁ, left handed
hollow helix mﬁdel for P—amyloseo 4

The map is adapted from refs 91 and 97.
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Figo. 2.3 The legend is given opposite
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simultaneous hydrogen bonding and low van der Waals energy and all
the experimentally established conformations of small molecules lie
in this. The 1left handed V-amylose and the "hollow helix" B-amylose
conformations relate to the model compounds in the éame way cellulose

did to its own series.

Investigation of the Linkage Conformation in Solution

Although ordered ponformations of polysaccharides are 1likely
fo be found in the solid state due to cooperative effects between
chains as well as within them, in a typical polymer conformational
entropy is likely to offset this in solution, because of the
possibility of rotation about a large humber of bonds in the
molecule with veiy little change in its internal energy, and thus
a random coil is normally to be expected. It is presumed that the
fluctuations in A @ and A~F at each linkage will be confined to
vélues within the allowed area of the conformational map for mést
of tﬁe time. Thus the populations of particular conformations could
" be calculated from the Boltzman distribution law and an average
A¢ and A~ derived from this to specify an "average linkage
conformation,

The first and oﬁe of the most elegant methods for experimentally
investigating linkage conformation was by 1H n.M.Te Spectroscopy in
dimethyl sulphoxide solution using the observable hydroxy proton
resonances. These resonances show a downfield shift when they
are involved in intra-molecular hydrogen bonding. For example
the presence of the 0(3/).900(2) hydrogen bond in A=1l,4 di and
oligosaccharides and amylose could be demonsirated in this way98.

The proportion of conformers having this hydrogen bond was found to
diminish in the order cyclodextrins > amylose > maltodextrins >

maltose and-this is consistent with the evidence from optical rotation
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measurements which will be discussed later in this Chapter. Fof
B=134 glucans +the spectra were consistent98’99 with the présence
of the 0(37)¢0.0(5) hydrogen bond. The influence of competition
and steric effects that may alter the solvent-solute hydrogen
bonding must also be considéred when this method is used but these
complications appear to be readily predictablelooo'

A rough correlation also exists between the chemical shift of
H(1) and the value of Cs¢ presumably due to the diamagnetic shielding

100,101 Although only A @ can usually be

by the aglycone bond
estimated and the effects ére small the method can, in principle,

be applied in any solvent including water and is, therefore, " more
versatile than the method described above. More recently 130 n.m.r.102
has also been used to gain information about linkage conformations in
aqueous solution. This method shows greét promise and the results

will be discussed later in this Chapters

15516522 .4 the optical rotation of

Finally it has been shown
di, oligo and' polysaccharides can be empirically related to the
"linkage conformation in solution and this treatment has been .
discussed in the General Introduétion. As already mentioned this
one parameter is insufficient to determine A § and A~ but it
can be used to determine whether the crystal conformétions of di and
oligosaccharides dominate in solution and an example of this is given
in Appendix 1 for methyl-B-cellobioside. Similarly the linkage
rotations of the conformations suggested by n.m.r. measurements or
by conformational analyses can be compared with the experiméntaily
observed values. Moreover conformational principles and the shift in
the linkage rotation E/\ obs] 5 can show16 how the linkage conformation
is influenced Dby structural change and by attractions and repulsions

such as van der Waals interactions,dipolar interactions and inter—residue

hydrogen bondinge.
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In this Chapter the effect of solvent and temperature on the
linkage rotations of a few disaccharide glycosides ha; been studied.
Using the results of this study, along with conformational analysis,
a suggested explanation is given for the observed anomalous linkage
rotation of cyclohexa-amylose in aqueous solution. The implications
of this hypothesis on fhe solution conformations of the larger
cyclodextrins, the maltodextrins and amylose, as indicated by their

optical rotation, are also discussed. B
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EXPERTMENTAL

l. Preparation of Samples

Methyl B-cellobioside was a gift from Dr T.C.M. Dea and had
mopo 187-191°C; E{]%ﬁoc = -18.1% 1it. value mep. 193°C; [A] p = -1901
(Micheel). The methych-sophoroside'was prepared by W.G. Blann and had
mope 251-255°C; [A] %500 = 63.7°. |

1. (a). Preparation of Anhydrous 1-O—(A =D-Glucopyranosyl)—O—i —D—

Glucopyranoside (A ,A =Trehalose)

A sA-Trehalose crystals from a commeréial source (Nutritiqnal
Biochemicals Corporation, Cleveland, Ohio) were dissolvgd in ethanol
and a small volume of benzene was added before removal of solvent
using a rotary evaporator. This was repeated twice and was followed
by twice repeating the process using ethanol alone. The sample was
recrystallised from ethanol, dried overnight in a vacuum desiccator
and stored tightly sealed: m.pe. 207-211°C; 1it. value mop. = 203°C
(Micheel) .

1. (b). Preparation of Methyl B-Maltoside Monohydrate oo

(1) _Preparation of Methyl Hepta-O-acetyl-B-Maltoside

Finely powdered maltose (50 g) was suspended in acetic acid
(250 m1) and acetic anhydride (125 ml). Perchloric acié (1.5 ml)
was added to the cooled, stirred mixture and the flask was stirred
for 90 minutes. The clear solution was cooled to OOC'and a 40% W/v
solution of hydrogen bromide in‘glacial acetic acid (200 ml) added.
The mixture was allowed to warm to room teﬁperature and was then
poured into 1.5 litres‘of ice~cold water and stirred for 15 minutes.
The sticky precipitate was filtered off, washed fwice with water and
dissolved in chloroform. The chloroform solution was washed once with
water, once with aqueous sodium bicarbonate and once more with water
before being dried overnight over anhydrous magnesium sulphate. The

chloroform solution was filtered and concentrated to a thick syrup.
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This amorphous hepta-o-acetyl-cA-maltosyl bromide was shaken
in benzene (225 ml) and methanol (45 ml) in the presence of mercuric
cyanide (45 g) for 3 hours. 1,2 Dichloroethane (750 ml) was added
and the resulting solution washed with water until the washings gave
no precipitate with silver nitrate solution. The solution was dried
over. anhydrous magnesium sulphate, filtered and concentrated to a syrup
which crystallised on the addition of ethanol. The crystals were
recrystallised twice from ethanol and had m.p. 125 — 128°C; 1it.
value 128 — 129°C (Micheel). The yield was 21 g (~ 22% overall
from maltose).

(ii) Preparation of Methyl B-Maltoside Monohydrate

The methyl, hepta—o—acetyl-B-maltoside (21 g) was refluxed for

5 hrs in anhydrous methanol (150 ml) containing n-butylamine (4 ml).
vThe solution was concentrated to a thick syrup which was dissolved in
ethanol, a small amount of benzene added and the solvent taken off
on a rotary evaporator. A white amorphous solid (10.8 g) ﬁas obtained
and infra red showed no sign of the acetate carbonyl peak at 1750 cm—1
but gave a peak at 1660 cm_l and a large broad hydroxyllstretching peak
centred at 3750 cm_lo The sample was recrystallised tw?ce from
ethanol and dried iﬁ a vacuun desiccator: m.p. 107 - ilOOC;

[4] 2 ¢ _177.1°; 1it. value m.p. 110 - 111°C; [} = 78.8
(Micheel) . |

1.(c). Preparation of 1,5 Anhydro 4-(0-B-D-Glucopyranosyl)-D-Sorbitol
104 ’

(1) Preparation of Thiophenyl, Hepta—-o-Acetyl B-Cellobioside

Octa-o -acetyl cellobiose (30 g) was suspended in chloroform
(50 ml) and 45% w/v bydrogen bromide in glacial acetic acid (150 ml)
added. The mixture was shaken for 10 minutes and the resulting

solution allowed to stand for a further 90 minutes before dbeing
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poured into ice-cold water. The chloroform layer was sepafated

" and the water layer twice more extracted with chloroform. The

combined extracts were washed .with water and concentrated to
~ 100 ml.

This chloroform solution was added, without drying, to ~ 0.45N
alcoholic caustic potash (100 ml), prepared by dispersing potassium
nydroxide (2.5 g) in ethanol to which thiophenol (4.8 ml) had been
added. The condensation was completed by warming the mixture (45 -
50°C) for 1 hro. The clear iiquor with its crystalline deposit of
potassium bromide was repeatedly washed in a separatory funnel with
dilute agueous sodium bicarbonate until the odour of the fhioalcohbl
became faint. The chloroform solution wasvfinélly washed with water
and dried over anhydrous calcium chloride, The solution was then
concentrated to a thin syrup and the phenyl-l-thio, hepta-o-acetyl—f-
cellobioside precipitated by the careful addition of light petroleum.
The crystals were twice recrystallised by dissolving them in warm
chloroform (100 ml) and precipitating them by the addition of hot
absolute alcohol: mope. 220 - 22300; 1lit. value 225 --22600;
yield 17.5 & i

(ii) Preparation of Hepta—o—Acetyl 1,5 Anhydro 4~{ 0—B=D-Glucopyranosyl) -

D-Sorbitol*®?

_-The phenyl-l—thio,'hepta—o—acetyl—B-cellobioside (17.5 g) was
suspended in absolute alcohol (150 ml) and to this was added Raney-
nickel (150 g) in absolute alcohol, which had been freshly prepared
as indicated in the General Methods section. The mixture was refluxed
gently for 1 hr and, after cooling, the supernatant solution was
decanted and the nickel washed by decantation with three successive

portions (150 ml) of boiling absolute alcohol. The combined



decantates were filtered through a scintered glass funnel and
concentrated to ~~ 800 ml where crystallisation was spontaneous

as a mass of fine needle shaped crystals. These were filtered off

and dried in a vacuum desiccator; yield 6.8 g. The product was

twice recrystallised from ethanol and had m.p. 190 — 193°C; 1it.

value 194 — 195%10,

(iii) Preparation of 1,5 Anhydro 4—(O—B-D-Glucopyranosy1);E%SQrbitol
The hepta;o-acetyl 1,5 anhydro 4-(O—Bj27glucopyranosyl)fgr

sorbitol was dissolved in anhydrous methanol (60 ml). To this was

added 5 ml of a freshly prepared solution of sodium methoxide

(0ol g sodium in 20 ml anhydrous methanol). The reaction mixture

was allowed to stand at room temperature overnight and after checking

it was still alkaline to phenolphthalein an equal volume of water

was added. The solution was neutralised'by stirring it with I.R. 120

Anberlite resin (25 ml) in the hydrogen form and the resin filtered

off. The clear solution was evaporated to dryness, anhydrous methanol

(50 ml) added and the solution again evaporated to dryness. This was

repeated before the product was recrystallised twice from ethanol;

yield, 2 g; mopo 167 = 170°C; lit. value 172°Closo

4
i
l

2. Solvents Used in the Optical Rotation Measurements

The measurement of the optical rotation against temperature was
carried out in distilled water, dimethyl sulphoxide and, for the
methyl B-meltoside, dioxan. It was not possible to dissolve a
sufficient quantity of the other samples in dioxan to measure the
variation of their optical rotation with temperature. The dimethyl
sulphoxide and dioxan were redistilled before use as described in
Chapter 1. |

3. Preparation of Sample Solutions

The solutions used for the opftical rotation measurements were
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made up in volumetric flasks and had accurately recorded concentrations
of the order of 1 — 1.5 g/lOO mle For KL, A-trehalose a smaller
concentration, which gave a reading on tﬁe polarimeter close to l°,

was used. For the solution of methyl B-maltoside in dioxan the

maximum amount which could be dissolved (~ 0.1 g/lOO ml) was used.

A1l solutions were millipore filtered and transferred to the polarimeter
cell in one operation using a syringe.

4. Measurement of Optical Rotation against Temperature

The optical rotation measurements were carried out as
described in Chapter 1 and the readings were corrected for the cell
biank of the cell containing the appropriate solvent as described in
the General Methods section.A The specific and molecular rotatiOQS'
of the sample solutions at each wavelength.and.temperature were
calculated using the formulae given in the General Introduction.
These were normalised for comparison with the values at 25°C, in
the same solvent, by.compensating for the change in refractive index
and density ﬁsing the equation given in the Experimental section of

Chapter.lol
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RESULTS AND DISCUSSION

As described in Chapter 1, the normalised molecular and specific
rotations were plotted against temperature and the best curves drawn
through the points. As for the monosaccharide methyl glycosides the
'change in the molecular rotation with temperature was small and
either linear or could be best fitted by a shallow curve. The poiﬁts
on the graph lie very close to the best curve for the measurements
made in distilled water and dimethyl sulphoxide but the measurements
for methyl B-maltoside in dioxan are more scattered about the best
curve because of errors in these measurements caused by the very
limited solubility. As in Chapter 1 tb compare the values in dimethyl
sulphoxide and dioxan with those recorded in water the normalised

molecular and specific rotations weré compensated for the change in

the solvent refractive index using the equation:74
. ToC 025 °c\2
ColloTe ) (nqrmallsed mol. roto)s ) g Hr0 )5+ 2
= o
CoSoTs ) (normalised specific roto)g c ) '(ngs c)2 + 2

The normalised molecular and specific rotations at 7°¢ in the solvent

' o) .
(8) which has the refractive index (n25 ) at 25°C, were taken from

the best curves drawn through the points on their respeétive graphs
and (n25 C) is the refractive index of water at 25 °C. These compensated
rotations arey, thereforey, the normalised molecular or.specific
rotations referred to the refractive index of water at 25°C and they
are given in table 2.13 the compensated specific rotations are given
in the brackets. Only the results obtained at the sodiuﬁ D line,
589 nm, are recorded in table 2.1 the results obtained at 546 nm
being given in Appendix 3.

The values for the compensated molecular rotation (ce.mo.r.)

of the disaccharide glycosides, at 589 nm, can now beAused, along



TABLE 2.1

The Variation of the Compensated Molecular and Specific (in brackets) Rotations with Temperature at A

58
Value of cem.To and coseT. (in brackets)at the temperature ind;czted
Sample | Solvent 20 25 30 40 50 60 70 80
Vethyl B-cellobioside E,0 -6503 —64.6 -63.9 62,6 —61.5 —60.7 =60.0 =59.5
(-18.3) (-18.2) (-17.9) (<2707) (<2704) (-1701) (-16.9) (-16.8)
SO 6902 ~67.8 —66.5 642 —63.2 607 5903 —58.2
A(-19°6) (;1902) (-18.7) (-18.0) (;1704) (~17.0) (-16.6) (-16.3)
Methyl B-maltoside 5,0 288.2 288.3 288.4 288.6 288.9 289.1 289.4 28907
Monohydrate (77.1)  (77.1) (77.1) (7742) (7743) (17.4) (77.4) (77.4)
NSO 214.6 216.7 218.8 222.5 225.8 229.0 231.8 234.4

(57.5) (5840) (5805) (5905) (60.4) (61.2) (62.0) (62.7)
Dioxan 213.6 216.6 219.5 224.5 228.5 231.8 233.9 235.5
- . (57.1) (58.0) (588) (60.3) (61.4) (62.2) (62.7) (63.0)

Methyl o-sophoroside HZO 226.9 227.0 227.1 2273 ' 227.5 227.7 2277 2277
| (63.7) (63.7) (63.8) (63.9) (63.9) (64.0) (63.9) (63.9)
DMSO 225.2 22546 226.0 22646 227 .2 2271 22605 225.8

(63.1) (63.3) (63.4) (63.7) (63.8) (63.8) (63.6) (63.4)
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Sample

A 3 A=Trehalose

1,5 Anhydro 4=(0~p-D-
glucopyranosyl)

D-sorbitol

Solvent

H20
DMSO

H,O

DMSO

TABLE 2.1 (Continued)

Value of cem.Ts and ceSor. (in brackets)at the temperature indicated
20 25 30 40 50 60 70 80
626.5 62603 626.1 625.7. 625.3 624.9 624.5 624.1
(183.0) (183.0) (18209) (182.9) (182.8) (182.7) (182.5) (182.4)
57903 580.2  58l.l 582.4 58403 585.3 586.1 586.6
(16903) (16906) (169.8) (170.3) (170.6) (170.9) (171.2) (171.4)
94:9 948 946 9402 93,8 93,2 92,4  9l.4
(29.1) (29.0) (29.0) (28.9) (28.7) (28.6) (28.3) (28.0)
78.7 7803 78,0 7ol 7642 7502  Thol - T2.8
(24:1) (24.0) (23.9) (23.6) (23.3) (23.0) (22.7) (22.3)

43



TABLE 2.2

The Variation of the Di saccharide Linkage Rotation f;/\obs;l with Temperature at 589 nm

Sample

Methyl B-cellobioside

Methyl B-maltoside

Monohydrate
Methyl A-sophoroside

oA s A~Trehalose

Solvent

H20

DMSO

H20

IMSO

Dioxan

H20.

DMSO

HZO

DMSO

20
591
5908
4647

-19.7

=245

~14.6
-~ 9ol
+19.1

~18.3

Value of E/NLObSo] at the temperature indicated

.25
59.4

5806

46.3
~18.9
2.8
-15.0
-10.0
+1803
-17.4

30
595
5843
4549
=17.5
-21.3
-15.4
-10.3

- +1T767

~1643

40
5906
5702
45.0

=15.4

-18.1

~16.3

=11.3

+1603

~14.4

50
59T
5560
44.3

~13.6
-15.3
-17.1
=12.2
+14.9
-12.7

60
5965
5445
4345

~11.7

-12,5
-17.9
-13.6
+13.5
-11.3

70
5904
5347
429

- 947
~10.6
~18.8
-15.0
+12.1

=909

80
5943
5204
42.3

~ Te9
- 9.1
-19.7
-16.5
+1065
~ 846

88
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with the cem.r. values of the methyl oL and B-D glucopyranosides
given in table l.l,; to calculate the observed linkage rotation

L/\ obs]D for the disaccharides by usipg equation (1) given in the
General Introduction. The empirical method is also given in more
detail in Appendix 1 and an example of the calculation of [/\ obs]D

is also given for methyl B—cellobipside in aqueous solution. The
variation of the linkage rotation of the disaccharides with temperature
" in the soivents studied is given in table 252. This type of approach
means that the variation OfE/\'obs]ﬁ with temperature contains no
contriﬁution from the monosaccharide residues whicﬁ make up the
disaécharide and no contribution from any‘possiblé change in the
rotational equilibrium around the C(1) - OCH3 bond. Moreover the use
of the monosaccharide and disaccharide glycosides in the determinatién
Of[“ﬂ“obs]D avoids any possible errors due to difference; in the
mutarotation equilibria of the parent mono and disaccharides.

f-~-Linked Disaccharides.

The graph of the linkage rota.’cion[:/\.o.bs:]:D agéinst temperature
for the B-linked disaccharides, methyl B-cellobioside and methyl
o-sophoroside, in water and dimethyl sulphoxide is giv?n in fig. 2.5.
For.methyl B—cellobioside it can be seen that theLﬁx ob %500 are
veiy similar in both solvents although the values do inerge at
higher temperatures. This indicates that at room temperature the
preferred conformations of methyl PB-cellobioside in both these
solvents may be very similar. Moreover, the values of ¢'and"%'which

92

have been calculated49 from the crystal coordinates for B-cellobiose

. 0" o . o .
correspond to é&¢ = 427, 43"%* = =187, ioce. Ej\_ calé]D = 627, which
is in remarkably good agreement with the observed values in both

solvents (fig. 2.5 and table 2.2). Independent confirmation that
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the crystal and solution conformations are similar comes from the
lH Nem.To of cellobiose in dimethyl sulphoxide (Introduction to this
Chapter and ref.98) which shows that there is a hydrogen bond to
0(5) which is likely the 0(3') oec O(5) bond observed in the crystal.
This agreement between the observed and calculated rotations
does not suggest that the disaccharide is locked in its crystal
conformation in solution but rather than the intramolecular energy
is near the minimum in the crystal conformation and indeed calculations
indicate that +the cellobiose crystal conformation is very close to
the minimum of van der Waalgs and hydrogen bond energy (Introduction
to this Chapter). In solution it is expected that A § ana A~
will fluctuate about this minimum energy conformation but.the
‘observed agreement between E/\ obs]D and.L/\ caledD éuggests that
this oscillation is probably of very small amplitude at room
temperature. From the Boltzmann distribution law the population
of conformations with intramolecular energies greater than the
minimum will be increased when the temperature is raised. The fact
that the Pﬁ'ob;]D in dimethyl sulphoxide decreases witﬁ increasing
temperature while very little variation is obéerved in, aqueous
solution therefore suggests that either in contrast to ;he agqueous
solution,the energy well is not symmetrical in dimethyl sulphoxide
or that the minimum energy conformation_is stabilised £y some
additional factor when water is the solvent. One possibility for
the latter suggestion comes from the work of Kabayama and Patterson
who have shovm that the "bent chain" conformation of cellulose can
be fitted into the tridymite water structure (discussed in Chapter 1)
without undue distortion. This conformation is very similar (fig. 2.3)

to the cellobiose crystal conformation-and it 1is possible that in
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aqueous solution compatibility with the "lattice water" may increase
the relative stability of the minimum energy conformation.

. 25°C |
For methyl AL -sophoroside the A ]D in water and

obs

- dimethyl sulphoxide also have very similar magnitudes although
their absolute values are very different from those observed for

methyl B-cellobioside. As discussed in the General Introduction,

Rees has shown that for di-equatorial glycosidic linkages the

numerically averaged values of A;é and A'\P‘(A}é and A«/r) are
almost independent and that glucosyl oligomers may be assigned the
cellobiose Aﬁ value (420) . If this is done for methyl A-sophoroside
we can therefore calculate thle A~ value from the[;/\. obs]D given

in table 2.2 using equation (3) given in the General Introduction.

25°C
obs4D

value is compared with that of methyl B-cellobioside in fig. 2.6.

Thie has been done for the [A in water and the A ~~

Examination of molecuiar models shows that replacement of the equatorial
substituents adjacent to the glycosidic oxygen by smaller substituents
allows much more freedom around the glycosidic linkage in methyl
J—sophoroside than is possible for methyl B-cellobioside. This is

in agreement with Rees' first ru1e16° Coﬁsidering nowéthe second

rule the results obtained here suggest that replacement of the bulky
hydroxymethyl group at R3 in methyl B-cellobioside by a hydroxyi

group in methyl o{-sophoroside has a larger effect than the replacement
of the hydroxyl group at R2 by a hydrogen atom and leads to the‘observed
shift of ZF;: to the right in methyl Jisophoroside. Another contributing
factor may be that in addition to the possibility of an 0(3') «eo O(5)
hydrogen bond similar to that suggested for methyl B-cellobioside an

0(2) o0.0(3') hydrogen bond is also possible for methyl o{-sophoroside

(figo 2.7). A study of molecular models shows that D~ = 18° for methyl



R(1) R (4)
R (2) R(3)
e N
_ ~
N - 60° = -60°
A 70.'— A 7&' =60
L o .
methyl p-cellobioside =19 18° Methyl &-sophoroside
o ) —125%
| R, R, R, R, [A“/‘]Hzo
Methyl B~Cellobioside H OH CE,OH H -19°
Methylck-Sophoroside - OCH, H OH H +18°
Fig. 2.6 Valuss of 2;;2 calculated from the optical rotaiions of

methyl P cellobioside and methyl oL-—sophoroside as described in the texte
The stersochemistry about}thé aglycone tond is shown as a Nevman
projection down the bond, viewing from the glycosidic lgnkage.
Reesl6 has indicated how this.method of plotting allows the

results to be easily translated into models: i.e.

- atramework or Dreiding model of the
“disaccharide with A fixed according to the assumption used
(see text), is held so that the glycosidic oxygen is at the apex
of the diagram, the aglycone bond is perpendicular to and
vpointing behind the diagram, and C—H is cclipsed by the line
shown for A¢ == 0; C(l) is then rotated about the aglycone
bond until O(1)—C(1). projected onto the diagram and pro-
duced, passes through the point which is plotted for the com-

pound. . 3 . S
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Pige 249 Ponuible 0(2) o.o 0(3 ) hydrogon bond lor

mothyl A =sophoroaido

Cx\ésa O
CH,OH
(2)0 *

A —~sophoroside is compatible with this latter hydrogen bond but
indicates that it is unlikely <that ithe molecule spends much of its
time in the O(3') ooe O(5) hydrogen bonded conformation,:since this
has a very much larger A’V’ value ( >.+600) » Vhen the solutioris‘ of
methyl £ —sophoroside are heated the EA'obng become more negatvivey
as shown in fig. 2.5, and the 7;%2 values more positive. This
variation of theE/\ obs]D values with temperature, in both solvents,
again suggests that the enérgy well is skhallow and unsymmetrical

for this compound, the variation in dimethyl sulphoxide being only
slightly greater than it is in watex.

JA-=Linked Dizaccharides

The graph of the linkage rotation [/\. obs]D against

temperature for the A~-linked - disaccharides, methyl P-meltoside and



oA 3 A-trehalose, in the solvents studied is given in fig. 2.8
and it is immediately obvious that some additional factor must be
considered in oxrder to rationalise these observea linkage rotations.
Thus, although the [/\. obs]D of methyl B-maltoside in dimethyl
sulphoxide and dioxan are very similar at room temperature and also
'give only smali differences in the magnitude of their variation with
temperature, the [./\. o'bs]D in aqueous solution is grossly different
both in its magnitude at room temperature and in the sign of its
variation with temperature. A similar but smalier effect is also
apparent for the observed linkage rotation of oLsd-trehalose in
dimethyl sulphoxide and. water.

A comparison of the linkage rotations observed for methyl
B-maltoside in this study with the calculated value,Af = -11°,
Anp = 13°, i.e. A L1olp =—109°, indicates that in all the
solvents studied the crystal c:onfoz'ma.tion95 does not exist in
solution. This is probably because in the crystal the linkage
confofmation is very close to the eclipsed position fér both bonds
and although the O(2) ... 0(3') hydrogen bond could offset these
repulsions in the crystal this is unlikely to occur itg strongly
hydrogen bonding solvents such as water or dimethyl suiphoxide.
The van der Waals minimum is at A § = -300, A~ = =10°, i.e.
[/\_ calo D = =24 91, Comparison of other calculatior;s (fige 2.3
and ref. 97) suggest an additional minimum which has been estimated
at AF = -70%Av= =30% iceo [\ . ]y = 68° but could be in
the region up to A¢ = —700, A~ = —50?. For the purposes of this
discussion a value of Af = —70%, A~ = -40°, i.e. [/\ calc]D = 85°
will be used. '

Rees15 has suggested that methyl B-maltoside in dimethyl

. s ' 25°¢ o . . .
sulphoxide solution ([/\, obslD = -18.9° in this study) could be a
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Fig. 2.8  Graph of the linkage rotation [_/\,]D against temperature for

A =linked disaccharides.
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mixture of both of these conformations which minimise van der Waals
repulsion with the hydrogen bonded crystal conformatiqn; This ié
consistent with the evidence from 1H n.m.r. spectroscopy where (i)
the chemical shift of the anomeric proton suggests that the C(1) - H
bond is on average further from the eclipsed position ( A ¢ = 0) than

the corresponding bond in cyclohexa-amyloseg8’100’101

(discussed later
in this Chapter) and (ii) the downfield shift of 0(2) and 0(3) proton
resonances'of cycloamyloses; caused by hydrogen bonding of the type
found in the crystal, is also observed for maltose but is less
pronéunced98 showing that the molecule spends less of its time in

a hydrogen bonded conformatibn. The shift is 1large enough, however,

to suggest that the conformation with |/\ = 85o must make an
_ D v

calc
appreciable contribution to the conformation. In the non polar
solvent, dioxan, where there will be only weak solvent-solute
association the methyl PB-maltoside would be eipected to spend moré
of its time in the hydrogen bonded conformation and consequently the
E/\ obs] D should be more negative than it is in dimethyl sulphoxide.
This is in fact observed, [/\. obs] %500 = -22080, but the effect
is very small. When both these solutions are heated tgeE/\ obs] D
become more positive as might have been expected since the effect
'of raising the temperature is to break down the hydiogen bond and
increése the population of the other (more positive) conformations.
Consistent with this the slope of the curve (fig. 2.8) is greater in
dioxan than in dimethyl sulphoxide but again the effect is very small.
In aqueous solution the observed linkage rotation (D\ obs %500 =

46030) suggests that the molecule must spend a much larger proportion

of its time in the conformation witb]}ﬂ.calcjl D= 850. Such a

conformation has also been independently suggestedlos-to account for



Fig. 2.9 A Corey- Pauling -Koltun (CFK) space filling model of
methyl P-maltoside in the "folded" conformation. The hydrogen

atoms H(4) and 2H(6) on the R residue are in contact with H(3)

and H(5) on +the N residue. It is not possible to arrange p-1,4

N
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Table 2.3
The specific and linkage rotation of methyl B-maltoside in

agqueous and 5 N NaOH solution.

Sample Solvent  Specific Rotn(589nm) [/\‘obs]D
Hkthyl<i1£-g1ucopyranoside H20 158.6° a
5 N NaOH 155.5° a
Methyl p-D-glucopyranoside H,0 -32.8° b
5N NaOH -31.1° b
Methyl p-maltoside H 0 82.2° a
5 N NaOH 66.0° a 5°

a  From ref. 107
b From ref. 75. The NaOH value was measured at 1 N but it does
not change much with the strength of the alkaline solution and hence

would introduce very lltt}e error into [_/\. ost D*

when the agueous solution is made alkaline76. If the linkage rotation

is calculated for this solvent change then it can be se;n that, analogous
to tﬁe results given in Chapter 1, the alkaline solution behaves like

a water/dimethyl sulphoxide hybrid. This might have béen expected

" on the basis of the above hypothesis since, as indicated in Chapter

1, the strongly solvated hydroxyl ion acts as a very effective

structure breaker and creates considerable disorder in water. This
would break down any water structure which may be the cause of the

increased population of the conformation with,tgﬁy = 850 and

calciD

this would be expected to lead to an increase in the population of

the other conformations mentioned above, thus explaining the
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observed negative shift of the [/\ obs]D in 5 N NaOH. This hypothesis

13

is also supported by "“C n.m.r. to the extent that preliminary studies

in alkaline solution show that the spectra have large differences from
those in agqueous solution102 and this should yield more information
about the favoured cénformétions. Mbreovér, the observed negative
shift in the linkage rotation in agueous solution when the solution

is heated is also consistent with the above theory since the effect

of raising the temperature will again be (see Chaﬁter 1)‘to break

dowvwn the water structure.

Cyclohexa—amylose

In the potassium acetate complex of the looped hexasaccharide

9 each segment is locked in a hydrogen bonded

cyclohexa—~amylose
conformation similar to fig. 2.4(b) and has A@ = =9°, A~f= 9°,
i.e.[JAL

rotation (E/\'ob;]D = —990) is in very good agreement with the

calel = —1050. In dimethyl sulphoxide solution theilinkage
above value and this conformation is consistent with the observed
1H n.m.r. results given earlier in this Chapter. In agqueous

solution, however, the linkage rotation ([_/\_obs D= -65°) is in
very poor agreement with the value for the crystal str@ctﬁre. It
has been pointed out15 that, whereas dimethyl sulphoxide can fofm

107 and is therefore probably capable of solvating

V-amylose complexes
the cavity in the torus shaped molecule, in water the undistorted
cavity would probably represent a source of high free energy due to
the inherent shape of the hole coupled with the hydrophobic nature
of the interior of the ring where the hydrogen atoms on C(3) and
¢(5) point towards the centre. This latter fact is also suggested

by the tendency of the molecule to form inclusion complexes in

agueous solutionlo9. When small amounts of alkanoic acids are
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added shifts in the optical rotation are observedllO which increase
as the chain length of>the non-polar paraffin chain increases and
are caused by the alkyi chain rather than the carboxy-chromophore
since they show no variation with wavelength down to 248 nm. The
molecular rotation levels off at high alkyl chain length and
corresponds tO[;ALob;]D = -900. This value is in good agreement
with conformational analysis but is rather lower than predicted
from the crystal structure which suggests that in the crystal
conformation hydrogen bonding occurs at the expense of angle
strain. In aqueous solution this intramolecular hydrogen bonding
would be very much weaker and the felief of the angle strain leads
to a new conformation around Af = -200,1&5L= llo, i.e.EALcalé]D‘=-—87o
on the conformational map given in fig. 2.3(b) and ref. 97 or given

as AP = -15° to -250, A~ = 11° to 180, i.e.[/\. -94° 111,

15

calelD ©

Rees™”, therefore, concluded that the formation of an inclusion

complex in aqueous solution relieves conformational distortion
of an unknown kind in the cyolohexaFaa&lose molecule.

The results of this study, coupled with the indications from a
very recent X-ray study of the structure of cyclohexaFaﬁylose
hexahydratellz, may be used to suggest a possible explanation of
this distortion. It was shown that, in contrast to the potassium
acetate complex where the residues are located around a two fold
* axis, in the hexahydrate only four of the 0(4) linking oxygens lie
in a plane;the 0(4) atom from one glucose residue being displaced
from the plane by 0.718 while the 0(4) atom of the adjacent residue
is displaced by —0098X° It, therefore, appears that in the

hexahydrate the strain which is apparent in a model of the hexagonally

symmetrical conformation is relieved by the rotation of a single
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residue rather than a symmetrical puckering of the whole molecule.
The angles Z3¢ and A~ for all the linkages can be calculated from
113

the crystal coordinates and are given in table 2.4 along with

their contribution to the average linkage rotation. Four of the
Table 2.4
The glycosidic angles for the cyclohexa~amylose hexahydrate

crystal conformation.

Linkage A A~ [/\'calc D Average [J\’calc D
1,2 -8° 15° -119.4°

2,3 -18° 9° --8-6“7o

3,4 -16° 1 I78.2° ~85.4°

455 -34° -4 -29.5°

5,6 ~33° 46°  -126.0°

6,1 -20° 4° -72.3°

values of A and A+ are seen to be very similar but the other two
are significantly different from these. However, when the linkage
rotations are calculated from these using equation (3) given in the
General Introduction it is seen that the differences in A ¢56 and
! )
A n¢»56, from the four values which are reasonably close together,
)
tend to cancel each other out and the[/\. ] is not much changed
calcd D .
from the E/\ calé]D for the 1,2 linkage. In the case of the 4,5
linkage z\¢ and A+ are significantly different from the other
values and the differences reinforce each other when the[/\
_ calclD
is determined. Noreover, these values are tending towards the values
for the "folded" conformation ( A @ = -70,A~= —-40) of methyl B-
maltoside and this is reflected by the fact that the calculated
average linkage rotation of this crystal structure, [‘_/\_calc D= ;850,
is closer to the observed linkage rotation,[/\_obq]D = —650, in aqueous

solution.
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Using spéoe filling molecular models and extrapolating from the
above results it can be seen that one glucose residue in cyclohexa-
amylose may rotate about its glycosidic linkages to approach a
"folded" conformation. This would give an "intramolecular inclusion
complex" for cyclohexa-amylose as shown in the photograph fig. 2.10
and in such a conformation the internal hydrogeﬁ atoms of the
ring are juxtaposed thus increasing the net hydrophilic character
of the ring and increasing its compatibility with the "lattice" water.
Thus if the value A = -7o°, D= —40°%; i.e. [/ calC]D = 85°
4s substituted for the 4,5 llnkage in table 2.4 and the other values
remain unchanged then the average E/N‘calc D becomes —66 3 which is
in very good agreement with the observed value (-65 ®) in aqueous
solution. Alternately if one linkage is assumed £o have the value
[JAL calé]D = 85° and all the others are assumed to be in the hydrogen
bonded conformation,[/\calc;]D = —1050, the - average linkage rotation
[/N\ calc]D 73° whereas 'if all the others are assumed to have the
conformation calculated from conformatlonal energy Studles’t/\‘calé]b = —90 ’
which is probably more likely in aqueous solution, the average
[JA¥ cale|D = —610, again in very good agreement wifh ﬁhe observed
value.

It is, therefore, considered that in aqueous sqlution cyclohexa~
amylose may exist as an "intramolecular inclusion complex", with one iiﬁkage
in the "folded" conformation previously suggested for methyl B-maltoside,
thus making the molecule more compatible with the "lattice structure"
of water. As shown in the photograph (fig. 2010), in such a
conformation the C(6) - OH group of the residue which has been rotated
about its glycosidic linkage will also bé in the correct_positioh
to form a strong hydrogen bond with the hydroxymethyl group on the

residue on the opposite side of the ring and will give this structure



Fige 2,10 A CPK space filling model of the suggested "intramolecular
inclusion complex" formed by cyclohexaamylose in agueous solution.

In such a conformation one glucose residue (A) has rotated about its
glycosidic linkage to approach the "folded" conformation previously
suggested for methyl P-maltoside. In such a conformation the internal
hydrogens of the ring are juxtaposed thus increasing the net hydrophilic

character of the ring. The C(6)-OH group of the residue which has

)

been rotated about its glycosidic linkage can also form a strong

Q

hydrogen bond with the hydroxymethyl group of the residue on the

opposite side of the ring.
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additional stability. There is no reason why this conformation
should remain static and it may rotate around the ring with
different linkages adopting the folded conformation. It is, however,
imposéible in cyclohexa-amylose to have more than one linkage in .
this conformation at any given moment. The hexahydrate crystal
conformation may not complétely adopt this conformation becauss of
crystal packing considerations or, and perhaps more likely, because
only small amounts of water are present and there is no effect from
the structuring of the solvent which is preseht in aqgueous solution.

Oligosaccharides and Amylose

The present suggestions about the possible conformation of
methyl B-maltoside and cyclohexa;amylose in aqueous solution,as
indicated by their optical rotations, can be extended to 0441,4
linked oligosaccharides and amylose. The E«‘ob;]D for the cyclo-
dextrins, the maltodextrins and amyiose>are given in table 2.5.

In the cyclodextrin-series the[;\'obs] D increaées from
cyclohexa—amylose through the series to cyclododeca;amylose.

This might have been expected since, as the molecules become

larger,the glycosidic linkages gain more freedom to relieve torsion

and van der Waals strain and to make themselves more qompatible with

the water structure. Thus the "folded" conformation‘miéht be expected
t6 make a larger contribution +to E/\’obé]D as the series is ascended
which is consistent with the observed incregse in its value beyond that
of methyl B-maltoside in dimethyl'sulphoxide solution and beyond

the L/\ caI;]D for the first van der Waals minimum (—24°)° However, this
increase in the [/\'obs]D levels off at cycloundeca—amylose and
cyclododeca-amylose at a value very close to that of amylose. A

possible reason for this is discussed below.
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Table 2.5
Linkage rotations fdrérl,4 oligomers and amylose.
Compound H20 DMSO 5 N NaOH
[do  [Movs)p [ [/\ ovalp Lo [ e
Cyclohexa—amylose 150.5° -65° 2% 129,0° ~99° @
Cyclohepta~amylose 162.0° —480 a
Cycloocta~amylose 177°4° -21o a
Cyclonona—amylose i91.00 +1° 2
Cyclodeca—amylose 197.00 +11° 2
Cycldundeca—am&oée ZOQoOO +16° 2
Cyclododeca—amylose 201.0° +17° 2
¥altodextrins
Meltose | 130,4° +69.0°
Maltotriose 158..4° +46.4°
Maltotetraose 16805o +3702b
Maltopentaose 177o6° +38¢,6.b
Maltohexaose 180.0° +3202b
Maltoheptaose 184°Oo +17.Ob
Amylose 200,0° +16,0*  158° 529 % 140° -75°

i

ao Values from ref. 15 and +the references quoted*thére. The values
in dimethyl sulphoxide solution have been corrected fAr the change in
the solvent refractive indexe.

bo The values are the average of those calculated from the 'optical
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rotation values of C.T. Greenwocod and D.J. Hourston and those given by
Baileyllso The values were calculated by subtracting the molecular
rotation of the monosaccharide from that of the maltodextrins, dividing

the result by the number of glycosidic linkages in the molecule and

subtracting the molecular rotation of methyl o(fg-glucopyranoside.(305.10).
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o. Valuous from vof. 107; calculated by subtraction of tho molocular
robation of mothyl &L -D-glucopyranosido in 5 N NaOll from that of the

"popiduo molecular rotation (i.oo[aélp x 162/100) for amylosc.

In the 'maltodextrin series thal}«'obs}D for the disaccharide
suggests that, as for methyl P-maltoside, the molecule spends a very
large portion  of its time in the "folded" conformation. However,
on ascending the series theE/\ obs]D rapidly converges on tke amyiosa
value suggesting that there is some interaction present which reinforcés
the 0(2) voe 0(3) hydrogén bond.between neigkbouring residues. It

has been suggested15 that this is most probably due to the possibility

of consecutive hydrogen bonds due to the dipole interactions shown

in fige. 241.

a—u -

O\

N

Fig. 2.11

The linkage rotations for the large cyclodextirins (n » 11 or
12), the large maltodextrins (n 2’7) and aﬁylose in aqueous solution

suggest that for each linkage +there is a dynamic equilibrium between
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the hydrogeh bonded.conformatidn or consecutive hydrogen bonded
conformations, the van der Waals minimuﬁ conformation and the

"folded" conformation with the last named conformation meking the
‘largest contribution, possibly because it is more compatible with
water structure. In dimethyl sulphoxide there will be no effect

due to structuring of the solvent and the intramolecular hydrogen
bonding will also be slightly stronger than in water. ZEach linkage
 would therefore be expected to spend moré of its time in the hydrogen .

bonded conformation and the [ = =52° for amylose is consistent

obsiD
with this. However, since the hydrodynamic data indicate that in
dimethyl sulphoxide116 amylose exists as a random coil and not as
a rigid rod,this increased hydrogen bonding does not pull the chain
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into the correct symmetry to initiate helix growth. Rée&es also
measured the optical rbfation of amylose in.NaOH solution and the
E/\_ ob;]D from these results become~more negative as the concentration
of NaOH is increased, again consistent with the theory that the effect
of h&droxyl ions is to break up the water structure thus removing
its stabilising effect on the ?foldéd“ conformation.. Fér amylose

in NaOH, however, the results indicaté that an additiopal effect
‘may be present since the[;/\.ob;]D does not in this case indicate
that the alkaline solution acts like a water/dimetbyl suiphoxide

- hybrid but becomes even more negative than the EA\obéjD in diméthyl
sulphoxide. Reeves was also unable to make measurements inAsolutions
stronger than 5 N NaOH because the solutions gelled before nixing
could be completed, possibly because of polyelectrolyte effects of

the type described by Rees34. The extra large decrease in the

[/A\ obé]D in ‘alkaline solution may therefore be caused by a

further conformational change at the glycosidic linkage when the

chains interact in this ways.



110

The results and deductions of this study are also very

~ difficult to fit in with the "hollow helix" model97 for B-amylose
since they suggest that water‘ is unlikely‘to form a hydrogen
bonded system within the helix core which can give the observed
stability of the crystalline B;amylose. The .ideas presented here
can be much more easily reconciled with the "double helical" model117
for this crystalline compound, where the hydrophobic regions of
each chain will be juxtaposed in the centre of the helix. The
respective merits of these two suggested structures have been
théroughly reviewed by Rees88 and will not be covered here. 1t
is sufficient to say that the evidence is, as yet, inconclusive
and it is not’ possible tq make a definite decision about the
structﬁre of B-amylose.

Ay A-Trehalose

oLy A~Trehalose is a non-reducing disaccharide composed of
two °(-‘géglucopyranose units linked by a glycosidic oxygen bridge
between their two anomeric carbon atoms ¢(1) and C(l?). The
molecule is thus.symmetricél about the glycosidic oxygén and by
extending the treatment suggesfed by Rees (Appendix I?and ref. 15),

we may deduce that for o{;cA-trehalose:

['/\ obs] = [M s ok-tfehalose] - 2[M Me o(-'-g—gluc]
The [JN'ob;]D values in water and dimethyl sulphoxide are given

in table 2.2, Similarly the [/\ is given by:

calclD
[ N\ ealg)p = 210 - 240 Sin AP

We can, therefore, use these values to calculate the observed AP
values in water and dimethyl sulphoxide and this has been done for
the values at 25°C. This gives A = ~53° and —72° for dimethyl

sulphoxide and water respectively.
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The crystal structure of oL;A-trehalose dihydrate has been
determined by X-ray analysis in three independent laboratorieslls.
The average torsion angles of the three determinations lead to the
values AP = -57.7°% AP = -45.1° i.e. AF for the crystal
conformation is —51040. This is in good agreement with the
obser&ed 43¢ (-530) in dimethyl sulphoxide Solufion suggesting
that in this solvent the molecule may predominantly exist in a
conformation which produces an almost maximally exteﬁded structure
similar to that of the crystal. For aqueoﬁs solution, however, the
results obtained again suggest that an additional interaction is
present. Studies of molecular models show that when4$¢ = —730 the
molecule adopts a conformation very close to that shown in the
photograph - fig. 2.12. It is noticeable tﬁat in such a conformation
two sets of hydrogen atoms become juxtaposéd. These arée H(1) and
H(0,) with B(5') and H (o'CHZOH) and H(1') and H(O',) with H(5) and

H (0 Such a conformation would therefore be expected to

CHZOH)'
increase the net hydrophilic character of the molecule. and to
make it more compatiblé with the structured water in an analogous way
to the favoured conformation suggested for methyl B-mal?oside. This
is supported by shifts in the E/\ obs]D on raising the temperatupe of
the ofy L—trehalose solutions which are very similar in both sign and
magnifude to those observed for methyl B-maltoside (fig. 2.8) .

In conclusion it is felt that the results given. in this study
indicate that the structured nature of water plays a large part
in determining the preferred conformation of A -1,4 linked di
and oligosaccharides and amylosg in aqueous solution. It is

also noticeable that the "folded" conformation ( oY ~70°, D= -40°),

which has been suggested to be the conformation most compatible with
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Figo 2.12 A CX space filling model of £ ydA~trehalose in the
suggested conformation in aqueous solution. Two sets of hydrogen atoms
are juxtaposed: H(1) and H(0(2)) with H(5) and H(0”(CH,0H)) and 5(17)
and H(0(2”)) with H(5) and H(O(CH,0H)). In such a conformation the

net hydrophilic character of the molecule will be increased.
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the "lattice" water, has a A@ value very close to the value

(Ag = —60°) required before an intelligible trend can be observed

in the average linkage conformations of J{-linked oligosaccharides

in aqueous solution when only van der Waals repulsions are consideredl6.
As mentioned in the General Introduction such an approach gave

excellent internally consistent conclusions when applied to B-linked
oligosaccharides. This zﬁﬁvvalue (—600) was suggested to be favoured

by the exo-anomeric effect but the results of this study indicate

that the structured nature of water may be at least as significant

in determining the predominant conformation of A-linked oligosaccharides

in aqueous solution.



SECTION B

CIRCULAR DICHROISM
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CHAI'I'ER 3

THE DELTMRVINATION CF THE URORIC ACID COLIPOSITION AND SEQUENCE IN

-

ALCINATES USING CIRCULAR DICHROISM

INTRODUCTI.ON

Alginic acid is a high molecular weight polysaccharide found
originally in one of the major groups of benthonic algzae, the

Phaeophyceae (brown seaweed), which still provide the main

source for it. A structurally similar polysaccharide kes also

: : o i
been isolated from lLzoto bacter vinelandii ? and Pseucdomonzas
. 120 A P .
aerucinosa but the bacterial polymer is usually also partly
‘o—acetylated.

Structural Studies

Until 1955 it was thought that alginic acid contained only
D-mannuronic acid but Fischer and Dorfel121 showed that different
samples of the polysaccharide contained various proportions of both

D-mannuronic acid and its ¢(5) epimer L-guluronic acid (fig. 3el)

COOH
O @)
COOH
H, OH

OH  HO
HoNSH P9 HO

IH,OH

D-mannuronic acid L-guluronic acid
Fige 361
122 ;

and this has been confirmed by oiher authors™  « After methylation,

reduction of the carboxyl groups and hydrolysis, derivatives of 2,3
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di-o-methyl-D-mannose and 2,3 di-o-methyl-L-gulose were apparently

123

the only products from a number of sa.mples124 indicating that both

these units are ly4-linked. This conclusion has been substantiated

122( )

by other methods of structural investigation and the results of

earlier work are also consistent with thislzs. When sodium alginate
is oxidised with periodate over 40% of the hexuronic acid residues
fail to react with the reagent. The implication that these
periodate resistant linkages arise from 1,3-linkages has been shown
to be incorrect since methylation of the unattacked portion of the
119,124.

molecule has shown that only 1l,4-linkages are present “his

anomaly has been convincingly explained126 by the suggestion that
aldehyde functions of oxidised residues form stable, six-membered,
cyclic acetals with the residues adjacent, so blocking further
oxidation.

Isolation of 4(—0—ng—mann0pyranosyl)jg-mannopyranosel27 from
a partial hydrolysis of the reduced polysaccharide indicates that
the mannuronic acid residues in alginic acid are linked through.
their C(4) positions by a B-linkage and that the linkage is 1l,4-pyranosyl
rather than 1,5-furanosyl. This anomeric configuration for the
gbmannose residue is consistent with the strongly negative optical
rotation and on this basis the érgulose residue was generally
assumed to have the aiﬁg—configuration. This has been shown to be
correct by x-ray diffraction studies of polyfg—mannuronic acid and
poly-L-guluronic acidl28 which indicate that the D-mannuronic acid
residues are P-linked in the C1l conformation and the éfguluronic acid
residues are ;L—linked in the 1C conformation. Very recent n.m.r.

evidence129 suggests that the xresidues are also in these conformations

in solution. Partial fractionation of alginate samples into fractions
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that are enriched with respect to mannuronic and guluronic acid,

13

respectively, has been achieved Obut repeated fréctionations
failed to indicate the existence of homopolysaccharides. Proof
that the two types of residue can occur in the same chain in at
least some of +the molecules was supplied by the isolatioﬁ of
oligouronic acids131 containing both residues and of a crystalline
mannosyl—guloselzz from partial acid hydrolysis and its reduction
products respectively.
Haug et a1132’133 have obtained information about sequence

from an elegant method based on heterogeneous hydrolysis. The

results showed that a certain amount of the alginate passed rapidly
into solution but that even prolonged hydrolysis did not significantly
inérease this concentration of carbohydrate in the solution. The

acid resistant material could ©be fractionated into two components
having degrees of polymerisation of about twenty and containing
preddminantly ;rguluronic acid and D-mannuronic acid respectively.

No fraction with an intermediéte uronic acid composition could be
prepared from the insoluble material. The soluble fraction has

been shown132’134_to consist predominantly of +the two monomers and

a mixed disaccharide. It has therefore been suggested that this
fraction may approximate closely to an alternating arrangement of
D-mannuronic and ;rguluronic acid residues. The alginic acid

. molecule may thus be represented as shown in fig. 3.2 where the
homopolymeric blocks of at least 20 residues are separated by

blocks of a similar length which are primarily alternating in
structure. The homopolymeric blocks probzbly resist hydrolysis

because they form crystalline regions and are therefore inaccessible

to reagents.
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Alginic acid
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4(~0-B~D-mannosyluronate) -,/ ~L-guluronate

Where ‘the minimum value of n is approximately 10

~Fig. 3.2 Schematic . representation of alginic acid.
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Methods Available for the Determination of the Uronic Acid Composition

and Block Structure of Alginates

Alginates are widely used in industry due to their ability to
form strong gels with polyvalent metal ions and, in particular, with
calcium ions. As discussed in Chapter 4 of this thesis, the gelling
characteristics of an alginate are strongly influenced by its uronic
acid composition, i.e. the ratio of mannuronic to guluronic acid
residues (M/C ratio)Q This work also suggests that a more important
parameter is the block structure of the alginate, i.e. the proportion
of mannuronic acid blocks (¥ blocks), guluronic acid blocks (G
blocks) and alternating blocks (M/G blécks),.since these blocks differ
in their ability to form junction zonés. ‘It is thus imporfant to
have a reliable method for determining the /G ratio and the block
structure of alginates.

The M/C ratio of an alginate can be determined by complete
acid hydrolysis and sgparation of the uronic acids using chromatography

135

on an anion exchange column + The amounts of the two uronic acids
may subsequently be determined colorimetrically136o The standard
method of determining alginate block structures involves heterogeneous
partial acid hydrolysis and separation of the various fragments by
132

acid precipitation s followed by determination of their uronic acid
compositions by complete acid hydrolysis as described above. These
methods give reliable results which can be correlated with the

133 but they are very time consuming

physical properties of the alginates
and are not suitable for the routine characterisation of large numbers
of samples., Moreover, a factor correcting for the different rates

of breakdowm of L-guluronic acid and D-mannuronic acid during the

complete acid hydrolysis must be used and this may introduce a
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systematic error into the method.

137

The carbazole reaction gives very different colour
intensities for mannuronic and guluronic acids and a method for
determining M/C ratios of alginates has been suggested which is

based on analysing alginates by the carbazole method applied‘ under
two different reaction conditionsl38° There is evidence,; however,
that this method consistently overestimates guluronic acid129 when
applied to alginates, although it works well on mixtures of mannuronic
and guluronic acid monomers and it is possiblé that the ca:bazole
reagent reacts differently with the acids‘in the polymeric and
monomeric forms. Moreover, unless one is experienced in the use of

this method, it is difficult to obtain reproducible results,

Spectroscopic Techniques

More recently spectroscopic techniques have been applied to
the determination of the M/G ratio and block structure of alginates.
-Mackiel39 has noted that infra-red spectroscopy on films.of the
alginic acids can be used to give a very fast, semi-quantitative
estimation of alginate M/C ratios using the areas of the bands
at 808 and 797 cm-l for mannuronic and guluronic acids respectively.
However, these bands do overlap and the estimation of the baseline is
difficult meking the method not very accufate or reproducible, as
indeed was recognised by the author. Moreover, there is evidence14o
that this method may overestimate mannuronic acid. Penman and
Sanderson129 have determined the uronic acid sequence of several
alginate samples by splitting the alginates into alternating and
homopolymeric fractions using partial acid hydrolysis. They

estimated the relative proportions of M blocks and G blocks in the

homopolymeric fraction by n.m.r. spectroscopy making use of the
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fact that the more shielded axially oriented H(1) in the
B=linked mannuronate residues in polymannuronate sequences resonates
at higher field (5.34 ) than the equatorially oriented H(1) of
the o-linked guluronate residues in polyguluronate sequences
(4.967). The concentration of alginate in‘ the soluble énd
insoluble fractions was determined by the phenol-sulphuric acid
reaction making the assumption that the ratio of mannuronate +to
guluronate residues (M/G ratio) in the soluble fraction was 1.
This method is much faster than the completely chemical analysis
described above and it can be carried out on much less material.
The method does, however, destroy the éample used. Moreover, the

1132’133suggests that the partial acid hydrolysis

work of Haug et a
may not completely separate the homopolymeric and alternating blodks
and this mey introduce errors into the determination of the alginate
concentration in the soluble fraction.

As indicated in the General Introduction uronic acids show
Cotton effects around 210 nm typical of the n —»7r* trénsitions of
carboxyl groups. Moreover, as showﬁ in fig. 3.3 the cod. spectra
of (methyl B-g?ﬂmnnopyranosid)-uronate and (methyl aLﬁgqulopyranosid)—
uronate, each as its sodium salt, have been shown33 to‘be quite different.
The sodium methyl «~L—-guluronate gives a single broad negative trough
in the spectral region from 250 to 190 nm whereas the éodium methyl
ng—mannuronate has a positive peak and a much smaller negative
trough, at higher wavelength, in addition to the onset of a negative
trough below 195 nm. The effect of two overlapping gaussian peaks of
opposite sign is to increase the separation of the observed peak

maxima and this means that the main peaks observed in the two uronate

spectra occur at different wavelengths. This difference suggested



’ ) v 122

I'irre 363 Tho c.d. opoctra of sodium mothyl f=D-maunmopyranosyluronate

(dached line) and mothyl gl1g-gu10pyranooyluronato (continuéus lino);

the oummation curvo is shown by tho dottcd lino.

(Y
ToNJ
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that it-might be possible to wuse circular dichroism to obtain a
simple method for the analysis of alginate composition and this is
illustrated much more clearly, as showa in fige. 3.3, bj the summation
curve of the sodium Ség-mannuronate spectrun and the sodium ~cL--_Ii—
guluronéte spectrum. This Chapter describes the development of rapid,

sensitive and non-destructive tecihniques for <+the defermination of
AY

alxinate composition (3/G ratio) and block structure.
(=]



Experimental

1. ‘Matefials

The alginate samples coded 5-10 were all from commercial
sources; these éoded 5—=9 were supplied by Alginate Industries Ltd.
while sample 10 was obtained from Alginates Australia Ltd. All
the above samples are of seaweed origin and had been charaéterised
by Dr A.Perman and Dr G. Sanderson by the n.m.r. and/or chemical
methods described in ref. 129. In the chemical determination of the
compositions of the alginates the results were correctedl35 for the
different rates of brgakdown of mamnuronic and guluronic acid on
complete acid hydrolysisf Three alginéte fragmenfs; which were
a gift from Dr A.Penman;were also examined. These had been
prepared by the partial acid hydrolysis of alginate sample 7
(using a very similar method to that described by Haugj Larsen and
Smidsnﬁdl33) into three types of short chain segments containing;
(a) mainly guluronic acid (1); (b) a large proportion of mannuronic
acid residues (3) and (c) a sequence in which the two types of
residue are primarily alternating (2). These blocks have a degree
of polymerisation of approximately 20 and samples 1 and 3 have been
characterised by both the n.m.r. and chemical methods. The alternating
blocks have been characterised.by the chemical method only. Two
bacterial-alginate samples (11;12); which were kindly supplied by
Dr C.J. Lawson of Tate and hyle; were also studied.

All the sampies were purified as descfibed in the QGeneral
Methods section.

1(a) Preparation of the Manmuronate Block Sample (4)133’141

Sodium alginate (sample 8: 30 g) was hydrolysed heterogeneously
in 0.3 N hydrochloric acid (1 1.) at 100°c. After 20 minutes the

solution was removed from the insoluble material by filtration and
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washing with 0.3 N acid. The insoluble material was suspended in
water and neutralised'with N sodium hydroxide. The resulting solution
was made up to 850 ml; 2 N hydrochloric acid (150 ml) was added to
maké the solution up to 0.3 N and the heterogeneous hydrolysis was
continued for 20 hr. The solution was removed by filtration and
discarded. The insoluble material was suspended in water and
solubilised by the addition of sodium hydroxide to pH 7.0. Sodium
chloride was added to 0.1 M and the polysaccharide was precipitated
by the addition of ethanol.

The dried precipitate was redissolved in water to give a 0.5%
solution; sodium chloride was added to 0.1 M and the pH was adjusted
to 2.85 using 0.025 N hydrochloric acid. The resulting suspension

3 r.p.m.ﬁ 30 min). The solution was

was centrifuged (2.5 x 10
decanted; neutralised with N sodium hydroxide and the highM fragment isolatedA'
precipitétion with ethanol. The precipitate was washed with ethanol
(twice) and ether (twice) and dried by leaving it to stand at room
temperature. 5
This material was hydrolysed heterogeneously fof a further
six hours in 0.3 N hydrochloric acid and the insoluble éaterial
was separated from the solution by filtration as previously
described. A fragment containing a very high proportion of
mannuronic acid was isolated from this insoluble material; as its
sodium salt; by fractional precipitation at pH 2.85 (as described
above) followed by neutralisation of the solution and precipitation
with ethanol. The sample was purified as described in the General
Methods Section,

A small amount of this mannuronate block sample (100 mg)

was deuterated by dissolving it three times in D)0 (1.5 ml), the
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solvent being removed each time by evaporation undef reduced pressure.
The deuterated sample was taken up in D2O (0.5 ml) and its n.m.r.
spectrum was recorded at 80°C and a sweep width of 250 Hz on a

Varian HA 100 high resolution spectrometer using tertiary butahol

as internal standard. The relative proportions of the. two typeé 6f
residue were obtained from the areas of the low field signals due to
sodium manmuronate (H(1) : 5.33 7 ) and guluronate (H(1) : 4.90 )
and these are given in table 3.2.

2. Determination of the Purity of the Freeze-Dried Alginate Samples

This work was carried out in conjunction with the Analjyiical
Department: Unilever Research Laboratéry; Colworth House. Several
methods for the determination of the amount of water in the freeze-
dried alginate samples were compared using two purified alginate
samples and the results are shown in table 3.1.

TABLE 3.1
Comparison of the methods for the gquantitative determination of the

sodium uronate content of purified freeze-dried alginate samples

Alginate % Solids from % Alginate from
Code Oven Drying Karl Conduct-— Ashing
at 105% Fischer iometric (a)ash  (b)Titre (c)Na
' Titration
7 90-93% 867 63% 18.5%  16.5% 80.5%
9 90-91% 84.7% - 56% 5.0 T0.5%  11.6%

(2) Oven Drying at 105°C

A weighed amount of the samples was heated in a vacuum oven at
105°¢ overnight. The samples were allowed to cool in a vacuum
desiccator before they were reweighed. The results shown in table

3.1 suggest that this did not remove all the water from the samples°
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(v) Conductiometric Titration

This procedure is based on a standard method for the
determination of the salts of weak acids. A 0.1% (w/v) solution
of the purified alginate (50 ml) was titrated with standard 0.1 N
hydrochloric acid; the conductance being measured after each
addition. In this type of measurement it is not necessary to get
’ readings in the region of the equiyalence point; but it is necessary
to have several well spaced points before and after for extrapolation.
The method was tested with a standard sodium acetate solution and
this gave an accurate sharp equivalence point. The results for sodium
alginate were expected to be less sharp and this proved to be the
case. However, as shown in table 3. 1 this method also considerably
underestimates the purity of the alginate samples. The alginates
precipitate at a point just past the apparent equivalence point and
it is thought that this may reduce the accessibility of the acid
to the carboxyl groups aqd prevent their complete titration. This
method was therefore abandoned.

~(c) Karl Fischer Moisture Determinationl42’l43

The extraction with anhydrous methanol was carried out for
%, 1 and 2 hours but no increase in the amount of water which
could be extracted from the samples was found. This method was
experimentally more difficult than the ashing technique described
below since the freeze-—dried alginate sample absorbed the methanol
and expanded to occupy the whole volume of the flask. It was
decided that the complete ashing method gave more accurate results
and; therefore; this method was not used.

(@) Ashing
A known weight of the alginate samples (~ 100 mg) was
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ashed at 550°C until the weight of the ash remained constant.
From the weight of sodium carbonate the percentage of sodium
alginate in the original sample was calculated.

The ash was dissolved in deionised water (100 ml) and two
aliquots (25 ml) of this solution were titrated with 0.1 N hydrochloric
| acid. The average titration was used to check the amount of carbonate
in the ash and from this a second estimate of the percentage of
sodium alginate in the sample was calculated. PFinally atomic
absorption spectrometry was used to determine the sodium content
of the solution of the ash, From this the amount of sodium in the
ash was calculated and a third estimaté of the amount of alginate
in the original sample was obtained.

| " As shown in table 3.1 this method gave very consistent results.
The complete ashing method was therefore uséd to determine the total
amount of sodium uronate in the purified freeze—dried alginate
samples; the average of all three estimates describéd above was
taken in each case, !

3. Preparation of Sample Solutions

The freeze-dried alginate samples (~ 60 mg) were weighed into
a small flask; the weight was noted accurately and deionised water
(20 ml1) was added using a pipette. The solutions were‘magnetically
stirred until the alginate dissolved. The pH of ~15 ml of this
solution was adjusted to 7.0 using a small amount of N sodium
hydroxide added by means of a syringe. Any overshoot in the pH
was brought back using the extra 5 ml of the original solution. The
solutions were millipore filtered (3 u) and transferred to the c.d.
cell in one operation using a syringe.

4., Measurement of Circular Dichroism

The c.d. spectra were recorded on a Cary 61 C.D. Spectropolarimeter
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in a 1 mm pathlength cell axi using a 10 second integration period.
A base line was recorded; for the cell containing deionised'water;
for each sample solution., £11 measurements were made at 25°C;

the femperaiure being regulzied ﬁsing a Haake thermocirculator

and a thermostattable cell h>ldler.

For the analysis of zlginate block structure the c.d. spectra
were measured up at every 2.5 rnm from 260 nm to 192.5 nm and were
corrected at each point for %he value of the base line. Now using
the weighed concentrations of the alginate solutions: plus the total
amount of'sodium uronate actzally contained in the purified freeze-—
dried samples; the spectra we¥e converted to molecular ellipticities
([0] ) using the formulaj

[0] = 6 M degree — cm2 decimole—l.
101 x ¢
M is the gram-molecular weignt of a sodium uronate residue; c is
the uronate concentration (g/cm3) of the solution and 1 is the
pathlength of the cell (cm). To make the figures easier to handle

3

all molecular ellipticities were divided by 10~ in this study.

Determination of Uronate Sesuence in Alginates by Computer Curve Fitting

All computer programmes were written by Dr E.R. Morris,

The language used was Fortran II and the programmes were run on a
Honeywell time-sharing computer terminal. The final computer
programme "Algfit" is given in Appendix 4.

The spectra of the three types of.seguences fopnd in alginates;
plus those of the four alginate samples 5: 7; 8 and 10; were fed into
the computer. All spectra were expressed in molecular ellipticity
([O]) X 10_3. The computer was asked to synthesise the best fit

of the alginate spectra using combinations of fractions of the three
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block spectra. A weighting factﬁr'for each‘point in each spectrum;
which depended upon the slppe of the spectral curvé between that
point and the previous one; is incorporated into the programme.
This means that the computer attaches more impoftance to the métch
at the spectfal extrema and is less concerned ébout achieving a
perfect fit where the spectral curve is changing rapidly and the
errors in measurement are consequently greater.

Five choices were incorporated into the programme.
(a) The computer can either compare the spectrum synthesised from
given fractions of the blpck spectra with that of the alginate or;
by. an iterative procedure; it can adjuét the given fractions of the
block spectra'until it obtains the best possible fit for the
alginate.speptrum._
(b) A table; comparing the original alginate spectrum with that of
the fitted spectrum at every measﬁred point and also listing the
difference between the two spectra at every poinf; can be obtained.
if desired,
(c) A graph comparing the original alginate spectrum with that
of the synthesised spectrum can be obtained if requested. The
computer prints a ¢ for the original alginate Spectrum; a +
for the éynthesised spectrum and if the spectra are within
0.1 x 10-.3 degree of each other a * is printed out.
(d) Since the sum of the fractions of the blocks must équal unity;
an option is incorporated into the programme whereby the coﬁputer
ensures that the total of the proportion of M blocks; G blocks and
alternating blocks sums to one. An unconstrained fit means that the
computer can alter the proportion of all three block spectra whereas .

in a fit forced to 1.0 only the proportions of the spectra of two



of the block samples are varied; the other being automatically
determined.

(e) A facility was incorporated into the programme whereby the
computer lists the proportion of M blocks; alternating blocks and
G blocks after a set number of iterations (usually 25). The
computer can then be told to continue its iterative procedure or;
if it is not changing the proportions of the three blocks; it can

be told to stop and list the requested table or graph.

130
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RESULTS AND DISCUSSION

Estimation of Alginate Composition (M/G ratio)

All sodium alginate c.d. spectra show a trough centred
around 212 nm and a peak around 200 nm which are thoughﬁ;Aby
comparison with the methyl uronoside spectra (fig. 3.3); to arise
from the n—7v* transitions of the carboxyl groups on the two
different residues. All spectra also show the onset of a large
negative band below 195 nm which is considered to be due to the
7T —/T%# transitions of the carboxyl groups. The spectra of the
samples approximating to the three different block types are shown
in fig. 3.8. While thé spectra of the.homOpolymeric sodium
polymannuronate and polyguluronate blocks broadl& resemble the
corresponding methyl glycoside spectra; there are appreciable
second order differences showing the sensitivity of the uronic acid
c.d. to neighbouring residues in the alginaté chain., These can be
used to give a method for the determination of aiginate block
structure and this will be discussed later in this Chapter. However;
inspection of the alginate spectra; as éhown by the examples in
fig. 3.4 which compares the spectra of alginates with different
compositions of the constituent uronic acids; indicates that they
may also be used to give a rough measure of alginate composition.
To a first approximation the depth of the trough appears to be
related to sodium guluronate content and the peak height to
sodium mannuronate content. Thus the parameter Peak Height/Trough
Depth (fig. 3.4) increases with increasing M/C fa%io and hence
with an increasing content of sodium mannuronate in the sample.
This ratioc has been calculated for the alginate samples studied
and this is given in table 3.2 along with the estimates of alginate

composition obtained from the chemical and n.m.r. methods129.
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Fig. 3.4 Circular dichroism spectra for alginate samples 5 (continuous
line) and 8 (dashed line) having mannuronate and guluronate residues in
the ratio 29.5:70.5 and '5'8:42 respectively (table 3.2). There is a
direct correlation between the ratio of the two residues and the

ratio of the amplitudes marked "Peak" and "Trough".



Using the given values for the samples marked with a #
in table 3.2 a standard curve of c.d. (Peak/Trough x 100) against
composition can be drawn and this is shown in fig. 3.5. Using this
standard qufve the compositiop qf the alginates shown in table
3.3 has been estimated and compared with the results obtained by
other methods. The results demonstrate that the estimates
of alginate composition obtained from the c.d. spectra are in
very good agreement with those obtained using other techniques.
It was expected that; since the alginate block spectra show
the sensitivity of thg uronic acid c.d. to neighbouring residues;
the alternating block sample might show the largest deviation
from the standard curve. However; the resulfs in table 3.3
indicate that the difference between the calculated value from
c.d. measurements and that observed from the chemical analysis
is alsé small in this case. It is; therefore; concluded that
circular dichroism gives a rapid; simple and sensitive method
for the estimation of alginate composition. The normal sample
requirement is of the order of one hundredth of a gram but anélysis
of rare samples can be carried out on less than a thougandth of a gram
if necessary. Moreover; the method is non-destructive and the
sample can be recovered if ﬁecessany. |

It should be noted that the alginate samples 5 and 6
and 8 and 9; which are high and low viscosity fractions of the
same alginates; give extremely similar c.d. spectra while the
blocks which are around twenty units in length aiso give
spectra which fit in well with those of the polymers as shown
in.figure 3.5, It; therefore; appears that this method is

independent of molecular weight. The spectra do, however, change
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TABLE 3.2

Correlation of alginate composition and c.d.

Alginate Code Source %M %G CoD. at 25°C
(Peak/Trough x 1
1. Polyguluronate block* Partial hydrolysis O 100(2) 8.1
of 7 ) °
2. Alternating block " 60 40(b) 71.1
3. High mannuronate® " 17.5 22.5(3) 143.8
4. Polymannuronate block®* Partial hydrolysis 93 7(¢) 194.9
of 8
5. % Leminaria 29,5 70.5(2) 15.4
‘ hyperborea A | _ |
6. * " 31 6§(a) 17.7
To * 37 63(® 23.4
8. * Ascophyllum 58 42(2) 7002
. nodosum -
9. * | " 5405 45.5(%) 696
10, Macrocystis él 39(0) 75.0
pyrifera
11. v Azotobacter 51 4§(d) 5404
vinelandii
12, " . High (@) 187.7

(a) Average of chemical and n.m.r. determinationst®?,

(b) Chemical determination only.

(¢) N.m.r. determination only.

(d) Value supplied with the sample.

(e) The alginate samples marked with a * were used to give a standard
curve of c.d. (Peak/Trough x 100) at 2500 against composition. This is

shown in fig. 3.5.
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Figo 365 Standard curve of c.d. (Pesk/Trough x 10C) against

the percentage of sodium mannuronate in the alginate sampleso



136

TABLE 3.3

Estimation of alginate composition using c.d.

(a)

Alginate Code Estimated by ce.d. Observed

% M %G %M % G
2 Altermating bdlock 56 44 60 40
10 | 57.5 42.5 61 39
11 i 51 49 51 49
12 90 10 High M

(a) From table 3.2,

with temperature with the spectral features becoming less pfonounced
as the temperature is increased. All the spectra in this study were
measured at 25°Co Alginate c.d. is also extremely sensitive to pH
as shown in fig. 3.6 for the polyguluronate block sample and fig. 3.7
for the high mannuronate fragment sample. The spectra used here
were all recorded on sodium alginate solutions at pH 7.90

Determination of Alginate Block Structure by Computer Curve Fitting

The spectra of the alginate block samples used to detemmine the
block structure of the four alginate samples are given in molecular
ellipticity x 10~ in table 3.4 and are shown in fig.‘3°8° From
table 3.2 it can be seen that the "poly(ng-mannuronate)" sample (4)
contains 1% of sodium oL~I~-guluronate residues. It is also apparent
that the "poly(é-grmannosyluronate—a(-%rguluronate)" sample (2) is
not completely alternating in structure but,as shown by chemical
analysis, contains 60% of sodium B-D-mannuronate residues. The |

spectra listed in table 3.4 have been compensated for these deficiencies

making the following assumptions.
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Fige 3.7 pH dependence of the high mennuronate fragment (3)
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TABIE 3.4

Alginoato block opocira

Wavelength (nm) c.D. ( [6] x 1073)
M-blocks Alternating G blocks
" blocks
260.00 00 « 00 -+ 2055
257. 50 « 01 -. 2025 « 0109
255. 00 619] e 00O 510}
252. 50 «B163 : s D18 4 C.B219
250. 006 « 163 . G184 «0DESS
247 50 191 Be 43 45E-0U 4 «B164
245.00 . 009 . .0034 -.0274
242450 -.00812 T = e (3222 -.£219
240. 50 0B 19 -.0Q117 -+ 0438
237. 50 -+ G293 . -o0314 -. 0602
R35. 060 - 0469 - 67 -+ 1805
2324 50 - D662 -« 96 -0 24€2
230060 - 1676. -.1832 - 40 49
227- S@ "3(’)54 -;312 hadit ] 662
225.00 -e5179 - 4558 -«89 172
222- 5@ . ) 7657 - 619 ’ - 1- 2474
220.060 -1.0502 -«8518 -1e €19 4
217. 50 -1.2648 -le012 -1.986
215.00 -1.2889 -141298 - 2. 3088
212. 50 -l.1282 -le 1418 _ -2. 6316
207. 50 « 01 49 -e9 492 . -2.,9981
205. 00 « 6981 -e 7992 -3.0419
2024 50 ' 1. 2536 -6 7523 72.9598
200 .00 1. 5369 -« 8893 - 2.8832
19 7. 50 1. 3833 - -1.2238 -2¢ 1957
195. 00 « 8836 -2.0275 - 3. 0255
192- Sg ) 01334 '300667 ‘3. 6984

1

(a) The 7% of A=-L-guluronate residues in the poly(B~D-mannuronate)
sample (i blocks) is all in altérnauing sequences, i.e. this sample

contains 86% of M blocks-and 14% of alternating blocks.
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Pig. 3.8 Circular dichroism spectra of the poly(dJ-L-guluronate),

poly(B~D-mannuronate) and poly(B-D-mannosyluronate— Jf-L-guluronate)
%)

block samples in molecular ellipticity ( [8] x 10 °): the spectra

are given by the continuous, dotted and dashed lines respectively.
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(v) Tho 20/ oxcous of ﬂﬁg—mannuronato rooiduos in tho poly(ﬁfg—
mannooyluronate-¢A1£ guluronate) sample (alternating blocks) will
all behave spectroscopically as poly(ng-mannuronate), i.s., this
sample contains 80% of alternating blocks and 205 of M blocks. -
As shown in table 3.2 the poly(d~f£fguluronate) sample (G dlocks)
contains on1y<£12-guluronate residues,.

Using the block spectra the computer was asked to compare
the spectrum obtained from an equal mixture of the X and G blocks
with that of the alternating block and this is shown in fig. 3¢90
The spegtra show appreciable differenqes in detail conf;rming the

sensitivity of the c.d. of the uronate residues to neighbouring units

b o= = D OO AODLOLDDODAROMNNODLOLODNDLLNONDMNONDNDNDN N
N OO DO = DO NLWLWLWAEDIDIDMIMENUVOOUVU D
N VDNV NIRDNUIDINVN TNV OO
* & @ o & @ .'..I.'.l'..'l..'.....
N QU UAUNNRUNIUR U™V U VS

N K N K KK F e
Wavelength
A (nm)

1

!
—

!
~

Molecular Ellipticity [9] x 103

!
W
T

Fig. 3.9 Comparison of the Alt. block spectrum (.- - .) with a

*),

0.5:0,5 mixture of the M block + G block spectra (*
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in the alginate chain. The élternating block speétrum has a smaller
separation in the wavelength of the peak and trough extrema from
that of the mixture and it is also noticeable that the alternating
block spectrum is much smaller than that of the mixture. Since
increased optical activity is often associated with a locking of
confOTmations’lo this is consistent with conformational energy |
calculations which indicate that the alternating sequences have
much greater flexibility about the glycosidic linkagesl44 than the
homopolymeric sequences. The Peak/Trough ratio of the two spectra
~in fige 3.9 can also be measured and from this the percentage of
sodium mannuronate determined from the standard curve in fig. 3.5
The alternating block sample (44.5% M) and the mixture of the
homopolymeric blocks (54% M) straddle the correct value (50% M).
but they remain in reasonable agreement with it considering that
these are the extremes of samples which may be encountered. This
increases the confidence felt about the accuracy of the c.d.
method for the determination of alginate composition.

The computer was given the three block spectra'élus the four
spectra of the alginate samples 5, T, 8 and 103 all spbctra being
expressed in molecular ellipticity [ O] X 10_3. The computer was
asked to determine the best unconstrained fit of the glginate
sample spectra by the block spectra as expiained in the Experimental
section of this Chapter. For all fogr samples the agreement between
the experimental and computer synthesised spectra was extremely
good and an example of this agreement for sample 5 is shown in fig.
3,10. However, from the results listed in table 3.5 it can be seen
that the proportions of the block spectra required to obtain this

agreement do not sum to unity and hence a fundamental condition of



-
.

Fige 3.10. DBxamplo of the agreoment botwoon the obucrved and

unconstrainod computor synthesived spoctra Lor alginato sample 5

"‘-"-'MMNNMMMI\DN(\)MN!\)MMN(\)NNI\)MNMMN
1 WOVUH DM e m =IO NWWWWANMRIBAMWOLL WU O

- MU IOV IDODULIRINDUNNIN N IDVNLDNW D

..o.'onoc..'..o..o..'.ip.o-.
o VO U UIAUVIVARNRI VLIV UV NE UL
—
x umu—-.—-o—--—--—s-—--—o-—-u——-—-u—-—-—v—-—o-—l—-*'*‘*******o—o-—-'o-o—-
! *
@ * %
— *
- *
= %*
o
=
e 1t *
L *
— *
I * .
5 * ** %*
'3 : ,
© -2 N * % %
O
=

*

-3}
4

the method is not fulfilled. 4s indicated below, the spectral
agreement obtained when the computer is given this addiiional piece
of information is still very good and these unconsirained resulis

give an indication of the '"slackness" of the fit.
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TABLE 3.

Unconstrained computer synthesis of alginate spectra

Alginate Code Fraction of Block Type Total
M Alternating @

5 0.139 0.184 0.601 0.924

7 0.151 ~0.340 0.464 0.955

8 0.336 0.448 0.207 , 0.991

10 0.341 0.556 0.162 1.059

The computer was now asked to obtain the best correlation between
the observed and synthesised alginate'spectra which gave a sum of the
proportions of the block spectra equal to one. As explained in the
Experimental section of this Chapter this is equivalenf to allowing
the computer to vary the proportions of two of the block spectra with
the third proportion being automatically defined by the sum of the
two proportions. For each alginate spectrum a single combination
of the block spectra was obtained irrespective of the initial
proportions of the block spectra fed into the computer. The
observed and synthesised spectra along with the difference between
them are shown, for the four alginate samples considered, in figures
3.11 to 3.14 at the end of this Chapter and a graph of the two spectra
for each alginate is also included there. It can readily be seen
that for all four alginate samples considered the deviation of the
synthesised spectrum from the observed spectrum is still very small
and well within the acceptable limits for this method. The results
obtained giving the computer this additional piece of information
are therefore considered to give the detailed analysis 6f the
alginate block structure for the samples studied., In table 3;6 the

results are compared with those obtained by the n.m.r. method129.
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TABLE 3.6

Comparison of alginate block structure as determined by c.d. and

n.n.r, methods; Proportion of Block Type.

Alginate c.D. | N.M.R. 122

Code M Alternating ¢] M Alternating G |
5 "~ 0.16 0.27 0.57 0.19 0.23 0.59.
7 0.16 0.40 0.44 0.20 0.30 0.49
8 0.34 0.46 0.20 0.38 0.41 0.21
10 0.33 0.48 0.19 0.41 0.42 | 0.18

It can be seén that the c.d. and n.m.r. methods give very good
agreement on the amount of poly(oL:g-guiuronate) in the alginate
samples but differ in the amounts of poly(Big-ménnuronate) and
poly(ng-mannosyluronate-o(ﬁg-guluronate). A difference in the
proportions between the two methods mighf‘have been expected since
there is no apparent reason why the spectroscopic behaviour of the
uronate sequences should coincide exactly with their beﬁaviour under
the partial acid hydrolysis which is the basis.of the n.m.r. method.
It is, therefore, slightly surprising that the agreemenf between

the methods on the amount of G blocks in the alginate samples is so

140 that it

good. This is, however, consistent with the observation
is easier to prepare pure G blocks by partial acid hydrolysis than
it is to obtain pure M blocks or completely alternating blocks, and
hence this may be expected to be the most accurately determined
proportion by the n.m.r. method.

The proportions of the three block types given in table 3.6

can be used to calculate the sodium uronate composition of the

alginates. The compositions calculated in this way are compared in
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129 and those

table 3.7 with those calculated from the n.m.r. method

determined by other methods. The results show that the composition

calculated from the c.d. block structure analysis gives‘very‘good
TABLE 3.7

Comparison of alginate compositions calculated from c.d. and n.m.r.

block structure with those determined by other methods

Alginate Source Calculated ' _ Found
Code c.D. N.M.R. 127
%M %q %M % G % M % G
5  Lominaria 29.5 T70.5 . 30 70 29 71(3)
hyperborea |
7 6 64 6 64 38 62'(":‘)‘
8 Ascophyllum 57 43 60 40 56 44(a)
nodosum ' .
10 Macrocystis 57 83 61 39 57.5 42.5(§}

Ezzifera

(2) By Chemical Analysis (Experimental section of this Chapter).

(b) By c.d. estimation (table 3.3).

agreement with the values determined by chemical means and that this
agreement is slightly better than that found between chemical analysis
and that calculated from the n.m.r. determination of block structure.
The alginate sample 10 also shows that the composition calculated
from the alginate block structure analysis agrees very well with that
previously determined by the c.d. Peak/Trough method for estimating
alginate composition.

Table 3.6 shows that as expected the alginates from different
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sources have very different block structures. The sample isolated

from Laminaria hyperborea has a high percentage of G blocks with an

intermediate amount of alternating blocksand a small amount of M

blockst The samples from Ascovhylluh nodosum and Macrocystis pyrifera
contain a small amount of G blocks with much larger amounts of M and
alternating blocks. As discussed in Chapter 4, this difference in
block structure has very important consequences when alginate
solutions are gelled, by the controlled introduction of divalent
ions, due to the differing abilities of the blocks to form the
microcrystallife Jjunction zones which are the basis of the gel..

It is thus concluded that circular dichroism gives a sensitive
method for the deterﬁination of alginate block structure in addition
to that described for the determination of composition (M/G ratio)o
Three possibilities for improving the technique may be suggested.
(a)‘ If pﬁre samples of poly(B-g?mannuronate) and poly(612-
mannosyluronate-aégrguluronate) can be obtained the assumptions
listed at the beginning of this section need not be applied.

(b) The Cary 61 can be equipped to record the alginate spectrum
directly on to tapes which can be fed into the computer. This
would speed up the analysis by making it unnecessary to measure the
spectra manually. Moreover, since the spectra could be recbrdéd.
at every nm (or less), the accuracy of the spectra, and hence the
final analysis, would be increased.

(¢) If an exact method for determining the concentration of sodium
uronate in solution can be obtained the alginate concentration may
be determined directly on the solution used to record the c.d.
spectrum. This would greatly speed up the analysis and would lead

to a quick, sensitive, non-destructive method for the determination of
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alginate block structure analogous to that which is possible for

the determination of alginate composition.



CORRELATION BETWEEN OBSERVED AND COMPUTER SYNTHESISED ALGINATE

SPECTRA USING THE CONDITION :

M BLOCK + ALTERNATING BLOCK + G BLOCK =1
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Fig. 3.12. Alginate sample 7 dé]x 10~

calculated proportions M: Alt: G

WAVEL EN GTH

192. 50
19 5. 06
19 7. 50
20000
202 50
205. B0
207. 50
210.00
212. 50
215.00
217.56
220.00
222. 50
225.00
227. 50
230.00
232. 50
235.60
237. 50
240.00
242. 50
245. 00
247.50
25G. 00
252. 50
255.068
257. 50
260. 00

-—

{
~

Molecular  Ellipticity [6] x 10

S*c6l
2°S6l
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I
l
{
1
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1. 3609
1. 4908
=-1. 5918
1. 7072
le 7697
1o 7649
-1le 6495
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Fige 3.13. Alginate sample 8 ( [©] x 1072)

calculated proportions

WAVEL EN GTH

192. 50
19 5. 00
19 7. 50
200. 00
202. 56
205. 6B
2“ 7. 53
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Figo 3e1l4e Alginate sample 10 ( [o] x 107
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CHAPTER

THS CHARACTERISATICH OF THE JUNCTION ZONES IN AN ALGINATZ GEL USING

CIRCULAR DICHROISH

INTRODUCTION

When divalent or trivalent (but not magnesium) metal ions are
added to a solution of sodium alginate in a controlled manner firm,
reversible gels are formed. The properties of these gels and in

- particular those prepared using catt ions, have been extensively
studied and the gels are widely used in industry. Unlike agar or
carrageenan gels, they cannot be "melted" and reformed by heat but
may be liquefied by ion exchange with an alkali metal cation such as
Na* or by sequestering the gelling cation. The general explanation
of gel formation of this type is that chain segments associate to
form a 3~dimensional framework with solvent in the interstices. The
associéted regions are called "junction zones" and may be formed from
two or more chains. The basic aim of the work described in this
Chapter is to understand the precise molecular arrangements in
these junction zones and the forces which hold molecules together
in them. This study indicates that circular dichroism is a
powerful tool for obtaining this kind of information about the
specific interactions between polysaccharide polyelectrolytes and
inorganic cations.

Gelation Studies

The gels formed by diffusion of divalent metals into solutions
of polyuronates have been shown to be birefringentl45 and the presence

of X-ray crystallinityl46

after gentle drying of the gel has also
been demonstrated. Since the polyuronates in solution behave like

random coils147 the divalent metal ions must have this ordering effect
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on the macromolecule. If the proportion of Ca++ ions added to the
polyuronates is increased the gels have an increased tendency to
synerese which suggests that the ordered framework is becoming more
and more tightly cross—linked. The final products are the precipitated
calcium salts which have been shown to be crystallinel48. From
fibre diffraction of polymannuronic and polyguluronic acid, coupled
with supporting i.r. dichroism evidenc6128, the chains are seen to
be ribbon-like and extended and they péck together like planks in a
timber yard. The chains have two fold screw symmetTy. qu calciﬁm.
polyguluronate the X-ray evidence149 suggests that the two fold
axis is‘retained and that the residues remain in the Reeves 1C
ring form. Calcium polymannuronate on the other hand exists in a
three fold helix with the monosaccharide units in the Cl ring form149.
This evidence is consistént with model building.calculations;6 which
show that the only ordered conformations of polyuronates which .are
stable enough to exist are of the extended type.

| The gross properties of polyuronate gelé such as strength,
texture and appearance under aipolarising microscope145 depend on
the method of preparation of the gel. Moreover, on peing left
to stand the gels exhibit syneresis although this may ;ot begin for
several hours after the preparation of the gels. These facts
suggest that the networks are not equilibrium states‘but,are
changing too slowly to be observed on a laboratory time-scale.
This also implies that on this time-scale the frameworks are not
continuously breaking and reforming otherwise they would quicklyi
épproach the true equilibrium position. Using the above evidence
Rees34’150 suggested that the junction zones are "microcrystallites"
held together by cooperative attractions bvetween the chains and

the divalent cations which are bound into the chain bundles and
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must make a large contribution to the packing energy. At the same

time he also refuted the idea of "point cross linking", whether by
simple ionic bridging of the negative charges on polyuronates by a
divalent metal ion or by chelation of single ions 5y suitably arranged
hydroxyl and carboxyl groupslsl. It is probable, though not essential,
that each junction zome is formed from covalent blocks of the same

type and that each chain is caused to leave the association at the
appropriate block terminus. These termini wogld then have an equivalent
role tQ the Qrgalactose—6—sulphate units in carrageenanlso or the

152

é?rhamnose units contained in the chain in ﬁectate which act as
Mcinks" in the chain and have a 1argebinf1uence on the cross-linking
interactions;  Similar views have also been expressed, more
redéntly,bby other author3153’154 and the effect of structural
variation of polyuronates is also consistent with this hypothesié.
Thus, partial acetylation of polyuronates prevents gel formationlsl
and also the selectivity of pectate for calcium in the calcium~ -
potassium ion;exchange reaction'(see below) decreases strongly with
increasing degree of esterificationlsso This is probably because
the irregulariy substituted molecules cannot pack together to give

a strong, regular lattice.

Ton Binding by Polyuronates

The jion exchange properties of alginates and pectates have
attracted considerable attention in recent years and they have been

investigated from several different viewpoints. The activities of

156

the counterions have been measured with permeselective membranes s

158

osmotic and Donnan equilibrial57 end cation sensitive electrodes .

The relative capacities of divalent cations to cause gelation of

0
alginates has been studied by several authorslsl’159’16 and the
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relative affinities of the divalent cations to alginates have also

been determined161. The sequence of divalent metals based on gel

forming ability and on affinity are significantly différent159 and

also depend upon the uronié acid composition of the samplel61.

Ion—-exchange reactions between monovalent and divalent cations

indicate that +the affinity of the alginate for the divalent cations
162

increases with increasing content of guluronic acid residues™ .

163

A more detailed study also suggests that for the.ion;exchange

++

a++-Mg++ and Co t-Ca’ the

-reactions Ca++—Sr++, Sr++—Mg++, C
.selectivity_of alginates is associated solely with the guluronic
acid units present. Moréover, it has‘also been found that poly-
guluronate and polygalacturonate have a much higher selectivity

for calcium ions for the calcium-potassium ion exchange equilibrium

164

than has polymannuronate °

The above evidence prompted Haug and Smidsr¢6165 to compare
the ion binding properties of polyuronates with those of some
other polyanions. In general they found that the cases where a
significant selectivity is observed fall into two grou:ps°
' (a) The selectivity for copper compared to calcium, wﬁich seems
to be a characteristic feature of all carboxylate containing
polymers and of polyphosphate while no such selectivity is-
observed for sulphated polysaccharides. The main characteristic of
these reactions is the lack of importance of the detailed
stereochemistry of the polyanion.
(b) The selectivity of polyuronates in exchange reactions between
alkaline earth ions; these exchange reactions depend very much on
the detailed structure of the polymer and any selectivity is

completely destroyed by acetylation. In all cases where a
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significant selectivity within the alkaline earth ions is observed,
the larger ion is preferentially bound. The.three polyuronates,
however, seem to behave quite differently with respect to the
different alkaline earth ions. DPolymannuronate distinguishes
only between the largg Ba++ ions and the other three, pectate
- between the small magnésium ion and the other three and poly-
guluronate is unique in distinguishing between the alkaline earth
ions with intermediate sizes, namely Ca.++ and st ions. Poly-
guluronate, however, has no significant selectivity in the Batt-srtt
exchange reaction.

All the ion-binding studies meﬁtioned above were carfied out
on polyuronate samples in the gel stéte but it has also been noticedl63
that the high selectivity in the alkaline earth exchange reactions
appears to be dependent on the existence of the alginate molecules
in this insoluble gel state. This has been confirmed by a more
detailed study of the ion exchange reactions involving cat? and

gt

ions for an alginate fragment containiﬁg 90% ;rguluronic acid
residues153o Results of experiments with cross—linked fragments,
with fragments contained in an agarose gel and with fragments cross—
linked to a large excess of dextran show that the selectivity
increases with increasing possibility of the fragments forming
inter;chain linkages. By comparison of the results with a
theoretical model for cooperative ion binding, it has been suggested
that the calcium ions are indeed selectively bound in long sequences
between polysadcharide chainse.

Very recently Xohn and Larsen have also prepared soluble

‘ 1
calcium oligo and polyuronates by a very elegant method 66 and they

have studied the calcium activities of solutions of these using
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tetramethylaurexide as auxilliary ligand. The activity coerficient

Y. ++) in solutions of calcium monouronates is close to that o
Ca ;

corresponding solution of calcium chloride. With increasing
§Y &g 8

degree of polymerisation (DP) of oligo and polyuronates the activiiy

coefficienis decrease as shown in fig. 4.l1. For calcium mannuronates

N
Dy,
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Fige 4.1 GCraph of the activity coefficient (YCaQ+) in solutions

of calcium oligo and polyuronates against the degree of polymerisation

(2P)
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there is a steady decfease in the calcium activity coefficient with
increasing DP up to a chain 1length of about 30. This type of
behaviour can be explained by simple polyelectrolyte‘effects34’167o

For calcium guluronates on the other hand there is a much more
complicated dependence on molecular weight. Initially the calcium
activity shows a steady decrease which is greater than that observed
for the mannuronate case. This would have been expected from the
higher linear charge density on the buckled polyguluronate chains
where each residue has the Reeves 1C conformation. However, calcium
guluronates also show a pronounced drop in the activity coefficient

in the DP region between 18 and 26 which gives the graph a two step
appearance. | Kohn and Larsen offered no explanation of this "second'
step" but such a sigmoidal shaped curve is typical of a cooperative
process and may be dué to the cooperative association of polyguluronate

chains to form soluble aggregates which would be expected to have

enhanced ion binding.
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EXPERIMENTAL

1. Materials

The alginate samples coded 5, 6, 8 and é in Chapter 3 were
used in the gelation experiments and the same coding is used 1in this
Chapter. Alll of the samples had been purified as described in the
General Methods section and their purity had been determined by the
complete ashing method described in Chapter S. Analytical grade
metal chlorides were used in all the dialysis experiments and
all solutions were prepared with deionised water. Dialysis
experiments were carried out against solutions of the following ions;
K+, Mg++, Ca++, sr™* ana cutt. |

2, Measurement of Circular Dichroism

The c.d. spectra were recorded on a Cary 61 C.D. Spectropolarimeter
in a 10 mm pathlength cell and using a 10 second integration period.
For the solution spectra a base line was recorded on the cell
containing deionised water. For the gelation spectra a base 1line-
was recorded on the dialysate after the experiment had been terminated.
All measurements were made at 2500 as described in Chapter 3.

To obtain the difference spectra the gelation and solution
spectra were measured at every 2.5 nm from 260 nm to 192.5 nm and
were corrected at each point for the value of their respective base
lines. The corrected gelation spectrum was then subtractedlfrom the
corrected solution spectrum. Also, to compare the corrected gelation
spectra with the spectra given by the fractions of the three typeslof
blocks which are contained in the alginate the corrected gelation
spectra were converted to molecular ellipticities using the formula
given in Chapter s. The molecular ellipticities were again divided

by 103 to make the values easier to handle.
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3. Hleasurement of Optical Density

An indirect measure of the optical density of solutions
and gels was obtained by measuring their dynode voltage, on the Cary
61 C.D. Spectropolarimeter, with the slit width kept constant. The
dynode voltage provides a measure of the light intensity incident
on the photomultiplier, higher voltages indicating lower light levels,
and thus provides an indication of the sample absorbance.

4. Study of Gelation by Circular Dichroism

A 0.1% solution of the freeze-dried sodium alginate sample
was prepared as dgscribed in Chapter 3. The solution was millipore
filtered (3 p) and transferred to a dry c.d. cell (én which a base
line had been recorded) in one operation using a syringe. The c.d.
spectrum of the solution was recorded.

The cell was topped up with more of the solution and a piece
of dialysis membraﬁe was stretched over the neck and held in place
using a polythene circlip. This is shown in the photograph fig. 4.2..
Care was taken that no a2ir bubbles were trapped behind the membrane.
The cell was suspended in a large volume(l.5 1)of a 6émM solution
of the divalent metal ion and +this solution was stipred slowly using
a magnetic stirrer. The large excess of the dialysate was used to
keep the concentration of the cation in the dialysate at 6mM.

After 4 days the cell was removed from the solution and its
exterior dried. The end plates of the cell were cleaned with a
tissue impregnated with ethanol. The cell was equilibrated at 25°C
in the spectropolarimeter for 15 minutes before the c.d. spectrum
of the sample was recorded. After recording the spectrum the cell
was resuspended in the solution of the-divalent metal chloride.

During all these operations the cell was handled as gently as possible

to avoid destroying any gel network which was formed.



Pige 4.2 10 mm c.d. cell as used in the dialysis experiments.

This procedure was repeated after 10 days and further
repeated at intervals of 5 to 6 days until no further change in
the c.d. spectrum was observed. The cell was removed from the
dialysate at this point and its contents examined to see if a gel
had been formed. Finally a base line was recorded on the cell
filled with the dialysate.

5. Study of the Optical Density on Gelation

This was carried out exactly as described above for the
study of gelation by c.d. but in addition every time the c.d.

was recorded the dynode voltage was also recorded as described

above.
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RESULTS AND DISCUSSION

The figures showing the results of this study of aiginafe‘
gelation using circular dichroism are given at the end of this
Chapter, As indicated in Chapter 3, the alginate sample 5 has
ﬁannuronate and guluronate residues in the ratio 29:71 and will
be referred to as a "high G" alginate. The alginate sample 8 has
mannuronate and guluronate residues in the ratio 58:42 and will be
feferred to here as a "“high M" alginate. Moreover, as discussed
in Chapter 3} the alginate samples 5 and 6 and 8 and 9 are high and
léw viscosity fractions of the same alginates. The results obtained.
in this study will be discussed under several subheadings and the
figures referred to as necessary. |

1. Gelation of the High G Alginate Sample 5 by Diffusion of Cé++ Tons

When Ca't ions are diffused into a 0.1% solution of the high
G alginate sample 5 dramatic spectral changes are observed as shown
in fig. 4.5. DNo further spectral changes are observed after 10 days.
Examination of the contents of the cell after the dial&sis has taken
place also shows that a clear, firm, homogeneous gel has formed which
occupies all the cell. This simultaneoué gelation and large spectral
change suggests that the c.d. is monitoring the interaction between
the alginate chains and the Ca++ ions which causes the chains to become
cross~linked to form a 3~dimensional network.‘ This is supported by
the results of two other dialysis experiments.
(2) When K ions are diffused into solutions of both the high G
alginate sample 5 and the high M alginate sample 8 only small changes
in the c.d. spectra are observed (fig. 4.3 and fig. 4.9). The changes
are completed in 4 days and the spectra after diffusioﬂ‘are aiso

slightly increased in amplitude in both cases, in contrast to the
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effects with Ca’' or srt ions. Because of the large excess of the
dialysate the alginate must be completely converted to the potassium
salt. As eipected no gel was formed with this monovalent cation and -
the alginate solution was clear and free-flowing.

(b) when Mg++ ions are diffused into solutions of both the high G
alginate sample 5 and fhe high M alginate sample 8 the spectral
changes are again small (fig. 4.4 and fig. 4.10) and again as expected
no gel is formed. In this case, however, the amblitudé of the spectra
decreases as diffusion proceeds, i.e. it changes in the same direction
as is observed on diffusion of Ca** and Sr** ions. This is consistent

154,168 that magnesium alginate forms soluble aggregates

with suggestions
in solution (although no gelation is observed with ﬁagnesium ions)
but the effect, as observed under the qonditions employed here, ié
extremely small. |

At first sight the spectral changes cauéed by the’diffusion
of Ca,++ ions appear to be caused by.the removal of the.negative
contribution to the spectrum from the guluronate residues (which occur
predominantly in the form of consecutive sequencés in this sémplé)
with the épeotrum changing to a more M block type spectrum (c.f.
fig. 3.8). The difference spectrum obtained by subtracting the corrected
10 day gélation spectrum from that of the correcfed solution spectrum
is also showmn in fig. 4.5. It is a single sharp trough whiph is
centred on 206 nm and is mathematically gaussian. The position and
shape suggest that this component is part of the n-—arr* vand and that
no élteration takes place in the 7T—/(#% region.l A closer examination
of the magnitude of the difference spectrum also quickly reveals that.
it cannot be explained simply in terms of the disappearance of the

guluronate contribution to the solution spectrum. The difference
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spectrum is very much larger than the solution spectrum and this
suggests that not only must a negative contribution fe aisappearing
but also that a positive eontribufion must be replacing it. This is
also shown in fig. 4.6 where the solution and 10 day gelation spectra
are compared with the spectra of the proportions of the three types
of block which make up the solution spectrum (table 3.6 in Chapter 3).
It can readily be seen that there is no way in which a simple
disappearance of the contribution from the proportion of one type
of block can give the 10 day gelation spectrum. Any explanation
must,'therefore, inyolve the appearance of a positive peaks

Two pieces of evidence argue against.fhe possibility that.the
spectral changes described above are caused by distortions due to
light scattering or stress birefringence artefacts.
(a) The difference spectra (fig. 4?14) indicaté that the spectral
changes are confined to the n —3 7T ¥ region and that very little
alteration tazkes place in the 7/T—77* region.
(b) Measurement of the absorbance (dynode.voltage)of the low viscosity
high G and high M alginate samples (6 and 9 respegtively) were carried
out in conjunction with the measurements of c.d. In %11 casesy, as
shown in figs. 4.19 and 4.22, there was no significant difference
between the solution and the 4 and 10 day gelation spectra. These
experiments were carried out for the diffusion of ca™* and s ions
into solutions of both alginates. |
It, therefore, appears that there is a selective perturbation of
carboxylate n-orbitals by their proximity to bound Ca++ ions and
that this causes a reversal 1in sign of the optical activitonf the
corresponding n-— 7T7¥* transition. From the evidence presented in

the Introduction to this Chapter and the evidence gained frém model



167

building using physical and mathematical methods (discussed later in
this Chapter), coupled with the observed extent of the spectral chahge
and the fact that this sample is very rich in G blocks, it may be |
suggested that c.d. spectroscopy observes a cooperative molecular
process which predominantly involves poly( oL-ig-guluronate) sequences
in the alginate structure. The '"'second step" observed in the ion-
binding studies of guluronate oligomersl66 would, therefore, represent
the onset of this process observed by circular dichroism.

The guluronate reéidues in consecutive sequences each have
n— 7T* transitions associated with both carboxylate oxygens and it
can be concluded that at least one of these transitions (for each
carbdxyl group) is initially negative and converts to positive in this
region of the spectrum when Ca++ ions are cooperatively bound. This
explanation is supported by the model building studieé (discussed
" below) which show the likely coordination site of the Ca’’ ion.
Relative to the symmetry planes of the chromophore the ion is in
the same region of space as O0(4) and O(5) which, inisolution,
determine the sign of the n—3 )T% band33. It may, therefore, be
suggested that the positive charge induces optical activity which
is more pronounced and in the opposite sense to»that induced by the
electronegative oxygen atoms. A similar depeﬁdence of the sign
and magnitude of induced optical activity on the nature of the inducing
substituent has been clearly demonstratedl69 for the closely\related
but more fully understood ketone n— 7v% transitione.

2. Gelation of the High G Alginate Sample 5 by Diffusion of sr™t Ions

When Sr'T ions are diffused into a solution of the high G
alginate sample 5 large spectral changes are again observed which

. . . 4+ . .
are similar to those obtained on diffusion of Ca ' ions. FHowever,
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as shown in fig. 407, the final diffusion spectrum is more ypositive
on dialysis of Sr++ ions and, moreover, the spectral changes are not
complete in 10 days but continue, although at a much slower rate,
up to ~25 days. Examination of the cell contents after the
spectrum had stopped changing again showed that a clear, homogeneous
gel had formed which occupied all the cell. The differences in the
gelation processes using Sr++ and Ca.++ ions are much more easily
studied by comparing the difference spectra- and these are given in
figs. 4.14 and 4.15. The increased magnitude of the final difference
spectrum for the strontium gelation is readily observed and it can
also be seen that the sharp, negative trough has moved to lower
wavelength and now has its minimum at 204 nm. The difference spectra
also emphasise again that_when Sr++ ions are diffused into the high G
alginate solution instead of Ca++ ions, although a larger change has
taken place after 4 days, the complete change takes longer t1o occur.
As mentioned in the Introduction to this Chapter, ion—binding

163,165

studies show that alginate has a much greater affinity for Sr++

ions than for Ca.++ ions and +this applies particularly to poly( o(—g;
guluronate) sequences. Two possible explanations for the differences

in the difference spectra may, therefore, be suggested which are consistent
with the observed ion;exchange properties.

(a) It may ©be considered that when Ca¥t ions are diffused  into the
high G alginate solution all of the polyguluronate sequenées are not
completely associated because of constraints imposed by the formation

of the 3-dimensional network. It may then be suggested that when srtt

ions are diffused into the alginate solution the increased affinity

of the chains for the large srtt ions 1ezds to a greater amount of

chain association and a more tightly bound network. The larger initial
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change which is observed (after 4 days) may be due to the increased
affinity of fhe chains for Sr++ ions while the slowing up of the
spectral change thereéfter is consistent with the idea that the
netwdrk conétraints will begin to play an ever;increasing part in
hindering association.

(b) It is possible that the amount of polyguluronate sequences
associated is the same in both diffusion cases. The preferenée of
the chains for the large Sr'™ ions which is shown by the ion binding
studies may  then be due to these ions being a better "fit" for the
coordination sites than the Ca,"'+ ions and this is consistent with the
model building calculations discussed'later in this Chapter. From
the above statements it may be suggested that the larger observed
differénce spectrum arises from a more specific positioning of the

SI'.H'

ion, with respect to the coordinating atoms and the symmetry

planes of the chromophore, which enhances the optical activity

induced in the chromophore by the presence of the positively charged

jon. Such an explanation is consistent with the observed shift of the
difference spectrum minimum to slightly lower wavelengfhs.

It is élso possible that both these processes are occur?ing " simultaneously
and that the observed differences in the difference spectra arise.from

the sum of the effects described aboveo

i

3. Gelation of the High G Alginate Sample 5 by Diffusion of Cu'' Ions

As shown in fig. 4.8, diffusion of Cu’'' ions into a solution (0.1%)
of the high G alginate sample 5 also produces large spectral changes
but these are qompletely different from the effects pbserved on
diffusion of catt and sr't ions. In this case the spectrum after 4
days is considerably broadened and flattened and this trend is

accentuated in the 10 day spectrum. The 10 day spectrum is also
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very noisy in the spectral region below 220 nm. Thé dialysis
experiment was terminated at this point. Although the'gel formed
after 4 days appeared to be perfectly clear, that observed after
10 days difquion was definitely not homogeneous but had a striated,
stringy appearance. It is, therefore,‘considered that in the 10
day spectrum there is probably some distortion due to light scaftering
or stress birefringence artefacts and this is possibly also true
for the 4 day spectrum.

The spectra do, however, give a dramatic illustration that
the binding mechanism of the high G alginate for Cutt ions is very
different from that involved for Ca++.aﬁd sr** ions. The single,
sharp, negative, gaussian troughs of the difference spectra for Ca++
and srtt diffusion: suggest that a specific binding site must be
involved. 1In contrast, the bYbroad, flattened spectra on diffusion of
Cu.++ ions indicate that a large number of non-specific binding sites
are probably involved which absorb at different wavelengths. This is
in agreement with the ion-binding studies mentioned in the Introduction
to this Chapter. Moreover, it has élso been foundl65 that the
higher affinity of such polyanions for coppef relative to calcium is
not destroyed by acetylation and is, therefore, independent‘ of the
presence of hydroxyl groups. 4 very recenf paper also indicates17o
that §oordination to copper ions can be sufficiently strong, in
carboxylate containing sugar molecules, to cause distortion of the
pyranose chair conformation.

In conclusion, the ion—-binding studies_coupled with the
evidence from circular dichroism suggest that the alginate molecules
are tightly bound to Cu'’ ions in a very large number of different
ways which are independent of the detailed stereochemistry around the
++

carboxyl groups, unlike the specific site binding suggested for Ca

and Sr++ ions.
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4. Gelation of The High M Alginate Sample 8 by Diffusion of Ca’t and

Sr' ' Ions

As shown in figs. 4.11 and 4.13, large spectroscopic changes
are again observed when Ca*t and sr** ions are diffused into a 0.1%
solution of the high M alginate sample 8. As for the high G
alginate, diffusion of these ions produces very similar spectral .
changes although there are some secondary differences which are
discussed below. For solutions of this alginate all spectral changes
are completed after 10 days diffusion of the ions and examination of.
the ceil contents shows that clear, firm gels had been formed in-bofh
cases. '

The maximum of the n— 7T* peak at ~ 200”nm in the solution
spectrum of +the high M alginate is initially negative because of the. -
contribution from the guluronate residues in this sample. On diffusion
of Caf+ ions,; this maximum becomes positive as is seen from the 4
day spectrum (fig. 4.11). This is most probably due to spectral
changes, of the type described above, which are caused by the
cooperative binding of the ca™ ions by association of poly(cljg-
-guluronate) sequences. In a subsequent step, however, the_spectrum
swings back to become less positive and this can be seen from the
10 day spectrum. It therefore appears that an additional effect
takes place in this case. This reasoning is supported by considering
the difference spectra obtained by subtracting the corrected gelation
spectra from the corrected solution spectrum. As shown in fig. 4.16(a),
these diffefence spectra are not gaussian, unlike those for +the high
G alginate, and the peak minimum has also shifted to higher wavelength
(~211 nm). By considering the spectra which would be given by the

proportions of the block samples which meke up this alginate structure,
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(fig. 4.12), coupled with the results from the modei building
calculations discussed-later, the most probéble explénation is that‘
some association of poly(B-D-mannuronate) sequences can occur which
has a similar type of effect to that shown by the polyguluronate
sequences when they form junction zones. For polymannuronate a
reduction in size of both the positive and negative peaks might be
expected if +this were the case and this is consistent with the
observed effects..

It is now possible to give two interpretations of the
observed spectral changes for alginate sample 8.
(a) Hypothesis 1: in the first stage the cooperative bindiné of
Ca++ ions by polyguluronate proceeds with its characteristic
spectroscopic chapge until the available binding sites are saturated -
and the concentration of Ca’® is able to rise. Binding by poly;
mannuronate can then occur, when the threshold for this process is
passed, and this causes a shift{ in the negative direction which stops
when chain association is constrained by the network.
(b) Hypothesis 2: polymannuronafe chains cad associate'very quickly
but their affinity for calcium ions is very much less than that of
>polygu1uronate chains because of the much poorer éoordigation sites
for the cations (discussed below). It may now be imagined that wheﬁ
the polyguluronate chains associate they can rupture aAy association
of polymannuronate blocks which is hiﬁdering this process. The
rolymannuronate blocks will, therefore, be continually associating
and dissociating as the polyguluronate junctions form. On complete
association of the polyguluronate chains the polymannuronate chains
which are not already associated will try to do so as best they can
although they will be hindered by the constraints of the network.

These two explanations of the gelation of alginate sample 8 could be
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distinguished by monitoring +the gelation of the alginate continuously,
by carrying out the diffusion process in the c.d. specfropolarimeter,
and hence observing the initial stages of gelation. Both of these
theories do, however, imply that, although polymannurénaté sequences
can play a role in alginate gelation, the strength and texture of the
gels is predominantly influencgd by the cooperative binding of ions
by polyguluronate sequences.

Similar but less detailed conclusions were already indicated
by the evidence presented in the Introduction to this Chapter and,
more recently, by evidence that gel stiffness is a function of the

171,172 44 the other hand the rate of gelation

guluronate residues
is greaterl72 for alginates having lower contents of guluronic acid
residues. This is also indicated by comparison of the difference
spectra for the diffusion of Ca*® into the high G and high
alginates (fig. 4.14 and fig. 4.16(a)). It can be seen that after |
4 days the high M algipate has almost completed its spectral changes
whereas the high G alginate shows é very much greater difference
between the 4 and 10 day spectra. This can be readily explained in
~the temms already postulated. In high M alginates the longer 1engthé
containing mannuronate residues have much less tendency to associate (or
to remain associated in hypothesis 2) and they retain a gfeater flexibility
as the polyguluronate blocks associate and the system as a whole becomes
increasingly constrained. This allows more freedom for the movement
of polyguluronate binding sites within the developing network so that
the final gel is established more quickly. '

On diffusion of srtt ions into the high M alginate solution

the n— 7T* maximum again goes from negative to positive from the

solution spectrum to the 4 day spectrum. The positive peak is
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greater in magnitude (fig. 4.13), than is the case for catt diffusion
but the residual trough is also bigger. The spectra also show a
decrease in the size of this peak after 10 days diffusion ‘of Sr++
ions., To compare the results of diffusion of srtt and Ca.++ it is
better to examine the difference spectra (fig. 4.16). For the
diffusion of Sr'T it is seen that the difference spectrum is

broader than for Ca™ diffusion and it also has its minimum at

lower wavelength ( ~ 207 nm). This is consistent with there being

a contribution from the poly (a(—grguluronate) sequences which
behaves analogously to the effeéts observed for the high G alginate,
i.e. for srtt @iffusion its minimum is at lower wavelength and

may be greater in magnitude. However, it-is obvioﬁs that an
additional effect is also seen, when Sr++ jons are diffused into high
¥ alginate, which appears to be very similar to that observed on

diffusion of Ca++ ions.

5. Gelation of the "Low" Viscosity Samples of the High G (samplé 6)

and High M (samole 9) Alginates by Diffusion of catt and Sr++ Tons

. . . . . ++
Gelation experiments were also carried out in which Ca

and
sr't ions were dialysed into 0.1% solutions of the "low" viscosity

| forms of the high G and high M alginates (samples 6_and 9 respectively)o
The results are shown in figs. 4.17 and 4.18 and figs. 4.20 and 4.21.
It can be readily seen that these samples give spectral changes which
are extremely similar to those shown by the "high" viscosity samples
and the dialysis was, thersfore, stopped after 10 days. As glready
mentioned indirect optical density measurements were made on the
solutions and gels (fige. 4.19 and 4.22) but no significent differences
were observed. Using the thermostattable cell holder on the Cary 61

the cell containing the gels formed after 10 days diffusion of Ca™t

were z2lso heated at 80°¢ for 1 hr and then recooled and the spectrum
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re-recorded. As shown in figs. 4.20 and 4.17 the spectrum of the
high M alginate sample did not change at all after this treatment and
the high G sample spectrum only became very slightly mofe positive

Discussion on the Molecular Arrangements in the Junction Zones of an

Alginate Gel

Three main factors must be considered in attempting to

understand the binding of cations by these polyuronateslso.

(a) The intramolecular stereochemistry

(v) Thgﬁbolyelectrolyte effect

(c) The ease with which the polysaccharide chains can back together
when chain association is part:of the binding mechanism.

In the Introduction to this Chapter it was shown that the
;bmannﬁronate résidues in an'alginate molecule are B;linked in the
Reeves Cl conformation aﬁd that the é?guluronate.residues are ol-linked
in the 1C conformation in both the solid state and in solution. The
effect of this on the ion-binding‘due simply to polyelectrolyte
effects was also discussed there and will not be considered in
this section. This discussion is concerned with the detailed 3~
dimenéional geometry of the associated polysaccharidefchains in the
junction gones of an alginate gel.

- A clése inspection of the buckled chain of guluronate
residues in poly (oéﬁg-guiuronate) sequences indicates that there
is a2 hydrophilic "nest" formed between each pair of residues (fig;'
4023) .This is made up of the carboxyl group and 0(5) on one
residue with 0(27) anad 0(3”) on the next residue in the "non-reducing"
direction. Using the criterion for optimum ﬁinding suggested by
Williamsl73 that a Ca;O(é) distance of 2.6 + 0.2 £ is required,

with as many as possible other Ca-O distances of 2.7 + 0.3 3, Smithl74
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- O(2HH

Fige 4623 The disaccharide repeat in tke buckled chéin ot

a poly(oLﬁg-guluronate)sequenée.

investigated the ion-binding ability of polyuronates by computer
model building. The angles ¢, ’%% and @ (fig. 4.24) were varied
systematically over reasonable ranges and at each stage the

ion-binding capacity was assessed in iterms of the above criterion.

Pige 4.24



Since the binding phenomenon involves ordered chain. conformations,
only backbone conformations with integral screw symmetry were
considered.

It was shown that polyguluronate could indeed coordiﬁate
the Ca++ ion using the four oxygen‘atoms mentioned above and that
the cheins could have two or three fold symmetry. Using this
information a study of molecular models indicated that two
polyguluronate chains appear to be able té pack together best if they
have two fold symmetry and are antiparallel.. This is consistent
with the experimentally determined crystal structurel49. A space 
filling model of the proposed structuré'of the microcrystallite
junction zones formed from polyguluronate sequences is shown. in
the photograph - fig. 4.25. Three associated chains are shown.
Each chain has two fold symmetry and'the centre chain is anfiparallel
to the other two. The buckled nature of single polyguluronate chains
is élearly shown by the line drawn through the bottom chain. The
calcium ions bound by the top and centre chains lie towards the top
of the model as it is photographed. The ions bound by the centre and
bottom chains lie iﬁ identical sites but, because of the two fold axis,
they are towards the bottom of the model. It can be seen that‘each
calcium ion 1lies in a well defined site formed from two of the
hydrophilic "nests" mentioned earlier. Zach calcium ion is
completely surrounded by oxygen atoms and is coordinated by two
carboxyl groups (balance of charge) and six other oxygen atoms
(0(27) 0(37) and 0(5)) on each chain. This gives the calcium ions
a coordination sphere of 8 atoms which is the coordination number
often found175 for Cat™ and sr™* ions. Exemination of the model
a2lso shows that the hydrophobic regions of the alginate chains which

lie between the hydrophilic nests are also juxtaposed in an
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Fige 4025 A CKX space filling model of the proposed structure of
the microcrystalline junction zones formed from polyguluronate sequences.
Three chains are shown. BZach chain has 2 fold symmetry and the centre
chain is antiparallel to the other two. As explained in the text each
calcium ion occupies a specific site in which it is coordinated by a
carboxyl group and three oxygen atoms (0(2/) 0(3/) and 0(5)) on each
chain. Exemination of the model also shows that the hydrophobic

regions of the chain which lie between the hydrophilic "nests" are
juxtaposed in this structure and this should help the chains to pack

together.



associated structure of this type and this should also increase the
ability of the chains to pack togethers.

The computer calculations also show that polymannuronate chains
can form sites with both two and three fold screw symmeiry and in
fact calcium polymannuronate crystallises with three fold screw
symmetryl49. Inspection of models, however, shows that the equatorial-
equatorial linkage, as opposed to the axial-axial linkage in poly—
guluronate, leads to a much flatter strﬁcture which gives much
poorer '"nests" for the cations to occupy. Moreover, the axial o(2)
on each residue protrudes from this flettened structure and would
hipder the efficient packingvof the chains. This may partlyvexplain
the lower tendency of such chains to complex. The calculatiens also
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show that when the inherently more flexible chains of alternating
mannuronate and‘guluronate residues are constrained to ordered
structures having integial screw symmetry (mainly four fold) they
have little ability to complex.

Polygalacturonate has an- axial-axial linkage and superficielly
it has a very similar buckled ribbon shape to that of polyguluronate.
The computer calculations show, however, that because of the equatorial
hydroxyl on C(3) polygalacturonate has fewer coordination possibilities
than polyguluronate and that most of these only involve three oxygen
atoms. Two fold symmetry would seem to be preferred. It mighﬁ,
therefore, be expected that-polyguluronate would form the strongest‘
complexes and indeed strontium polyguluronate is much more stable
than any known complex of polygalacturonate165° Moreover, the
calculations also show that the spacing of the coordinating oxygen
atoms is larger for polyguluronate (3.8 £ rather than 3.4 £). This
may explain why polyguluronate shows a strong selectivity of Sr++

165

for ca’t whereas polygalacturonate does not °
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In concluuion, tho cooporative mochanium Cor the association
of two ox moro chains in the gelation of alginatos by divelent cations
can be thought of in temms of an '"egg—dox" rnodel similer to that

shown schematically in fig. o260 Tre buckled chains are shown
o

Fige 4026 Schematic revresentation of the "egz-box'" model
S < (S15]

for %he junction gzones in an alginate gels

as a two dimensional analogy to a corrugated egg—bbx in which the ionus
can pack and be coordinated. For the chains with three fold symmetry
the association would probably occur in three dimensions rather than twoo
Chains with +wo fold symmetry may conceivably associate in the {aird

dimension tut for polysuluronate sequences this is not e necessary
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requirement. The analogy is that the strength and selectivity of binding
by the cooperative mechanism is determined by the way in which the
"eggs" can pack into the "box'" and by the way in which the polysaccharide

chains forming the box can pack with each other around the eggs.
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Figo 463 Changes in circular dichroism spectrum with the diffusion

of KT to a final concentration of 6mM into a solution (0.1%) of the
high G alginate sample 5. The solution spectrum is shown by the
continuous line and the spectrum after 4 deys is shown by the dashed

line. No further changes were observed.
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to a final concentration of 6mM into a solution (0.1%) of the high G
alginate sample 5. The solution spectrum is shown by the continuous

line and the 4 and 10 day spectra are shown by the dashed and dotted

lihes respectively.
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GENERAL METHODS

Concentration of Solutions

Solutions were concenirated under reduced pressure using a
rotary evaporator. The temperature of the water bath was not allowed
to exceed 40°C.

Melting Points

All meliing points were determined on a Kofler hot-stage-
épparatus and. are uncorrected.

Paper Chromatography

Chromatograms were developed overnight on Whatman No. 1 paper.
The solvent systems used were (v/v):— ’
(2) n-butanol:ethanol:water (4:1:5)
(b) n-butanol sethanol swater zammonia (40:10:49:1)
Fdf the separation of methyl glycosides double dé&eIOpment using
solvent (b) was found to give the best results.

Detection of the Methyl Glycosides

The reagent used for the detection of methyl glycosides was

Potassium Periodatocuprate (spray)l76

Copper sulphate pentahydraie (12.5 g) ﬁas dissolved in boiling
water (400 ml). The heat was turned off and‘a little potassium
periodate was'carefully added. A violent reaction took plage and
a light green precipitate formed. The remainder of the potassium
periodate (23 g) was added and a concentrated solution of potassium
hydroxide (56 g) in water was added and the solution turned a
dark green, Sméll amounts of potassium persulphate were added to
the hot solution at 1 minute intervals until 20 g had been added.

Thne solution was boiled for 20 min and it turned a dark red. The

solution was cooled, decanted from the flask and diluted to 500 ml
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with water. The solution mow contained 0.05 M potassium
periodatocuprate in 2 N potassium hydroxide and it could be stored
indefinitely in tightly sealed polythene bottles.

The chromatograms were sprayed with the reagent and the
compounds were shown up almost immediately as white spots against a
yellow~brown background. When sprayed on to paper the background
faded quickly but if a permanent record was desired a.rosaniline
solution could be sprayed on 1 min after the periodatocuprate and
this gave .red spots against a white background.

Rosaniline (spray)

Rosani.line hydrochloride (0.3 g) was dissolved in acetic

acid (100 ml) and made up to 1 1. with acetone.

Phenol-Sulphuric Acid Test for Carbohydrates177

The sugar solution (1 ml) was placed in a test tube and
aqueous phenol (5% w/v: 1 ml) added. Analar concentrated sulphuric
acid (5 ml) was added quickl& directly on to the surface of the
solution..‘ After 30 minutes, when the solution had cooled, the
optical density of the solution was measured with an EEL colorimeter
using filter number 623 (maximum trensmission at 495 nm).

Preparation of the Column of Dowex-l Strong,Anion—Exchénge Resin

- The chloride form of the resin was slurried with 2 N
sodium hydroxide solution. After 20 minutes the supernatant liquid
and fines were decanted. This process was repeated three times and
it was accompanied by a large increase in resiﬁ volume. The resin was
transferred to a column and conversion was completed by passing 2 N
sodiuym hydroxide through the column until the eluate, after
neutralisation with nitric acid, gave a negative test for chloride

jions.



206

The resin was removed from the column, slurried with carbon
dioxide free water and repacked. It was eluted with water until the
eluate was neutral and no further expansion in the volume took place.

Reconversion of the Column of Strong Anion-Exchange Resin

The column was reconverted for use by passing M Na Cl
solution down it until the efflgent was neutral to l;tmus, followed
by removal of the interstitial chloride ions by washing with water.
The column was then converted to the hydroxide form as indicated
before. |

Preparation of Anhydrous Methanol

This was prepared as described by'Voge1178.

Preparation .of Raney-Nickel Catalyst (W—2)179

A stirred solution of NaOH (63.5 g) in distilled water (250 ml)
was cooled to 10°C and nickel—aluminium alloy (B.D.H.: 50 g) was added
in small portions at such a rate that the temperature did not rise
above 25°C. When all the alloy had been added the stirrer was
stopped and the mixture was allowed to come to room temperature.

After the evolution of hydrogen became slow the reaction mixture

was allowed to stand on a boiling water bath until the evolution of
hydrogen again became slow (~12 hrs). The volume of the solution

was kept constant during this period. The nickel was allowed to settle
and was washed three times with water, the water being removed by
decantation. The nickel was then washed with a solution of NaCH

(8.5 g) in water (85 ml) and the solution decanted offo The nickel
was washed by'suspension in distilled water, as described by Mozengol79,
until the washings were neutral to litmus and then further washed

(~ 80 1. in total) to completely remove all traces of alkali. The
nickel was washed three times with 95 % ethanol and three times with

R

absolute ethanol, the solvent being removed each time by decantation.
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Thé-catalyst was stored under absolute ethanol in bottles completely
filled with absolute ethanolo.

Mezsurement of Cell Blanks for the Optical Rotation Measurements

The cell blanks were recorded on the 10 cm polarimeter cell
containing the appropriate solvent. The measurements wére méde,'for
" both wavelengths (589 nm and 546 nm), at temperature intervals of
7-800 from 20—9000 and at three points when the cell was recooled.
The values were plotted against temperature and the best curve drawn
through these in_éach case. Corrections for the cell blanks at the
appropriate temperature were taken from these best curves. The cell
blanks, in all solvents, at both wavelengths were very smalls of
the oxrder of + O. 002 up to 50 °C and increasing slightly up to O. 006
from 50°C to 90°C.

Refractive Index and Density Measurements of the Solvents

The refractive index and density of water were obtained
from éhe Handbook of Chemistry and Physicsl8o, those of dimethyl
sulphoxide from Schléfer and Schaffernightl8l and the density of
dioxan was obtained from the Zeitschrift fur Physicalische Chemie1820
The vrefractive index of dioxan was measured on an Abbe”
refractometer which was thermostatted by circulating water through
its water jacket using a Haake thermocirculator. The refractive index
was measured at temperature intervals of 7—8°C from 17.5—870500.
A graph of the refraétive index plotted against temperature gave a

straight line.

Purification of the Alginate Samples

“The alginate samples were dissolved in deionised water and their

pH adjusted to 7.0 using N XNa OH added by means of a syringe.
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Sodium chloride was added to 0.1 M and the alginate solutions were
dialysed in cellophane tubes suspended in deionised water. A

small amount of chloroform was added to the solutions to pfevent
bacterial action. After dialysis the solutions were filtered thréugh
scintered glass funnels or glass filter paper and the alginate samples

were isolated from the clarified solutions by freeze-dryinge.



<UY

REFERENCES

1. Hudson, CoSe {1909). J. fmer. Chem. Soc.,3l, 66.

20 Harris, ToL., Hirst, E.L. and Vood, C.E, (1934)° J. Chem. SoCey
1825 : (1935) J. Chem. Soc.s 1658.

3. Velluz, Lo, Legrand, M. and Grosjean, Mo (1965). Optical
Circular Dichroism : Principles, Measurements and
Applications, (deinheim: Verlag Chemie)o

4. Moscowitz, A. (1960). . Chapter 12 in Optical Rotatory Dispersion:
Avolications to Orgenic Chemistry, by C. Djerassi,(New York :
YeGraw-Hill) o

56 Eliel, E.L., Allinger, No.L., Angyal, S.J. and Morrison, G.A. (1965)°
Chapter 6 in Conformational Analysis, (New York : John Wiley) o

€o(a) Kaummann, W. and Eyring, H. (1941) s J. Chem. Phys.; 9, 41.

(b) Kauzmann, Wo'(l957). Quantum Chemistry, (New York : Academic Press) o

7o Whiffen, D.Ho (1956). Chem. Ind. (London) , 964

8, . PBrewster, JoHo (1959). J. Amer. Chem. SoC., éi, 5475, 5483 and 5493,

9,  Marker, R.E. (1936) . J. Amer. Chem. Soco.s 58, 976.

10. Kauzmann, W., Clough, F.B., and Tobias, I. (1961) . Tetrahedron,
135 57.

7.D. (1967). J.o Org. Chem., 32, 3780,

(v)Ivid (1970). Carbohyd. Res., 14, 83,

12, Lemieux, R.U. and Martin, J.Co (1970). Carbohyd. Res., 13, 139.

l3o Lemieux, RoUo, PaVia, A.-Ao, Martln, J.C. and Watanabe, K.4.
(1969) « Canad. Jo Chemo, 47, 4427

14, Lemieux, R.U. and Pavia, A.A. (1969). Cenado J. Chem., 47, 4441

15. Rees, DoA. (1_970)° J. Chem. Socs, Bsy 877

16, Rees, DoA. and Scott, W.E. (1971). J. Chem., Soce, B., 469

17. de Hoog, A.J., Buys, HeR., Altona, C. and Havinga, E. (1969) .
Tetrahedron, 25, 3365.

180 Rees, Der, Steele’ I.W. and “’illiamson, FoBe (1969)0 Jde Polym. Séio’
Pal‘t C-, 28’ 2610 ”

19. McKinnon, A.A. (1973). FPh. D. Thesis,(University of Edinburgh) .

20; ¥cKinnon, A.A., Rees, D.A. and Williamson, F.B. (1969). Chem.
Commun. s 701.



21.

22,

23.

24,

25.

26,

27.

210

Jones, R.A. and Penman, A. J. Chem. Soc. in press

Rees, D.A., Scott, W.E. and Williamson, F.B. (1970) Nature,
221y 390.

Anderson, N.S., Campbell, J.W., Harding, M.M., Rees, D.A. and
Samuel, J.W.B. (1969). J. Mol. Biol., 25, 85.

Dea, I.C.M., McKlnnon, A.A. and Rees, D.A. (1972) J. Mol. Biol.,
68, 153.

Crabbé, P. (1971). An Introduction to the Chirootical Methods in
© Chemistry, (Mexico).’

Listowsky, I. and Englard S. (1968) Biochem. Biophys. Res. Commun.,
30, 329.

Listowsky, I., Avigad, G. and Englard S. (1965) J. Amer, Chem., Soc.,

81, 1165.

27.(a)Nelson, R.G. and Johnson, W.C. Jr. (1972) J. Amer, Chem, Soc.,

28.

290

94 3343.

Hoffit, W., Wocdward, R.B.,, Moscowitz, A., Klyne, W. and Djerassi, C.
(1961). J. Amer. Chem. Soc., 83, 4013.

Schellman, J.A. (1968). Accounts Chem. Research, L1, 144.

30. (a)Gratzer, W.B. and Cowﬁurn, D.A. (1969). Nature, 222, 426,

3lo

(b)Wellman, K.M., Briges, W.S. and Djerassi, C. (1965).

J. Amer. Chem. Soc., 87, 73.

Morris, E.R. and Sanderson, G.R. (1973). in New Technigues in
Biophysics and Cell Biology. Vol 1., edited by R. Pain and
B. Smith, (London : John Wiley).

32. (a)Llstowsky, I., Avigad, G. and Englard, S. (1968). Carbohyd. Res.,

33.
34.

35.
36.
37.

38.

8 205.

(b)Listowsky, I., Englard, S. and Avigad, G. (1969). Biochem.,

8, 1781,
Morris, E.R., Rees, D.A. and Sanderson, G.R. (1973). in preparation.

Rees, D.A. (1969) Advances in Carbohydrate Chem. and Biochem.,
24, 267.

e riat]

Rees, D.A. and Wight, A.W. (1971). J. Chem. Soc., B., 1366.

Grant, G.T. (1973). Ph.D. Thesis, (University of Edinburgh).

Listowsky, I., Avigad, G. and Englard, S. (1968) Carbohyd. Res.,
8, 205.

Listowsky, I., Avigad, G. and Englard, S. (1970). Biochem.,
9, 2186, .



211

39. Brimacombe, J.S. and Webber, J.M. (1964) Mucopolysaccharides,
(London : Elsevier).

40, (a)Stone, A.L. (1967). Natufe,_g;g, 551.
(b)Stone, A.L. (1969). Biopolymers, T, 173.
(c)Stone, A.L. (1971). Biopolymers, 10, 739.

41. Perlin, A.S., Casu, B., Sanderson, G.R. and Tse, J. (1972)
Carbohyd. Res., 21 l23.

42, (a)Hoffmann, P., Linkler, A. and Meyer, K. (1956). Science, 124, 1252,

(B)Fransson, L.A. and Roden, L. (1967). J. Biol, Chem., 242, 4161, 4170.

43, Perlln, A.S., Casu, B., Sanderson, G.R. and Johnson, L.F. (1970)
Canad. J. Chem., 48, 2260,

44, Perlin, A.S., Mackie, D.M. and Deltrlch, C.P. (1971) Carbohyd.
Res., 18 185.

45. Usov, A.I., Adamyants, K.S., Miroshnikova, L.I., Shaposhnikova, A.A.~
and Kochetkov, N.K. (1971). Carbohyd. Res., 18, 336.

46, Bittiger, H. and Keilich, G. (1969). Biopolymers, T, 539.

47. Mukherjee, S., Marchessault, R.H. and Sarko, A. (1972)
BloEolzgers, ll 29l,

48. Mukherjee, S., Sarko, A. and Marchessault, R.H. (1972)
. Biopolymers, ll, 303. ,

49. Rees, D.A. and Skerrett RoJ. (1968). Carbohyd. Res., T, 334.

50. Harada, N. and Nakanishi, K. (1909) J. Amer. Chem, Soc.,
2L, 3989. '
9

51. Harada, N., Sato, H., and Nakanlshl, K. (1970) Chem. Commun.,
1691.

52, Hassel, O, and Ottar, B. (1947). Acta Chem. Scand., 1, 929.

53.(a)Reeves, R.E. (1949). J. Amer.’ Chem. Soc., 71, 215.

(b)Reeves, R.E. (1950). J. Amer. Chem. Soc., 12, 1499.

=3

(c)Reeves, R.E. (1951) Advances Carbohyd. Chem., 6, 107.

54, Durette, P.L. and Horton, D. (1972) Advances Carbohyd. Chem.,
26 49.

55. Lemieux, R.U., Kullnig, R.K., Bernstein, H.J. and Schneider, W.G.
(1957). J. Amer. Chem. Soc., 79, 1005; (1958). gg, 6098.




212

56. Karplus, M. (1959). J. Chem. Phys., 30, 1l.

57T. Karplus, M. (1963)° J. Amer, Cheﬁ. Soc., gg, 2870.

58. (a)ingyal, S.J. (1969). Angew. Chem. Int. Ed., 8, 157.

(b)Angyal S.J. (1968) Aust, J. Chem., 21, 2737.

59. Angyal S.J. and McHugh D.J. (1956). Chem. Ind. (London), 1147.

60. Angyal, S.J., Pickles, V.A. and Ahluwahlla, R. (1966)
Carbohyd. Res., l 365.

61. Edward, J.T. (1955). Chem. and Ind., 1102.

62. (a)Lemleux, R.U. and Chll s N.J. (1958). Abstr. Papers
~ Amer, Chem, Soc. Meeting, 133, 31N.

(b)Lemieux, R.U. (1963). in Molecular rearrangements, edited
by P. de Mayo, (Wew York : Interscience, Jchn Wiley).

63. Hutchins, R.O., Kopp, L.D. and Eliel, E.L. (1968) J. Amer.
Chem., SocC., gn, 7174.

64, Lemieux, R.U. (1971). Pure and Appl. Chem., 25, 527.
65. Coxon, B. (1066). Tetrahedron, 22, 2281.

66. Wolfe, S., Rauk, A., Tel, L.M. and Csizmadia, J.G. (1971)
' J. Chem. Soc., B,, 136,

67. Perlin, A.S., Casu, B. and Koch, H.J. (L9(O). Canad. J. Chem.,
481 2596.

68.(a)Perlin, A.S. (1966). Canad. J. Chem., 44, 539.

(b)Mackie, W. and Perlin, A.S. (1966). Canad. J. Chem., 44, 2039.

69. Bishop, C.T. and Cooper, F.P. (1963). Canad. J. Chem., 41, 2743.

70. Micheel, F. (1956). Chimie der Zﬁcker and Polysaccharide
(Leipzig : Geest and Portig K,~G.).

71. Dolan, T.C.S. (1965). Ph.D., Thesis, (University of Edinburgh).

72. Haworth, W.N., Jackson, J. and Smith, F. (1940). J. Chem. Soc.,
620.

73. Austin, P.W., Hardy, F.E., Buchanan, J.G. and Baddily, J. (1963).
J. Chem. Soc., 5350.

74. KXauzmann, W., Walter, J. and Eyring, H. (1940). Chem. Rev.,
269 339,

75. Reeves, R.E. and Blouin, F.A. (1957) J. Amer. Chem. Soc.,
19; 2261.




AN

76. Rao, V.S.R. and Foster, J.F. (1965). J. Phys. Chem., 69, 636.

T The Handbook of Chemistry and Physics, 52nd Edition, (1971~72).
Edited by R.C. Weast (Cleveland:-The Chemical Rubber Co.).

78. Kirk, D.N., Klyne, W. and Wallis, S.R. (1970) J. Chem. Soc., C.,
350, ;

79. Danford, M.D. and Levy, H.A. (1962). J. Amer. Chem. Soc., 84, 3965.

80. Pople, J.A. (1951). Proc. Roy. Soc. (London), A, 205, 163.
81. Warner, D.T. (1962). Nature, 195, 1055.

82, Kabayama, M.A. and Patterson, D. (1958). Canad. J. Chem., 36, 563.

83, Franks, F., Ravenhill, J.R. and Reid, D.S. (1972) J. Solution
Chem. , 1 3.

84. Tait, M.J., Suggett, A., Franks, F., Ablett, S. and Qﬁickenden,.P.Ag
(1972). J. Solution Chem., 1, 131.

85. Amott, S. and Scott, W.E. (1972). J. Chem. Soc., Perk. II, 324,

86, Narton, A.H., Danford, M.D. and Levy, H.A. (lj67) Disc. Faraday
Soc., 43 97. o

87. Good, W. (1967). Electrochimics Acta, 12, 1031,

88. Rees, D.A. (1973) in MTP International Review of Sciences
Organic Chemistry Series One, Vol. 73 Carbohydrates, Vol.
Bdai itor ﬂ f\c*n-o nzll, (T ondon @ 'Rn++c>~r‘rrn'r»+m

AT Viij e

89, Ramachandran, G.N., Ramakrishman, C. and Sasisekharan, V. (1963).
. in Aspects of Protaln Structure, edited by G.N. Ramacha ”drﬁ“,'
121, (Wew York : Academic Press). '

- 90. Sathyanarayana, B.K. and Rao, V.S.R. (1971)° Biopolymers, 10 1605,

91. Rao, V.S.R., Sundararajan, P.R., Ramakrlshman, C. and Ramachandran, G.N.
(1967). in Conformation of Biovolymers, edited by G.N.
Ramachandran, 2 T21. (London : Academic Press).

92. Chu, S.S.C. and Jeffrey, G.A. (1968) Acta Crystallogr., Sect. B.,
24, 830. .

93, Hem, J.T. and Williams, D.G. (1970) Acta Crystallogr., Sect. B.,
26 1373.

94. Quigley, G.J., Sarko, A. and Marchessault, R.H. (1970) J. Amer,
Chem. Soc., 2=, 5834.

95. Hybl, A., Rundle, R.E. and Williams, D.E. (1965) J. Amer, Chem. Soc.,
81, 2119,

96. Chu, S.S.C. and Jeffrey, G.A. (1967). Acta Crystallogr., é%;, 1038.




98a

99.
100,

101,

102.

103.

214

Blackwell, J., Sarko, A. and Marchessault, R.H. (1969)
J. Mol. Blol., 42 379.

Casu, B., Reggiani, M., Gallo, G.G. and Vigevani, A, (1966)
Tetrahedron, :2-,% 3061,

Michell, A.J. (1970). Carbohyd. Res., 12, 453.

Casu, B., Reggiani, M., Gallo, G.G., and Vlgevanl, A. (1968)
Tetrahedron, 24, 803.

Casu, B., Reggiani, M., Gallo, G.G. and Vlgevanl, A, (1970)
Carbohyd. Res., 12 157.

Dorman, D.E. and Roberts, J.D. (1971) J. Amer. Chem. Soc.,
93, 4463.

Wolfrom, M.L., Hung, Y.L., Chakravarty, P., Yuen, G.U. and
Horton, D. (1966). J. Org. Chem., 31, 2227.

104. (a)Freudenberg, K. and Nagai, W. (1932). Ann., égé, 63.

105.

106.
107.

108.

109.

110.
111.

112,
113,
114.

115.

116,

117.

(b)Purves, C.B. (1929). J. Amer. Chem. Soc., 51, 3619.

F&etoher, H.G. and Hudson, C.Se (1948) J. Amer. Chem. Soc.,
1o, 310,
9

Neal, J.L. and Gorlrg, D.A.I. (1970) Can. J. Chem., 48, 3745.

Reeves, R.E. (1954). J. Amer. Chem. Soc. , lé, 4595,

Zobel, H. F., French A.D. and Hinkle, I.E. (196])
Biopolymers, 2, 837.
Thoma, J.A. and Stewart, L. (1965). in Starch: Chemistry and

Technology, Vol. 1, edited by E.L. Whistler and
E.P. Paschall, 209. (New York : Academic Press).

Schlenk, H. and Sand, D.M. (1961) J. Amer. Chem. Soc., 83,
2312, =

Sundararajan, P.R. and Rao, V.S.R. (1970) Carbohyd. Res.,
13, 351.

Manor, P.C. and Saenger, W. (1972). Nature, 237, 392.
Saenger, W. Personal Communication.

Hourston, D.J. (1967). Ph.D. Thesis, (University of Edinburgh).

Bailey, R.W. (1965). in International Series of Monographs on _
Pure and Applied Biology : Biochemistry Division : Vol. 4:
Oligosaccharides. London : Pergamon Press),

Banks, W. and Greenwood, C.T. (1968). Carbohyd. Res., T, 4l4.

French, D. (1969). in Symposium on Foods : Carbohydrates and their Roles
edited by H.W. Schulz 26, (Westport Commecticutt: A.V.L.
Publishing Co.).




215

118. Brown, G.M., Rohrer, D.C., Berking, B., Beevers, C.A., Gould, R.O.
and Simpson, R. (1972). Acta Crystallogr.,B28, 3145.

119. Gorin, P.A.J. and Spencer, J.F.T. (1966) Canad. J. Chem., 44,
993. -

120, (a)Linker, -A. and Jones, R.S. (1964). Nature, 204, 187.

b)Carlson, D.M. and Matthews, L.W. (1966). Biochemistry, 5, 2817.
9=’

121. Tischer, F.G. and Dorfel, H. (1955). Z. Physiol. Chem., 302, 186.

122.(a)whist1er, R.L. and Kirby, K.¥W. (1959). 2. Physiol. Chem., 314, 46.

(b)Drummond D.W., Hirst, E.L. and Per01val E. (1962)
J. Chem. Soc., 1208.

123. Hirst, Sir E. and Rees, D.A. (1965). J. Chem, Soc., 1182.

124, Rees, D.A. and Samuel, J.W.B. (1967) J. Chem. So0c., C., 2295.

125 (a)lest E.L., Jones, J.K.N. and Jones, W.0. (1939) J. Chem,
Soc., 1880. .

(b)Chanda, S.K., Hirst, E.L., Percival, E.G.V. and Ross, A.G.
(1952). J. Chem. Soc., 1833.

126. Painter, T, and Larsen, B. (1970). Acta Chem. Scand., 24, 813.

127. Hirst, E Loy Per01va1 E. and Wold, J.K. (1964). J. Chem. Soc.,1493.

a‘,

b et
1. Ll

[

2&()@nm,3m£” hkm,d.wdSmh,}L&'(%@. lature,

225, 626,

-

(v)Atkins, E.D.T., Mackie, W., Parker, K.D. and Smolkoc, E.E.
(1971). J. Polym. Sci. Part B., 9, 31l.

129. Penman, A. and Sanderson, G.R. (1973). Carbohyd. Res., in press.

130. Haug, A. and Smidsrﬁd, 0. (1965). Acta Chem, Scand., 19, 1221,

131, Vincent, D.L. (1960). Chem, and Ind., 1109.

132. Haug, A., Larsen, B. and Smidsrpgd, O. (1966) Acta Chem. Scand.,
20 183.

133. Haug, A., Myklestad, S., Larsen, B. and Smldsrﬁd 0. (1967)
Acta Chem. Scand., 21 768,

134. Haug, A., Larsen, B. and Smidsrgd, O. (1967) Acta Chem. Scand.,
21 691.

135. Haug, A. and Larsen, B. (1962). Acta Chem. Scand., 16, 1908.

136. Brown, A.H. (1946). Arch. Biochem., 11, 269.



216

137. Dische, Z. (1947). J. Biol, Chem., 1567, 189.

)

138. Knutson, C.A. and Jeanes, A. (1968). Anal. Biochem,, 24, 470, 482.

139. Mackie, W. (1971). Carbohyd. Res., 20, 413.
140, Penman, A., Personal Communication.

141, Szejtli, J. (1966). Acta Chim, Acad. Scient. Hun., A7, 301.

142,  Mitchell, J., Jun. and Smith, D.M. (1948)." in Chemical
Analysis Vol, 5 : Acuametry. Application of the Karl
Fischer Reagent to Quantitative Analyses involving Water,
(New York and London : Interscience).

143. Hawkins, A.E. (1964). Analyst., 89, 432.
144, Whittington, S.G. (1'971). Biopolymers, 10, 1481, 1617.

145, (a)Thlele, H., Joraschky, w., Plohnke, A., Wiechen, A., Wolf, R.
and Wollmer, A. (1964). Kolloid~Z., 197, 26.

(b)Thiele, H. (1954). Discussions Faraday Soc., 18, 294.

'146.  Sterling, C. (1957). Biochim. Biophys. Acta, 26, 186.

147. (2)Smidsrd, 0. and Haug, A. (1968). Acta Chem. Scand., 22, 797.

(b)Smidsrgd, 0. (1970). Carbohyd. Res., 13, 359.
148, (a)Astbury, W.T. (1945). Nature, 155, 667,
(b)Frei, E. and Preston, R.D. (1962). Nature, 196, 130,

149. Mackie, W. (1971). Biochem. J., 125, 89P.

150.  Rees, D.A. (1972). Biochem, J., 126, 257.

151,  Schweiger, R.G. (1962) J. Org. Chem,, 27, 1789;
(1964). Kolloid-Z., 196 47 .

152, Rees,; D.A. a.nd Wight, A.W. (1971). J. Chem. Soc. B., 1366.

153.  Smidsrgd, O. and Haug, A. (1972). Acta Chem. Scand., 26, 2063,

154. Smidsr;fd, 0., Haug, A. and Whittington, S.G. (1972). Acta Chem.
"Scand., _2=6_, 2563. _

155. Kohn, R. and Furda, I. (1967) Collection Czech. Chem, Commun.,
32 1925, 4470. )

156. Hardlsty, D.R. and Neale, S.M. (1960). J. Polym. Seci., 46, 195.

157. Katchalsky, A., Cooper, R.E., Upadhyay, J. and Wassermann, A.
(1961) Jo Chemn DJOC" 5198

158.  Smidsrgd, O. and Haug, A. (1967). J. Polym. Sci., C., 16, 1587.

eny



159.
160.
161,

162,

163.

164.

165.
166.
167.

168.

179.
180.

181.

182,

217

Haug, A. and Smidsrdd, 0.‘(1965). Acta Chem. Scand,, 19, 34l.

Thiele, H. and Hallich, K. (1957). Xolloid-Z., 151, 1.

Haug, A. (1961). Acta Chem. Scand., 15, 1794.

Haug, A. (1964). Report No. 30, Norwegian Institute of Seaweed
Research, Trondheim.

Smidsrgd,0. and Haug, A. (1968). Acta Chem, Scand., 22, 1989.

Ko, R., Furda, I., Haug, A. and Smldsrﬁd 0. (1968). Acta
Chem. Scand., 22 3098.

Haug, A. and Smidsrdd, O. (1970). Acta Chem. Scand., 24, 843.

Kohn, R. and Larsen, B. (1972). Acta Chem. Scand., 26, 2455.

Rice, S.A, and Nagasawa, M. (1961).v Polyelectrolyte Solutions,
(New York : Academic Press). .

Buchner, P., Cooper, R.E. and Wasserman, A. (1961) ' J. Chem. Soc.,
3974. e

Bartlett, L., Kirk, D.N., Klyne, W., Wallis, S.R., Erdtnan, H.
~ and Thoren, S. (1970). J. Chem. Soc., C., 2678.

Delbaere, L.T.J., Higham, M., Kamenar, B., Kent, P.W. and Prout, C.K.
in preparatlon. :

Smidsrﬁd, O. and Haug, A. (1972). -Acta Chem, Scand., 26, 79.

Hutchins, J.B. and Wood, F.W. ﬁhpublished observations.
Williams, R.J.P. Personal Communication.

Smith, P.J.C. (1972). Ph.D. Thesis, (University of Edinburgh).

Williams, R.J.P. (1970). Chem. Soc. Quart. Rev., 24, 331.

Bonner, J.G. (1960). Chem. and Ind., 345.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A. and Smith, F.
(1956). Analyt. Chem., 28, 350.

Vogel “ALI. (1956) A Textbook of Practical Organic Chemistry,
(London : Longmans 3rd Edition) 169.

Mozingo, R. (1951). Organic Synthe51s': Collected Volune 3,
181 (London : Wiley).

Handbook of Chemistry and Physics, 4Tth Edition, (1966—67)

(Cleveland : The Chemical Rubber Co.).

Schlifer, H.L. and Schaffernight, W. (1960). Angew. Chem., 72, 618,

Herz, W. and Lorentz, E. (1929). 2. Phys.VChem., 140, 407.




APPENDIX 1

SUMMARY OF THE EMPIRICAL METHODS FOR CAICULATING CARBOHYDRATE

MOLECULAR ROTATIONS AND LINKAGE ROTATIONS




" In thio appendix tho main foatures of the ompirical methods

used to caloulate carbohydrate molecular rotations and linkage rotations

are reproduced.

giveno.

An example of the application of each method is also

Ao Calculation of the Molecular Rotations of Monosaccharides

S P ‘."‘Ihiffen7

: ' - A satis-
factory empirical theory of optical activity for organic
molecules should, therefore, consider the possibility of
applying superposition rules to two types of terms:
(1) those associated with asymmetric carbon centres and
dependent on the nature of the four substituents and

their dispo ‘tion in onc or other of the enantiomorphic’

tetrahedral arrangements; (i) terms associated with’
chemical bonds and dependent on the nature of the
bond, of the substituents at its constituent atoms, and
also on an angular co-ordinate describing the internal
twisting of the terminal arrangements about the bond
axis. :

Terms under the heading (i) are thosc envisaged by
van't Lofi and have often been considered; one of
the simplest applications is that of Marker.®  However,
the molecular rotations of his table are all small in
comparison with those of most active cyclic compounds,
and nonc of his simpic aliphatic hydrocarbons and’
alcohols has molcculur rotations ({ofs X 001 M)
outside the range =75, . :

Type (i) terms merit a fuller consideration., The

existeiice of some such contribution is certainly implicit

‘in the theoretical treatments?~® and also in some
optical activity rules, notably thosc invoived in the
cuprammonium complex work of Reeves,® 10 and is
recognized by Stokes and Bergmann' indiscussing
steroigs. These authors concentrate attention on the
particular structures in which they are intcrested and
do not consider the additivity of such terms or their
transferability to other classes of compounds. :

If a gencral, fully substituted carbon-carbon bond, as
in UVWC-CXYZ, were taken as the basic unit for
additivity of type (ii) terms, numecrical valucs would
have to be associated with the sets of six substituents

U, V, W, X, Y, and Z and with a function dependent .

on the internal rotation angle, A discussion on this
basis would scem to be unwicldy, and simplifying
assumptions are clearly required. In the present
account, which considers only compounds of carbon,
hydrogen and oxygen without multiple bonds, the five
assumptions designated (A)-(E) arc made. :

(A) The optical rotation for a bond structure
UVWC-CXYZ can be taken as the sum of a term cach
for the nine constituent structures, UC~-CX, UC-CY,
uUC-C7, VC-CX, VC-CY, VC-CZ, WC-CX, WwWC-CY,
and WC-C7Z. Likewise, for UVWC-OX there are
three additive terms for UC-OX, VC-0X, and WC~0X.
The optical rotation of the whole molecule is then
taken to be the sum of the contributions applicable 10
cach of its bonds.

This assumption provides the major simplification
required and is justified chiefly by the results shown in
the Tables below. :

. (B) For compounds containing only carbon, hydrogen
‘and oxygen and no multiple links, type (i) contributions,
referring to asymumctric carbon centres, arc neglizible,
i.c., contributc less than 20 to the molccuiar rotation.

Tor this restricted class of compounds at least two

of the atoms substituted at cach carbon must be iden-
‘tical, and the asymmetry ariscs from the dificring
‘natures of the ncxt ncarcst and more distant atoms.
' Marker's® compilation indicates - 15§ to be the magni-
itude of these terms, but since his discussion docs not
rexclude type (i) terms, this is probably an upper iimir.
~ (C) The contribution for UC-CX is indcpendciit of
ithe othicr atoms. . '

. This assumption is. rclaxed for ring atoms and
‘glycosidic oxygen atoms which are diflcrentiated, but
‘no distinction is made between the carbon atoms of
'«CHj and =CIH,OH greups, for instance.

! (D) The -OH group may be treated as an O atom

‘and contributions irom C-Oii bonds oiiticd,
© This can be justificd if all three potential minima
-which arisc from rotation about the C-O11 boad are of
‘equal depth, or if terms involving hydrogen atoms are
'small.  Both conditions are approximaicly et,

(1) For acyclic aliphatic compounds and six-memi-
bered rings in their normal chair forms, all angles may
be taken as thosc of a regular tetrahedron and the
staggered arrangement is present about eacii bond.

. 'I'his assumption is not stricily truc when oxygen
atoms are invoived, but it is probably good enough.
“For three- or five-membered rings, () would have 0
‘be replaced by a more appropriatc assumption,
Before suggesting numerical values and

applying these assumptions, it is nccessary  §
to discuss the change of the valuc of the 2K
contribution of UC-CX with internal 7

O

rotation; this rotation is best described by ©

‘the angle 0 between the planes UCC and
iCCX. The positive direction is indicated -

'in (I) where U is taken to be projected  towards
'the observer.  Restricting 0 to the range =>0>
iz the dependence of the optical rotation of the
,UC-CX unit on 0 must involve somc odd fung}ion
of 0, such as sin 0, of which the most general is"E a,

-0

sin (1 6). This is not, an additional assumption, but a



necessury condition if dexrro and Jaevo enantiomorphs
are to have the snoe numerical values, bue opposite
sipns, for their rotations,  Assumption (1) restricts
010 che/y or e, Consequently, if UX- is written
as an abbreviation for the contribution off UC-CX
when 0 =2 - 3f3, then —-U{X is the contribution
when 0 ea -— /3, and there is zero contribution when

0 = 7 and the four atoms are coplanar.  Conscquently,

three of the nine terms envisaged under assumption
(A) arc in fact zero when assumption (1) is also made,
and for the remmining six terms a discussion of the
explicit angular dependence is not required. The
unit of (1) may be rotated in space to bring X forward
to the observer, and this cannot affect the optical
activity contribution and so U|X = X|U. If one
of the central atoms is oxygen, the abbreviation for the
contribution of UO-CX when 0= +xn/3 will be
written. U]X = X|U which is not the same as X|U,
which must be reserved for the case when X is directly
attached to the oxygen atom,-- ~ .~ .-+ - o

The next logical step would be to express the molecu-
lar rotations of a number of compounds in terms of the
parameters  described, equate these totals to the
observed ™ rotations, solve the sct of simultancous
equations for individual contributions of the UX
type and finslly check these values against further com-
pounds. An attempt to do this shows that only ccrtain
sums and differences occur and the individual terms’
UIX, etc,, arc not obrainable. This is an inherent
property of the problem; it is entirely analogous to the
impossibility of obtaining bond dipole moments from
mecasurements on polyatomic molecules and it is known
that only bend moment diflerences are obrainable,
Also, it is unwise to obtain numerical values from the
minimum requisite number ‘of compounds and better

Bxamples

to use such values as a puide and adjust them 1o pive
the best overalt icwidh the experomental vidues, - 'Tabice ©
indicates suitable sum and difference parameters whose
use circumveats the tiest ditliculty;  the numerical
values suppested are those which give closest overall
agreement, throughout the tables, with the experimental
valuces of the molecular rotations in water solutions and
for the wavelengih of sodium D lines.
) “Table I
Definitions of the rotation parameters and suggested empirical

values

Detinition Symbol  Value
O|0—20f11 {1111 Fooooas
Oy|0— O IT—OJH |- 11jIT o G - 32
O|C—C|H--O[H |-H|11 e H 4 34.
.Q,-!O—(_-rIO—Orll1'I-Cr[U s ’ X 4+ 43
CrOy—CH+- CH—=C/Oy--Oy|H—HIH | J 4113
C/|C—CH+-C(|H~C,|C-+-ClH—H[H e K ¢ca.— 29

r = ring atom o
¢ = glycosidic oxygen

Calculated molecular rotation of Methyl L —D-Galactorvranoside

in the Cl Conformation

Contribution from bond

¢, - C, 0/, - cI/og + oa/o -
C,=Cy c./E - E/O + 0/0 -
c,-C, 0 /0, -C/H + B/s -
¢, - Cg cr/E - :/ﬂ + 5/ =
C5 - O, Er/or - Cl‘/f

0, - ¢, cr'/og - ¢ /e,

o - - £ 0/H

Total 0/0 = C. /o, -4 %E

-ofc + 0fo, ~C/E + cr/og

*:~1+2cr/:~:

O/H + H/H - /0, |
o/H + E/C - C_/C, .
5/0 + 0/0 - 0/C,

¢/o + 0/0_- or/cr

+ 2 0/0

- #/0_ + B/C - ofc



cr/oa

J w -
°F « 2 0/0 - 4 O/l + 2 1i/H

¢ = og/o - 06/1-1 - 0/d + H/H

I = 0/0 - ¢ /o - Or/H + C./H
-H= -0/C +C/H +0/H - E/H
Total

cr/og ~C /a2 Cr/H -C I/og +

c/1 + c./i - cr/og + _OG/H - 1u/n

H/H + 2 0/0 - 4 O/H

+ og/o +or/o-cr/o - 0 /H - 0/C + C/H.

oo; Molegular rotation = J + 2‘F + G +

= 244

I-H

- 113 4 90 + 32 + 43 - 34

Now the empirical velue for the hydroxymethyl group for a D sugar = + 30

and the empirical value to give the methyl K -D-glycoside

L
o o Calculated methyl—A-D-galactoside value =

.
Observed value |[H]'> = -380

' 8
2. Brewster :

S e e e Aan attempt
ciupirically to relate sign of rotation* to Structure,
conformation and absolute configuration.t Tt has|
been found that this can be done for many com-
pounds by use of two general rules, a simple method

oi conformational analysis, and a limited number of |

ctupirical rotation constants.  Indeed, 0 many
cuses, the magnitude of rotation can also be pre-
dicted, The general rules are empirical cluborations

of the following hvpothesist which underlies thel”

whole treatment used here: A center of optical
activity? can uscfilly be described as an asymmclrie,
screw® palteru of polurizability.® |

This hypothesis will be useful® only if centers of!
optical activity? can be deseribed in such a way thati
there is. eimpirically, a correlation between assigned!
screw handedness and observed sign of rotadond;
and also a correlation between the amount of
polarizability distributed in a serew sense and the
magnitude of rotatory contribution,  The cmpirical

1

= 4 100

374

rules developed to meet tliese requiraients are

prescuted in this paper.  The application of these
rules to open-chain conpounds s also deseribed
Alieir application to eyelic compounds is deseribed
in the rollowing papers. '
. B

: A—X——C

_ D
I, ASB>C>D

o

>
>>
@
l..>o
>

C:-s:-—a)B

o_..

0 | 0
a b . c
II :

Atomic Asymmetry.—The tetrahedral system, .

;

|

; '
i

]

!

| .

xABCD, can be deseribed as a lefr-handed screw



patteriv of polarizabiiity when it has the absoluie:
configurtion shown in the Tischer projection |
ad when A S B> C > D in polarizability, 1]
owr workidng hiypothesis is aeally useful, then)
we oty expeet all asymnietoie atoms having cons
bprvation 1o make rotitory contributions of the
sune stpnts s statenent is operationally mean-
inpless, however, until we cun develop sotne stand-
ard method  for assigning polarizability  rank’
o the substituents A, B, C and D0 1eis found:
that wi cmpirical sequence of polarizabilities (Table
1) can be estublished by noting the sign of {M o,
of confipurationally related compounds zehich can
reasonably be expected to showo essentially pure atoniic
asynnnelry'* (Table I1)."% It is clear from the
position of the phienyl group in ‘Table I that priority
cannot be assigned on the basis of the polarizability,
(refraction) of the entire substituent.' The pOosi-
tion of the carbon sequence suggests that priority
could be assigned on the basis of the polarizability,
of attachment atoms! (as the carbon atom of a.
methiyl group) provided uansaturation is taken into’
account.'  We obtain, thus, the empirical atomic!
asynunetry rule: Anasvamclric aton in the absolute’
configuralion I 1s dextrorotatory’ woken the polarize-i
bilities of the substitucnt attachment atoms™ decrease’
17 the order: A4 > B> C > D.% Under thisrule, a!
formally asymmetric atom carrving two or mnosre
alkyl groups will be considered to be, per se,:
optically ipactive althougl it may provide a steri-’
cally asynunetric environment conducive to the’
development of couformational asymmetry (below)..

oA A A .
. &
b b 4
] . . \‘.A'

a b . ¢

PN

Conformational Asymunelry.—A twisted chain of:
four atoms, A-C-C-A’, displays its asynpnetry:
mest elearly wiien it is viewed along the C-C
Dol as in the Newnimn projections ING the con-
Jormational asvouaetry of o complex structine is
most conveniently aualyzed by systanatic ineg
spection of all boands for units of this nature. I is!
found cmpirically that the conformational wnils IX' U
and JTXc¢ canw be considered to be dextrorotatoryt .
dn the absolule confipurations shoten' and to malke
conlributions to [NU)o sehich can be expressed mathe-
malically? '

AM) = kA4 |
where A and A’ are furclions of the polarizabilitics,
of the terminal atoms® and » a constant which’
appears to be the sume for JXb and INe.'® Jto
is of interest that this dextrorotatory conforma-
Hional unit can be deseribed as a left-handed serew
pattern of polarizability?® (compare the asyi-
metric atom, ahove),  Ttis to he expeeted thut the!
maznitude of the rotatory cficct of otic oF these !
conformational units would he inereased it nm:l
(or both) of the terminal boads were multiple,
The basic rule of confurmutional asymelry is
made operational by the assumption that the rota.
tory efivets of conformational units are additive i
full conformations, as Na (“staggered”) wnd Xb
(“'eclipsed’’) which, on this basis, have the rotatory
power - !

M) = Rk (AA = AL = A -3 .
s ok (A = HIYA = ID)

: A A
i - . 3]
. A :
Y250 !
: P A
| W ; ’\H W N
: 1
! ! a X b

‘It is found cmpirically that sotatory powers!

vean be assigned to the full contorinations (N

(Table I) which, used in conjunction with a simpic
‘methad of conformational analvsis (below), parit
predictions of the sign and maguitude of retaton
of simple open-chain  camponuds  (this paper),
Tt is shown in part 1T that these same rotation <oi-
stants can be used with saturated eyvelic compainids.
where this method of confornational analvsis is re!
needed. 1t will be noted (Table I) that these raa-
'tory values fall into a sequence paraliching the
empirical polarizability sequence found {or coin-.
‘pounds showing pure atomiic asynuuetry; it has
already been pointed out that these values can
rougily be caleulated from refractions by use of an
emipirical cquation,

The working rules of the simple method of coa-
formational analysis used here are: (1) Ouiy
conformations corresponding to energy ainima will
be prevalent enough to produce appreciable rola-
tory cffects. (2) Thie five atom coniurnation NI
is “prohibited” when the terminal atowrs ave bt
Jarger than hydrogen, the strain here being con-
parable to that found in a 1.3-diaxially substituicd
cyclohiexane. (3) The conformati.n X171 is *'pro-
hibited” when the atoms A, B and C are ¢/ larzer
Ahan hydrogen.® (4) Tu the first approximalion,
‘all allowed conformations are considered equaily
‘probable.  This rule cannot be justified theorcet-

analveis of

Santtie Yoot fa evan. Ty 1
ICGUY DUt I3 ICCCs3ay 10T a suupie

flexible compounds; it may well be that it works
because there is somie compensation of errors in tie
method.

i In addition to these rules. it is assumed that the,
rotatory contributions of individual conforniativs
‘are additive.

i ¢ ' ; A

i 1

fl A-—-—-—G/ . \é/
i B c

i X1 X1

| Tetrahydropyran Derivatives.-—The pl.illL‘i[)}C'.:;
which permit the present njor simplification and
extension of WhiTen's treatient of conformational
asyimmetry® appear. to be contradicted at three
important points by Whifien's work. These coi-
tradictions can Le met only by showing that the:
present treatinent allows a satisfactory calcuiation
‘of the rotations of the pyranese sugars and thar
methyl glvcosides by use of empirical _ratation
constants consistent {as -some of Whitien's are
not) with the principles used here. It is shown
below that these rotations can, indeed, be calculated
using six such constants {rounded to the rrarcst
‘five dearees); Whifllen used sceen unrelated  aud
unrounded constants in the sune caleulations.

Ounie of the present constants {&(C -_--I‘I WO~ H) =
4-50°] corresponds in form to Whiflen's constant
JI® for which he gives a value of +34°%; as
shown above and in part I, the present value i3
suitable for use with acyclic aleohols aud is generally




-

better than Whilfan's value when terpene and’
©sterond aleobols arve considered, The second of the
present constants (2O — H)? = <152 ] corvesponds
e form and maconiinde o Whilfen's constant 2
and is, as Whitten s shown Y suitable for cal-
cukting the rotations of the evelitols; as shown
above, it fornms a consistent series with the values
for L{(C = HHO = N and 2{C — 1L*uscdinpart].
This constuant will also he used to compute the
rotation of asynuactnce conformations ahout hond
Cy — Ce. where one of the vdroxy groups is glyco-
sidic.  Whiffen has used a constant G (--32°) far;
this purpose; acceptance of his value would require a;
repudiation of the central principle that the rotas
tory power of the asymmetrie confornation NXXV-!
1 is independent of the nature of ¥, |

. X .

"\/kz :
. H/ H '

v .
(M} = KX — H)YZ - H)
) NNNVIHI

The tetrahydropyran ring, in contrast to cyclo-!
hexane, has an axis of polarizability difference
{between O and Cy).
Cy und Cy'are different (as in NXXIX), they will’
form an axis of polarizabilivy diffierence which wili;
form a screw pattern of polarizability with thej
ring axis,  This pallern, as secen in projcction"
in NLI1, has the characier of a lert-handed serew
and sheuld (part ) be dexirorotatory.  Since they
conformational asymmetry effect of the hivdroxy
group is ok = AIT{O = Howe mayexpect XX NXIX to)]
be strongly dextrorotatory;  the empirical vulue’
Juscd here is = 109, to be compared with Whiifen's !
valie o= £ 113°%0 An axiud hydroxy group atg
C. or Cyas shown in X1 produces the same permo- |
lecular pattern XLI here opposed by the weak net |
levorotatory conformational effcet: —4A{(C - O'),
O — ) = eu. =5° The total rotatory elfect of;
XL ois estimated here to be <607 Whilfen's)
constant [ (-1-14°) dills the corresponding role inj
his cateulations. ™ An additional constant is re-|
yuired for the hexoses sinee the hydroxy micthyyl

|
!
Ii
|
!
!

H OH '
7z .
\ +
< |
]
: {
.‘\ I(, '{-(‘1)° ’ :
o i
4 z
. i
, Cim- =0 . |
. ] i
H a

NLL (+)

11 the axial substituents ati

XLV

group i in o stevically asyinneteic envivonmnent;
the two “allowed" conformations of this wroup as
found in p-hiexoses are seen in XL The em-

3] . td
0 ' c 0 C
HO H o |>\OH
114 4 . ’ H .
+£(0 — H)t = 4-145° —HC = HYO —~ 1) = —i0°
e XLII

pirical value +23° is used here for this system;

Whiilfen uses @ value of --30°, The positive sign
of this value is cousistent with the smaller size of
"the ether oxygen as compared o Cy and its substil-
wentsy the maguitude of this constant cannot be
predicted. A final consiant is required for caleu-
lations of the rotation oi methyl glycosides.  Tlhis
constant reflects the fuct that the methoxy group
TasLes X
Rovation CoNsTANTS FOR Usi Wil CARDOHUVORATES

P Noatution A{ M) -
Preseat WhiTeut Whifieu? 'resent

. ¥ -13° s

BO ~ 1O — H) {c. i’:} 4430
BHC — HY(O =~ H) i Fage 4-50°
NNXIX® J 41100 -+ 105°
A ARY ‘ 1 Lage C 4000
" NLII -}-30° 4-25°
- 100° —105°

a These values cun be, roughly, caleul.  d by letting the
permolecular etffeet be +63° and by assigning the vaine:
B = HYXC — H) = —30°, where E represents un unstured
pair of ciceteons o oxvgen. Ono s bisis NNXNIX e
cones: 63 3 KC = EXO = 1) = kO — HC — H) =
+107; NL oecanes: 65 — AC —~ 00 — 1) = 60 (using
the vale #(O — H2 = 43% and XLV beeonwes: —4k (€ —
RO ~ H = —02°, The aapirieal values give better fits
and are used i Table X1 :

is in owosterically asymumetrie environment.  Ia
the 3-p-hexosides (NLITD, for exaunple, the asyuni-
metric conformuation XLV should  predominate;
this conformation should be levorotatory but its
magnitude of rotation cannot be predicted. A
aalue of = 1032 is used here OWhilTen uses - J0G°);
a value of 4-103° 45, then, required Tor a-p-hexo-
sides (XLTV).

OCH,

0 CH,
NLIV, «

3 2} .
NLV, =£C(O = H) = =105°



Bxamples

Calculated molccular rotation for Methyl A-D-Calactonyranoside

in the Cl confornation

Contribution from bond * Value
¢,-C, k (0-il) (O~EH) +45
02-03 k (0-x) (0-H) +45
Cy-C, .k (O—H)(O—H)‘ _ +45
¢ ,-C ' - 0-H) (C-K -

4~Cs ke (0-E)( £) 50
cs-or - | -
0.-C, - -
Plus

Permolecular effect of axial C(1)- CH3(XXXIX) +100
Permolecular effect of axial C(4)-OH (XL) +60
Plus

The empirical value for the hydroxymeilhyl group for a D sugar = 425
P ay Y =

The empirical value to give the methyl A=D-glycoside = +105
.%. Calculated methyl b(—_l_)_—galactoéide value = 375
Observed value [Y Na = 380

12

‘ the empirical rules that were fiest suggested by
Whiffen® and later elaborated by Brewster®, This communication provides further’
experimental cvidence for the utility of such rules. However, to do so, we nced to
propose necw values for the contributions to rotation made by certain nsymmctric'
conformational units found in saturated oxygenated compounds wherein neighboring
groups arc encountered that have staggered arrangements, or at least approximately
s0. Whiffen proposcd it to be *unwise to obtain numerical values from the minimum
requisite number of compounds and better to use such values as a guide and adjust’
them to give the best overall fit with the experimental values.” Our basic assumption’
in developing the numerical values for contributions to rotation by asymmectric
conformational units contradicts this proposal. Instead, we believe it more useful to



“arrive at values by using the rotations of closely related structures, including whenever
possible simple mode! compounds that-contain structural units present in the more
complex carbohydrate structures, This procedure is considered more uscful since it
“allows prcdiétions of the rotation of more-complex, related structures of fixed
conformation. The resultant values are generally in better accord with obscrvation
than are those obtained from the more general approaches employed cither by
Whillen?® or by Brewster®, Thus, the procedure should be more reliable in attaching
significance to differences between calculated and obrerved rotations. This expectation
appears, as will be seen, well justified by the results achicved. Also, Brewster found it
necessary to invoke the concept of permolecutar dissymumetry in his treatment of the
rotations of carbohydrates, We have found, following Whillen's procedure, that the
rotation thus assigned can be attributed to the occurrence of asymmetric confor-
mational units formed by carbon and oxygen atoms in gauche relationship, as long as

~different values are- assigned depending on whether the bridging atoms are both
carbon (C/C, -O/C or O/O) or one is oxygen (C/Cq or O/Cy).

[ . H
L o T
NN = N2
. 7 .
i °

' Analysis of the asymmetric conformation units present in R-2-methyltetra-
hydropyran in conformation 7 which has the methyl group in equatorial orientation
shows that these cancel to zero. Both Whiffen® and Brewster® have pointed out that
in the absence of dilferences in the contributions to rotation arising from such asym-
metric conformational units (pair-wise contributions®) only small rotations are to be
expected; that is, the presence of the asymmetric carbon in 7 on its own is not expected
to render the compound appreciably optically active and, indeed, as scen in Table I
the molecular rotation was less than 5° in all the solvents reported, In the case of
compound 9, analysis of the asymmetric conformational units present in the ¢hair
form indicaicd shows the following differences: O/C— (O CHI=1I/ID, The
rotation of 9 was found to be - 14° in water, As mentioned above, it is arbitrarily
assumced for the purposes of this presentation that the contributions OfH, C/I, and
H/LL are negligibly small as compared to the O/C contribuiion. Since it seems reisons’
able to expect the term OfHLECH-- /i 10 be positive, the O/C coutribution is,
estimated to Lbe somewhat lower than the rotation ot 9, 'l'hurc.\)rc.; the diflerence
between the rotation of 9 and 7, namely 14— = 10, is considered a better approxi-
i mate value for the O/C contribution than is the rotation of 9.1t is emphasized again
that this assumption is made both for reasons of convenicnee and better overall
agrecment as are other basically false assumptions implicit to this approach; namely,;
“that the molecules are in perfect chair forms (indced appreciable contributions to
rotation may even arise from neighboring substituents wrongly assumcd to be in a
perfect antiparallel arrangement); that interactions further extended than for ncigh-
boring atoms make no contributions (no permolecular contributions), and that
solvent efects are not present. In this light, we assign a contribution to rotation of
+10° when in the structurcs under consideration there exists an oxygen and a carbon
in gauche relationship and bridged by two carbon atoms and deseribing a right-handed
screw pattern of asymmetry; i.e., as shown in the following asymmetric unit.

|
/c\cm _ OH : .
\cl/OH CHs : . .
o/cmo' ) '
o't

"



p-threo-1,2- Cyclohuﬁn;(libl (11) differs in asymmetric conformational units
[from cyclohexanol by 2(H/H-O/11)- -(0JO-i1/11), and this difference is considered to
be the origin of the molar rotation (—48°) of the compound. Consideration of the
content of Table IT shows that the choice of OJO = 45° as initially proposed by
Whillen? , provuks an excellent basis foe estimating the molar rotations o compounds
with known conformations wherein these a¥ymmetric conformational units oceur,

Tn his empirical rules to correlate rotation with the structure of methy! glyco-
pyranosides, Brewster® assigned a contribution of # 105° (depending on the coniigura-
tion) to the conformational unit defined by the acetal linkage as shown in 14, That this
carbon-oxygen bridged, asymmetric conformational-unit, which we specify as 0/C,,

~—"0 i o _c-2 - . "-' . ’ .
Fl "MO T (/@ ":
Me [ . !

H . H
-105"

HY

14

should make a strong contribution to rotation is evident from the rotations of the

aldopyranoses listed in Table 1V having the I-substituent axial. Tt is seen that a value.

soff 415" Tor the O/Co unit deseribed by the axial oxygen atont and C-5 provides a
b00d “‘“n[’ondunw between predicted and observed rot: mom “The value of 115° for O/Co
corresponds to the value of 113° assigned by Whiflen? to his rotational parameter J.

Table VI shows that ;'ood .wru,nu,nt is achieved in she caleulation of the molar
rotations for l-axil methyl - D-glycopyranosides if it is assumed that the orieatation

. of the methvlyrcoup s entirely that of the enantiomer of 1- S (that is, - O/C,). However,
C AfreCinenlis nouneiy as acceprable for the 1-equatorial methy! glycopyranoesides

(Table VIL), since in all of thc CXAMPICS. ;_,m.n the dilterence bn.(\\ccn the caleulated.
and found vatues s negative,

. the effeet of introducing an hydroxyl group at C-6 of a’
6-deoxy-p-hexopyranose siruciure is to increase the rotation by about “5°

Iyample:

R ¥4

Calculated llolecular Rot 10*1 of Methyl A-D-Galactoryranosicde in

the C1 Conformotion

Contribution from bond Value
¢,-C, + 0/0 - 0/C + o/c +45
02..03 + 0/0 +45
¢4~C, + 0/0 - 0/C 35
©4Cs + 0/0 - 0/C - 0/C +25
C;~0,, + C/Co -

0_~C ~ + 0/cg ~ ¢/C +115



Plus

The empirical value for the mrdroxymethyi group of a 2_ sugar = 25 .
Plus the empirical value to give the methyl £-D glycoside (+ 0/Cg)= 115
o°s Calculated mothyl o(—D-,:; lactoside velue | = 405
Ovbserved value [M]*a = 380
B. Calculation of the Linkage Rotations I\\\.\_
\ .
Recslsz :" )

We start by asking whether any part of the total;
optical rotation may be identified as a specific contri-,
Dution by the linkage stereochemistry,  We recognize’

the jm.‘/‘nmnldl unsoundness of the van't Hoff su/ur-'

fmw! ‘o principle and Hudson's rules which are derived

Srom: ity and the following discussion depends in no way;

on these 1deas.  The true principles to be applied in:
additive and subtractive treatment of optical rotation
contributions within a molecule have been enunciated
by Kauzmann 3% 1le has pointed out that the quantum
theories of optical rotation do nol suggest that the
behaviour s a result of any property of individual
groups such as the clectronic motions in an asymmetric
carbon atom, but is rather a result of the modification
of such motions by interactions between groups,  The
optical votation should not be seen as a sum of con-
tribiitions frond isolated groups but as a sum of inter-,
action effects between groups. The terms to be con-!
sidered 1 are of the type AB (‘ painwise interactions '),,
ABC (" threesway interactions’), ABCD (' four- -way
interactions), and so on. The interactions may he
“through conlombic, dipole, or quadrupole perturbation
of electronic  transitions, strong dispersion  forces,
charge-transfer effects, or through covalent bonds.l?
Within this context, we now define the linkage rotation
for a given wavelength by equation (1) where [Myg)

[A] == [Mxn) — {(Myon] -+ [M]} )]

is the molecular rotation for a given disaccharide which
contains a nonreducing (N) and a reducing (R) residue,;
[Ayex] is the molecular rotation of the methyl glycoside
of N having the same anomeric configuration as the
disaccharide, amd [My] s the rotation ()f the reducing
sugar.  For the present, we assume that mutarotation
cquilibrium is the same for R and NR, but possible
complications will be considered Jater. In most of the
examples to be given in this paper, [A] will actually be
calculated by the use of corresponding equations for
disaccharide glycosides or other derivatives for which
this problem docs not arise.

*" The value for [A] represents the optical rotation due
to interactions across the glycosidic linkage, minus any
contribution to [}V“‘.\] and [Ay] by intcmction§ of the
glycosidic methyl and of the hydrogen lost from R
in formal elimination to give NR. The positive terms
vould include any influence of one residue on the ving
reonformation of the other, any strong forces of attraction
vand repulsion which, by perturbing clectronic n‘minn.:-;.
Jave different effects on the refractive indices 1o left-
and right-handed  cireularly polarized hght, and any
‘interactions through the glycosidic bonding systeni
To interpret [A], we mst make assumptions about
Awhich of these effects are likely to be important,  rom
this stage of the argument onwards, therefore, the treat-
anent is justificd only to the extent that it wurks.

@
-
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(I \/j (m)

Conﬁguntxons at C(1), viewed from O(1): B {(1I) and « {IIT)

i
oy

Ppd

(o]

i

. 0
: (IV) (V)
‘Configurations at non-anomeric carbon atoms, viewed from the
1 ooxygen to which it is bonded: equatorial axygen (1V) and
(oaxial (V). C(4) is shown hero for illustration” but the same
considerations apply for (2} and (,( i)

| because the sugar n‘\ldll(, tn l)... mnsld(.rcd at this stage
care stable in the Reeves Cl conform: wion, we shall
attompt to account for linkage rotations in terms of
Jinteractions between bonded atoms.  Since Brewster's
methods and parameters work so well for other mole-
“cules, 13 jncluding carboh} drates,'? we shall use them
-here.  The notation is also his, except for ¢ and ¢
which, for consistency,»® have the positive (lx.(,cuom
shown (II—V). Each angle is zero when the relevant



C-O and C-IT bonds are eclipsed and is ‘denoted A
or A to avoid confusion with an eavlier * convention
for the origin,  Each chain of four atoms makes a con-
tribution which depends on the dihedral angle, and
which is positive when the angle has a right-handed
serew sense B Taking cellobiose (1) as an exaple,

the interaction C(2)-C(1)-0-C{"} makes the contri-
bution 18 (3) in which the constant (see NLV %) is
!

(@] = constant X sin 0 3

2/4/3 x (108) & 120° for the wavelength of the a()dxum'
b line and 0 is the dihedral angle, actually (2x/3 -+ A¢):
Thus we obtain equation (4).  In general, the value of

[0,]p = 120 sin (2r/3 - Agb) M)

the constant depends on the nature of the atoms con-
cerned, but @ central C-0O bond is common to all the'
interactions we shall need to estimate and, for terminaly
atoms, the data (see Table 13 and Table 2 1) show that.
oxypen has about the same rotational rank as carbonj
bonded to a hydroxy-group, while hydrogen atoms canj
be neglected. The other terms are then as shown m'
equations  (8), (8), and. (1) for 0(5)-C(1)-0-C(4 ),
C(1)-0-C{¢')- C(5"), and C(1)-0-C(4')- C(3) re:putwdy i

Txamples

Calculation of the Observed and calculated Values of

[yl == —120 sin (2]3 — Af) (%)

(] == — 120 sin (2x/3 — A {)

(@,1n == 120 sin (2=[3 - AJ). (7)
. To estimate [Aln, we must  also suhtmc.t the
Cluonyi=0~C{1)-0(5) and Cueny1~0- C(l)-C(") interactions

which were implicit in [/ yy] {sce (1)1, and for which
the combined value is actually 33 — 105, For g-linked

disaccharides in which the nonreducing residue is

_and has the Reeves CL conformation, therefore we obtain

equation (8) which readily simplifies to (9).. We prefor

l‘\ﬁcuiu]n = [‘Dl]l) -+ [‘1’2] v+ [‘I’aln - [‘1’4]“ -+ 105 (5)
[Meeln = 105 — 120(sin A$ -}~ sin Ad) )

to take account of the methyl group in this way rather
than in equation (1) because [A,4) 1s then basal only
on direct measurements and the theorctical paranieters
are all contained n {A0 ). A different expression (10)
st be used for x-linked disaccharides becuuse the
correction then 22 has a disferent sign, The sign of the

[z\“mh,]]) = —105 — 120(5“] ..\r[) - sin Ax’l) U())

first term in equations (2) and (3) must be rec onsiderad 2
if the nonreducing residue has the L configuration oy ihie
Reeves 1C conformation,

v

he ulhk?.

Rotation of Methyl 8-Cellobioside

Obsexrved Linkage Rotation

.

The molecular rotations observed in this siudy (Chap¥

are used

rotation

Methyl p-ccllobioside

Methyl B;Qrglucopyranoside

[/ o]

demonstrate the calculation of

[““”m,] = [Bgy]

ers 1 and 2)

the observed molecular

(2

-64.6°

-62.0°

(=]



Both [Ml\ﬂiel"] and [HR] are in this case methyl B—}gluco;ayranoside.
o [AAops] = —64.6° - (=124.0°)
59.4°

1

Calculated Linkage Rotation:

The values of § and~/ which have been calculated 4% from
crystal coordinates 12 would correspond to A¢ = 420’, Af% - -18°

105 - 120 (sin 42° - sin 18°)

= 62°

[-/\- calc]‘

This excellent agreement of the observed and calculated linkage

rotations strongly suggests that the solution and crystal conformations

are similar.



APPENDIX 2

THE VARIATION OF THE COMPENSATED MOLECULAR ROTATICN (comero) CF THE

MONOSACCHARIDE METHYL GLYCOSIDZS WITH TEMPERATURE, AT 1546



APPENDIX 2

The Variation of the Compensated Molecular Rotation (cemor o) with Temperature at 3546
Value of come.r. a2t the temperature indicated (degrees)

Sample : Solvent. 20 25 30 40 50 60 70 80

Me of-D-glucopyranoside B 3577 35709 35802 35867 35942 35906 36001 36006
NSO 351.1 3511 351.1  351.0 35100 350.8  350.6 35003

Dioxan 35807 359 o8 361.0 362 07 36403 365 04 365 08 366 o0

2
DMS0 282.,8 282.8 282,8 282.7 282.5 282.0 281.3 280.4

Me J-D-xylopyranoside H.0 292,3  292.5 292.,6 293.0 29303 293.6 29401 2944

Dioxan 314.7 31407 314.6 3145 314.2 313.9 313.3  312.7

Me -D-mannopyranoside - HQ 17404 1749 17505 17606 177.T 178.8 179.9 181.0
DMSO 162.9 16408 16605 169.9 172.7 175.2 1775 17946
Dioxan  25l.6 251.1 25001 249.,0 24607 243.8 240.2 235.6

Me o-D-galactopyranoside 0 4407 43901 437.8 -43506 433.9  432.2  430.7 4294
DMSO 396.0 39408  393.8 391.9 390.1 388.5 387.2 386.0

Dioxan 3576 359¢3  360.9 364.0 367.0 369.6 3716 37301



APPENDIX 2 (Continued)

Value of c.m.r. 2t the temperature indicated (degrees)

Sample : Solvent 20 25 30 40 50 60 70 80
Me B-._I:.'_.-arabinopyranoside H20 | 45501  454.3 4535 452.0 45044 .448 09 4473 4458
NSO 390.8  389.2 387.8 384.8 3819 379.2 376.0 37403

Dioxan . 393.4 393.5 393.6 393.6 393.4 392.5 391.3  390.0

3,6 Anhydro-me- —D-galacto— H,0 163.8 162.8 161.7 159.7 157.7 156.0 15403 15207
pyranoside . TMSO 1509 151.0 1511 1513 1515 151.7 1519  152.1

Dioxan 17400 17309 173.8 173.6 173.4 173.2 172.9 172.7°

Me Bﬁg—glucopyranoside | H,0 73,6 =T3.2 =728 =721 =Tle4 =70.8 =70.3 =699
DMSO —7602  =75.0 =73o7 =Tlo5 =69o5 =67.8 =66.4 =64.7

Dioxan  =80e6 =79.6 =T8T =TT.1 =T5:9 =T5.3 ~=T4¢9 ~T4.T

Me B-grxylopyranoside H,0 ~125;6 —125,1 =12405 =123.6 =122.9 =122.3 =121.9 =-121.6
) w11109 =111.5 =111el -110e4 =110.0 =109.9 =110.1 =110.5

Dioxan  ~133e2 =133.9 =134c5 ~-135.8 ~137.0 -138.2 -139.5 =140.7



APPENDIX 2 (Continued)
Velue of c.m.r._ at the témperature indicated (degreeé)

Sample Solvent 20 25 30 40 50 60 70 80

Mo B-g-galactopyranoside H20 -1.0 ~1.6 -202 -3+4 =445 —507- =649 8.1
' THSO - =2Tel  =2T7e2 =272 =272 =27e2 =2702 =2T7.2 =27.2

- Dioxan =577 =5Tel =56e7 =55¢7 =55.0 =54.5 =54.1 =539

Styracitol (1,5 anhydro ma.npitol) ‘ H20‘ “97e5 =976 9706 =9Te7 =978 =97.9 =98.0 =98.0

DMSO -161.9, 9909  =98e9 =9Tel =9565 =94.0 =928 =91o7



APPENDIX 3

THE VARIATION OF THE COMPENSATED MOLECULAR AND SPECIFIC ROTATIONS

OF THE DISACCHARIDE GLYCOSIDES WITH TEMPERATURE, AT A

546



APPENDIX 3

The Variation of the Compensated Molecular and Specific (in brackets) Rotations with Temperature at 1545

Value of com.ro and c.sor.(in brackets)at the temperafure indicated

Sample Solvent 20 25 30. 40 50 60 70 80
Methyl B-cellobioside Hzo' ST 76T 505 T4 '.47302 =72.3  =Tl5 =70.8
(-21.8) (=21.6) (=21.3) (=21.0) (~20.6) (=2063) (=2000) (~19.8)
WSO -B2.2 =809 =T9.4 -T76.8 “T4:5 =T72.5 =707 =690
(-2303) (~2208) (=2203) (~21.5) (~209) (~2002) (-19:9) (-19.5)
" Methyl B-naltoside HO 338.5 338.6 338.8 339.1 339.5 339.8 34003 340.7
Monohydrste | (90.5) (90.5) (90:6) (90.7) (90.8) (90.9) (91.0) (91.1)
| IMSO 25204 254.T 257.2 2615 2658 269.6  273.2 | 276.6

(67.5) (68.1) (68.7) (699) (71.0) (72.1) (73.0) (73.9)
Dioxan 24804 25201 25507 262.9 269.7 27508 2797 28440 -
(66.5) (67.5) (6824) (70.3) (72.1) (73.7) (75:0) (7508)

Methyl o -sophoroside  H,O 267.4 268.5 267.7 267.9 268.1 268.2 26803  268.2
| (75.1)  (75.1) (75.2) (75.3) (75.4) (75.4) (7503) (75e3)
DMSO 265.5 265.9 2664 267.2 26707 26707 26703 26606

(14.4) (7406) (74.8) (75:0) (75.1) (75:1) (15:0) (74:8)



Sample

A ,'oK_ ~Trehalose

1,5 Anhydro 4-(0-p-D-
glucopyranosyl)=-D-

sorbitol

Solvent .

| ‘HZO

Y

H,O

DUSO

Value of c.m.x. and c.s.r.(in brackets) at the temperature indicated
20 | és 30 40 50 60 70 80
73903 73903 73902 739.1  T39.0 7389  T38.7 13846 -
(215.9) (215.9) (215.9) (215.9) (215.9) (215.9) (215.8) (21507)
685.6 68606 687.5 689.4 6909 692.1 693.0 693.7
(200.4) (199.7) (200.9) (201.4) (201.8) (202.2) (202.4) (202.7)
1115 111.2 111.0  110.4 109.8 109.0  108.1 10702
(3402). (3402) (3401) (33.9) (33.7) (33.5) (33.2) (3209)
91.9 91.5 91,1 90,2 8902 88,0 8.607 8504
(8.2) (28.1) (28.0) (27.6) (2703) (26.9) (26:6) (26.2)

r



APPENDIX

AIGFIT : COMPUTER PROGRAMME FOR THE DETERMINATION OF ALGINATE

BLOCK STRUCTURE




T ALGFIT

59 PRINT, '"fOU DONT SUCCEED'
109 SFILE EDSM, EDSAL T, GPH.,
118 + SSDJPH» F347PH, AUSTPH, F38 7TPH, CL 477H, CL 41PH, CJL 44
120 EXTERNAL LEASQ
130 DIMENSION WL C33),Y(66)»KALGC33), KELD(33)
149 DIMENSION MAPC65), F(3), DF(3)
150 REAL MM(33),MG(33),GG(33
160 COMMON MM»MG, GG KELOSKAL Gs WL, YNV
1780 1 READC1) AWL, AMM
180 KEADC2) AWL,AYG
190 KREAD(3) AWL,AGG
200 IF (270.0-AWL) 1,2,2
210 2 N=0e. 4 CAWL-18T75)+B. 5
220 MMN) = AMM
230 MGI(N)I=AMG-
k49 - GGINI=AGG6
250 WL (N)=AbL
260 KBLO(N)=1
270 1FCENDFILE 1) 1,99
280 99:PKINT, "FILE NUMBER', -
281 REWIND 1; REWIND 2 3 REWIND 3
290 INPUT,NFILE
360 3 READ(NFILE) AW.,ALG
318 IF (278.0-AWL) 3, 45 4
320 4 N=0. 4%« CAWL=-187.5)+0. 5
330 Y(NY=ALG
340 KALGI(N)Y=0
350 IFCENDFILE NFILE)Y3,5
360 5 REWIND NFILE
370 PRINT, "ESTIMATED FRACTIOVb OF Mo ALT +. G
3X0 INPUT, F
399 NV=3 .
400 PRINT, "“ITERATE? TABLE? GRAPH',
410 INPUT, KIT>KTAB,KGK
420 DD 41 1=1,3; 41:DF(1)=0,.1
430 ERR=1.0E=9 , :
440 TFCKIT-"YES"™ 40,98, 40
450 98 PRINT, "FORCE FIT TO 1.38",
T6M INPUT,KFF
470 IFC(KFF='"'YES' 39,97,39 397:
480 NV=2 _
490 39 CALL RESET (NW) .
SOM CALL SIMPLX(LEASG,DIFF,NV,F,DF, 20600, 25, EKR,NITER)
510 I'F (KFF="YES'") 95,94,955 94:F(3)=1.0-FC(1)=-F(2); 95:
520 PRINTF1,NITER, DIFF,F '
53¢ F1:FOKMAT ¢/15," ITERATIONS, RESIDUAL SUM OF SQ°'S ='', F8. 4//
540 + “CALCULATED PROPORTIONS ARE'", F6o3," . 2" F6e3," ' F6e3)
550 40 ' . :
560 6 TOT=0.0
S7T0 IF (KTAB-'NO') 114,113,114 114:



ALGFI'T CONTINUED

30 PRINT, t 1, " WAVEL EN GTH AL GINATE FITTED DI FFERENC
b‘}(’) 113- : .
60 DO 22 I=1,33 - :

610 IF (KALGCID®kKBLOCIY) 22,22,10

620 10 YCALC=ABSCF(1))%*MM(I)+ABSCFC2))*MGCII+ABSCF(3))* GG(I)
630 Y(33+1)=YCALC 4

640 IF (KTAB=-"NO'M 112,22,112; 1l112:

650 DIFF=ABSCY(I)-YCALO)

660 PRINT, WLCID»YCI),YCALC, DIFF

679 22 CONTINUE

680 IF (KGR-"YES”) 99, 7,99

- 690 7 MEL=" "

700 .MI=""1" , ) ,

716 IBIG=1 .

720 1SML=1 : .
7306 PRINT,t 1, "GRAPH", *

743 DO 161 J=2, 66

750 IFCY(J)=-YCIBIG))Y 1@2

760 IBIG=J5; GOTO 161

776 102 IFCYCISMLY-Y(J)) 101

80 ISML=J

790 1013

800 YBG=AMAX1CYCIEIG)» Be0)

810 YSM=AMIN1C(YCISML)Y, Ge D)

820 YRNGE=YBG-Y S

30 ISTEP=IFIX(YRNGE/ 6.3)+1

840 B10.6/1STEP.

850 A=BxYBG

860G- IBL=A+1.5

870 DO 111 JJ=1,33; J=34-JJ

880 IFC(KAL GCJI*®KBLOCJ))Y 109,108

890 109

900 DO 103 I=1, 64

910 103 MAPCIY="" "

920 MAPCIEL)="1"

921 OBS=A-BxY(J)+1.0

"922 CAL=A-B%Y(J+33)+1.0

930 NOBS=0BS+0.5 '

940 NCAL=CAL+0.5 -~

950 IFCABSC(OBS~-CALY=-1.0) 105,104,124

960 105 MAP(NOBS)="x"

970 GOTO 106 3 - _ y
980 104 MAP(NOBS)Y=".o"" ‘

990 MAP(NCAL)Y="+""

1000 106

1018 NPR=MAXQ(NOBS,NCAL, IBL)

1020 PRINT 107, WLCJ)»(MAPCI),I=Q,NPR)

1030 187 FORMAT (Fée 152X, 64A1)

1040 GOTO 111

1050 108 1Z=7+1BL

[y



ALGFIT CONTINULED

1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270

1286

1290
1300
1316
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1426
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540

PRINT 110, CMBL, I=1,12),M1

110 FORMATC 72A1)

111: \ |

PKINT, t"ONE INCH REPRESENTS'",ISTEP," CAKY INCHES®,?*
GO T0 .99 ,

STOPs END

SUSE SIMPLX

SUBKOUTINE LEASQCTOT, F)

COMMON MM»MGs GG, KELOLKAL G» WL Y, NV
DIMENSION WLC(33),YC66),KALGC33),KBELO(33)
REAL MM(33),MGC33), GG(33), F(

TF (NV-2) 6,7, 6

7 FC3)=10=-FC1)=-F(2)

6: .

11=0 | ‘
TOT=0.@ ) .

DO 1 J=1,33

I1=34-J

IF (KALGCID*KBLOCIY) 1,1,2

2 IF (11> 4:3;4 ’ '

3 II=1

WF=1.0

GO TO 5

4 WF=1.0/C1e 0+ 5. GxABSCY (ID)=-YOL DY)
5 YOLD=YC(I)
YCALL'ABS(F(1))*MM(I)+AE‘»CCF(2))*MC(I)+AB§(F(3))*CC(I)
TOT=TOT+(Y(CI)=YCALC) %% 2% WF

1 CONTINUE

RETURN; END

SUBFKOUTINE MONITR (I V,PREC, VAL, ARR:LON;IR(N)

DIMENSION ARK(Z0, 20)

GO TO 15

ENTRY RESET (NNW

1 TIM=0

N V=NNV

RETURN: 15:

IF CITIMY 10,11,105 12

IF (NV-2) 1,2,15 2:ARR(LOW, 3)"'1.@ ARR(LOV';l) -~ ARRCLOV, 233
PRINT F1, IV, VAL, ARRCLOW, 1), ARRCLOW, 2>, ARRCLO Y, 3)
F1:FORMAT ("EVS = ", I5,', VAL = ", F7.5, 10X,

+ '"MtAT G = ', 3F5.3
PRINT, "CAKRY ON"'',
INPUT, KCO

IF (KCO-"YES'"™ 3,4, 3
3:IRIN==1

4: RETURN

11:PRINT, "QUIET",3 INPUT, KQU
ITIM=-1 : -
10:IF (KQU-"YES') 12, 4,12



