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I. INTRODUCTION

The last decade has been noteworthy for the introduction
and vigorous development of a new field in the chemistry of
carbohydrates — the study of their conformations®4. It
is no exaggeration to say that the new era in carbohydrate
chemistry, this new development in the stereochemistry of
sugars, is as significant as the period which followed the
discovery of the cyclic forms of carbohydrates and the
tautomerism between their open-chain and cyclic forms.

Despite this, data on the conformations of carbohydrates,
which are relevant to chemists and biochemists, are little
used in the USSR. The present knowledge of the conforma-
tions of carbohydrates is too broad to be encompassed
within a single article, and therefore the object of this re-
view is simply to set out the main theories and consider
various examples which illustrate the practical value of
this new field.

Conformations are the equilibrium forms of molecules
which are taken up by aliphatic compounds because of the
free rotation of groups around simple single bonds, or, in
the case of cyclic compounds, because of rotation and
change of the mutual positions of the individual parts of the
molecule; in either case no bonds are broken in the mutual
transitions between conformations, whichdistinguishes this
from isomerisation.

In the case of cyclohexane, which may be considered as
a model for a pyranose (the most common form of sugars),
in addition to unstable transitional forms, the amount of
which is usually negligible, two stable forms can exist: the
chair form and the boat (or tub) form (Scheme 1). Of
these the chair form is the more stable, since it contains
the smaller number of mutually “screening” hydrogen
atoms; it has 5.6 kcal less energy than the boat form, and
under normal conditions it is the conformation taken up al-
most exclusively (99%) by cyclohexane.

The transition of one of these forms into the other can
be considered as a rotation of part of the molecule, as
shown by the arrows in Scheme 1, and is associated with a
loss or gain of energy. Using the terms introduced into the
conformational chemistry of sugars from the chemistry of

Scheme 1. The most stable conformations:
A chair form, B boat form; ax = axial
atoms or groups; eq = equatorial atoms

or groups,
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Scheme 2. Evolution of ideas on the structure of
glucose (1870-1925).

alicyclic compounds, in the chair form of cyclohexane some -

of the hydrogen atoms are in positions almost in the plane
of the molecule: these are called equatorial atoms. The
other hydrogen atoms are in positions almost perpendicular
to the plane of the molecule: these are called axial positions
(Scheme 1).

Having considered the conversions of the conformational
forms in the simplest case, cyclohexane, we shall now con-
sider carbohydrates.

The evolution of our conceptions of the structure of
monosaccharides (hexoses) is illustrated in Scheme 2.

After formula (I), suggested by Baeyer and Fittig
(1870-1871), which only represents the presence of five
alcohol groups and one aldehyde group in the molecule and
is based mainly on Fischer's work (1890-1891), the con-
figurational formula (II) was proposed (see my historical
review®). Colley (1870) and Tollens (1883) first suggested
cyclic formulae, which were then adapted into the formulae
for a- and B-glucopyranose (IIIa) and glucofuranose (IIb).
In 1925 Haworth introduced the cyclic formulae which were
the first attempt to reflect the geometry of the molecule as
a six-membered ring, IVa and IVb.  Such formulae have
now been used for 25 years, but during the nineteen fifties
they were replaced by conformational formulae which
reproduce the form of the molecule more accurately and
rationalise many facts which could not be previously ex-
plained.

We shall consider below the conformations of pyranoses,
furanoses, and open-chain forms, andalsooligo- and poly-
-saccharides.

II. THE CONFORMATIONS OF MONOSACCHARIDES

A. The Conformations of Six-Membered Monosaccharide
Rings

Haworth's formulae are not completely satisfactory be-
‘cause a planar six-membered ring would be very strained
and would not exist under normal conditions. Reeves®$:?
and others have shown that like cyclohexane, the pyranoses
exist mainly in two forms which are less strained, the chair
form and the boat form. These are very similar to the
conformations of cyclohexanes, but with slightly less dis-
tortion in the ring and greater lability.
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The cyclohexanes have two relatively stable conforma-
tions, but the pyranoses, because of the heteroatom and the
asymmetric carbon atoms, have eight such conformations;
two chair and six boat forms (Scheme 3). These are de-
signated C, from the English word “chair”, and B, from
the English “boat”, respectively. Three of the boat con-
formations (1, 2, and 3), as Scheme 3 shows, have the
oxygen atom in different ring positions. In Scheme 3, the
left-hand conformations are the mirror images of the right-
-hand series; this is indicated by the nomenclature C1 and *
1C, Bl and 1B, etc. Although other systems exist8:9, we
shall use the nomenclature suggested by Reevesf.

The mutual conversions of the pyranose ring conforma-
tions may be represented as in the following example
(Scheme 3): starting with the C1 form, rotation of the part
of the molecule containing C, upwards and of the part con-
taining C, downwards gives the 1C conformation (if this is
imagined as turned through 180° it is seen that this con-
formation is the mirror image of the C1 conformation). It
is very important to note that in such a conversion groups
which are equatorial in the C1 conformation become axial
in the 1C conformation, and vice versa. Rotation of the
part of the molecule in the C1 conformation containing C,
upwards but keeping all the other portions of the molecule
as before gives the Bl conformation, and so on. The
mutual conversions of the boat conformations are shown in
the lower right in Scheme 3. For each pyranose, including
a- and B-, there is the possibility of the indicated eight
relatively stable conformations, without considering any
transitional distorted forms.

In practice, however, the picture is somewhat simpler,
since the various forms differ in stability. In the various

CHAIR FORMS

L] 3 4
W = ' .
i 0 or
4 1 ¥ ¥ * 3
cy & 1Ic ax

BOAT FORMS
A==
R

H w1

Scheme 3, Conformations of the pyranose ring. Below

right: the possible conversions of conformation.

1 It has been proposed 10 46 indjcate the positions of.the
hydroxyl groups, particularly the hemiacetal hydroxyl groups, by
adding to the symbol for the basic chair or boat conformation (C,
Bl, B,, By) the letter Aor E, indicating the axial or equatorial
position of the hemiacetal hydroxyl. The conformation is des-
cribed in more detail by indicating the axial or equatorial position
of each hydroxyl group, starting from the hemiacetal hydroxyl and
then dealing with the others following the numeration of the carbon
atoms. Thus the normal conformation of a-D-galactose is'given
by C(aeeae), the symbols a and e indicating the axial and equatorial
positions of the hydroxyl groups starting from the firsti!,
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conformational conversions large groups normally tend to
occupy equatorial positions; this effect, already known in
the chemistry of alicyclic compounds from the work of
Hassel and coworkers!2, is particularly important in the
conformational analysis of sugars.

Reeves, one of the founders of this new chapter in the
stereochemistry of sugars, has established? three main
factors contributing to the instability of pyranose ring con-
formations:

(1) the presence of axial groups other than hydrogen
atoms (for free sugars, the presence of axial hydroxyl
groups);

(2) the presence of the so-called A2 effect, i.e. the pre-
sence of an axial hydroxyl group at C,, the C-O bond of
which bisects the angle made by the two C-O bonds at C,.
The spatial distribution of the C-O bonds at C, and C, is
shown in Scheme 4. This distribution, which produces an
unfavourable dipole reaction in this conformation, is par-
ticularly effective in causing instability;

(3) the presence of an axial 5-hydroxymethyl group on
the same side of the ring as other large axial substituents
(the Hassel-Ottar effect)?:3, Reeves considered that
these instability factors are additive, and evaluated the
first as one unit for each large axial group, the A2 effect
as 2.5 units, and the Hassel-Ottar effect as 0.5 unit. By
considering these instability factors for each of the eight
more stable conformations of a series of sugars and glyco-
sides, Reeves could predict ? which conformations wouldbe
most stable and would therefore predominate, and which
would be least stable and would be practically non-existent.

These predictions were confirmed with surprising accu-
racy in experiments made by Reeves himself and then by
several others. We cannot refer to all the experimental
data in detail, but shall mention some of them.

Reeves confirmed his predictions by studying the
cuprammonium complexes of various substituted and un-
substituted glycosides. With dipolar groupings, i.e. two
alcoholic hydroxyl groups, the cuprammonium ion forms a
complex with a five-membered ring, containing two C
atoms, two O atoms, and the cuprammonium ion. The
following conditions are necessary for the formation of the
complex: (i) the hydroxyl groups must, be vicinal (with a
few exceptions), and (éZ) since neighbouring hydroxyl
groups can be spatially directed on different sides, the dis-
tance between the centres of the oxygen atoms should not
exceed a definite value, ~2.86 A.

Scheme 5 shows the possible relative positions of bonds
directed from neighbouring carbon atoms to the oxygen

) H
gl -0 OH
9 STL
-C H
A B H

Scheme 4. The A2 effect: the C~O

bond at the second carbon atom bisects
the angle formed by the C—O bonds on -
the first carbon atom. A) Model seen
from the side of the second carbon atom;
B) diagram seen from the side of the

first carbon atom.

Scheme 5. The possible positions of bonds directed
from neighbouring carbon atoms to the oxygen atoms
of dipolar groups in all possible pyranose conforma-
tions.

atoms of the dipolar groupings in all possible conformations
of pyranoses. If these directions are projected on to a plane
perpendicular to the C~C bopd, the angle between them will
differ in each case, but will be practically constant in the
stable conformations. By convention this angle is negative
if it is measured in a clockwise direction as seen from the
nearer group, and positive if measured in an anticlockwise
direction. Complex-formation is possible only with pro-
jected angles of 0° and +60°; 'only then is the distance be-
tween the two oxygen atoms less than the limiting value of
2.86 With angles of +120° and 1,800 the distance between
the oxygen atoms is 3.45 and 3.71 A respectively, and com-
plex-formation does not take place.

Complex-formation can be detected most simply by
spectrophotometry, or by the change in the plane of the
optical rotation; the latter is of particular interest. There
can be no change in the rotation, even in the presence of the
complexing agent, if the projected angle between the C-O
bonds of neighbouring atoms is 0°, since the resulting five-
-membered ring will be symmetrical. If the projected
angle is +60°, the five-membered ring in the resulting com-
plex will be twisted and asymmetric and, depending on
whether the projected angle is +60° or -60°, the resulting
rotation will be dextro or laevo. For example, in glyco-
pyranosides the 2-, 3-, and 4-hydroxyl groups are free,
and Reeves selected substituted glycosides such that only
2,3~complexes or 3,4-complexes could be formed, and
showed that-the former, i.e. the 2,3-complexes, are laevo-
rotatory, and the latter dextrorotatory. Thus by deter-
mining whether or not complex-formation takes place with
a change in the rotation of the cuprammonium complexes
or not, in various pyranosides and their substitution pro-
ducts, it was possible to evaluate the actual angles made
by projection of neighbouring atoms in different parts of
the molecule, and hence to find which conformation or con-
formations are typical for the given glycosides or their
derivatives.

The Table gives very abbreviated data on the conformations
found in the study of cuprammonium complexes, and the
data predicted by evaluation of the instability factors. The
correspondence is seen to be very good, except for the
gulopyranosides, which exist in fact in only one conforma-
tion.

Many methods now exist for the determination of confor-
mations. In addition to the study of cuprammonium com-
plexes and the influence of alkalis on the rotation of sugars !4,
other methods alsofind wide application. Chemical methods
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TABLE.

' Conformation based
i on
Methylglycopyranoside |

caleulgs
complex- | ‘tion of

formation | instability
tactor

Type of complex

a-D-mannopyranoside dextrorotatory Cci Ci
[-D-mannopyranoside dextrorotatory Ci Ci
a-L-rhamnopyranoside laevorotatory 1C 1C
a-D-altropyranoside dextro-laevo- Ci, 1C | C1, 1IC

=rotatory

B.D-altropyranoside dextro-laevo- Ci, 1C | 1, 1C
-rotatory

a-D-gulopyraneside dextrorotatory 1C Ci, 1C

a-D-idopyranoside compensation 1C iC

ﬁ-D-xylopyranosxde compensation Cc1 Cl

B-D-ribopyr: p ion 1 [¢]

a-D-lyxopyranoside dextro-laevo- Ct, 1C [ 1, 1C

=rotatory

include the oxidation of free sugars with bromine by the
Isbell-Pigman method!%: an equgtorial glycoside hydroxyl
is much more readily oxidised. Physical methods include
infra-red spectroscopy 6,7, which can distinguish between
an equatorial and axial hydrogen at C, in aldopyranoses:
the equatorial C,—H bond shows a peak at 844 cm~!, and
the axial C,-H bond a peak at 891 cm~!. X-Ray structural

analysis is used for crystalline sugars, e.g. a-D-glucose 8,

a-L-rhamnose!?, and B-D-arabinose °.

In recent years Lemieux and coworkers ?!,22 have used
proton magnetic resonance for studying conformations.
Other methods have also been used, for instance the study
of refraction (e.g. of methylglycosides 2). In almost all
cases these methods have confirmed Reeves' results ob-
tained with the cuprammonium complexes.

Correlating the results obtained with all the methods in-
dicated, it can be said that the predominant conformation
of a- and B-pyranoses and pyranosides is the chair form,
usually C1; and of L-arabinosides, L-galactosides and
certain others, the 1C form. Scheme 6 shows some of the

ribose arabinose xylose lyxose
@cC1,8cCl (a1C, 81C) (aCl, 3C1) (@Cl orlC,
BClor 10)
allose altrose glucose mannose
(aCl, 3C1) (aClorlC, (@Ct,gcCn @cCl,BCl
B Cl or 1C) or 1C)
gulose 1dose galactose talose
(a Cl or 1C, (aC1, 8CD) (@ Clor 1C,
gcn BCI orll;) B €1 or 1C}
Scheme 6. The Clconformations of some important

pyranoses (pentoses and hexoses). These schematic
conformational formulae show only the rings and the

bonds leading to the hydroxyl groups and (in the case
of the hexoses) the sixth carbon atom.
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‘cially under reaction conditions.

more important penta- and hexa-pyranoses in the C1 con-
formation. With unstable C1 and 1C conformations of
similar energies, both forms are present simultaneously
(e.g. with lyxose, altrose, talose, and some others)’

The most stable conformation is the C1 conformation of
B-glucose (Scheme 7), which has no instability factors: all
the hydroxyl groups and the hydroxymethyl group are equa-
torial. Glucose derivatives are also as a rule more stable
than derivatives of other sugars?*. Certain cases where
a-glucose derivatives are most stable than B-glucose deri-
vatives, which were inexplicable from the point of view of
conformations (such as the greater stability of a-methyl-
glucopyranoside », pentaacetyl-a-D-glucopyranose ¢, and
acetohalogeno-a-D-glucopyranose 27), have found explana-
tion from the electronic viewpoint 28.

In speaking of the predominance of the chair form in
glycosides and especially free pyranoses, it must not, of
course, be forgotten that these forms are not infinitely
stable; the possibility of their conversion into other (in
particular, intermediate) forms cannot be excluded, espe-
Moreover, the solvent
may exert a definite action. Water molecules in particu-
lar generally hinder the formation of intramolecular hydro-
gen bonds which might stabilise conformations which are
sometimes rather unfavourable. In this connection we re-
call the model experiments of Stacey and coworkers 2° which
showed that in dry CCl, cis-1,3-O-benzylideneglycerol is
completely in the form in which there is solely hydrogen
bonding with the hydrogen of the C, hydroxyl group of the
glycerol (Scheme 8, I), while with the frans-form an equi-
librium mixture exists (Scheme8, II). In the former, the
equatorial phenyl group favours hydrogen bonding. In the
case of 1,5-didesoxy-2,4-0O-methyleneribitol only the un-
favourable conformation with two axial methyl groups shows
hydrogen bonding (Scheme8, III).

Scheme 7. The normal C1 con-

formation of glucose and gluco-
sides.

(&)

Scheme 8, The role of hydrogen bonding in the formation of con-
formations: I) cis-1,3-O-benzylideneglycerol; M) trans-1,3-0-
-benzylideneglycerol in two equilibrium conformations with

a) axial and b) equatorial phenyl; II) 1,5-didesoxy-2,4-0-
-methyleneribitol.
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Scheme 9. Models of intermediate conformations:

I) cyclohexane oxide in the half-chair form; II) cyclo~
hexene, in the half-chair form; III) the half-boat form;
IV) the unsaturated oxonium ion.

o

+

mw

8 Hl ~"
Scheme 10. The pyranose ring in the chair forms

C1 and 1C, and the unsaturated oxonium ion produced
from a pyranose, in the half-chair forms H1 and 1H.

In 1957 Reeves and coworkers directed attention to the
significance of boat forms4.  Although the chair form
possesses the lower energy, in certain circumstances the
energy difference may be very small, when the boat con-
formation allows all large substituents to be equatorial.
The boat forms produced may be distorted and not geo-
metrically exact. Such conformations can arise in the
action of alkalis on glycosides; in particular they must be
formed in polysaccharides (see below)

Half-chair forms. Intermediate forms, mainly
the half-chair form, have recently begun to attract great
attention. Alicyclic models of such forms are cyclo-
hexane oxide [1,2-epoxycyclohexane (Ed. of Translation)]3®
and cyclohexene3'. Electron diffraction has shown that the
1, 2, 3, and 6 atoms in these compounds lie in one plane,
withthe 4 and 5 atoms below and above this plane (Scheme 9,
Iand O). Molecules may also exist in the half-boat form
(Scheme 9, II), but all data indicate that these conforma-
tions are less stable than the half-chair form.

Half-chair conformations apparently arise in a number
of chemical and biochemical reactions of sugars, and in
particular the unsaturated sugar oxonium ion (Scheme 9, IV)
which is formed in a number of reactions , apparently has
this conformation, the reason being, as with cyclohexene,
the presence of the double bond. This ion is formed as an

intermediate in the hydrolysis of glycosides (seeSection V.4.).

The half-chair form is designated H; the mirror-image
conformations are called 1H and H1 (Scheme 10).

B. The Conformation of Five-Membered Monosaccharide
Rings

According to infra-red spectroscopy the rings of cyclo-
pentane and tetrahydrofuran are not exactly planar, but the
actual distortion is so small as to be negligible. Barker
and Stephens have said$? that the infra-red spectra of a-
and B-furanosides are identical}; the two anomers cannot

$+ The reader is advised to refer to the original on this point
(Ed. of Translation).

0

c B

s

Scheme 11. The furanose ring of ~
fructo- and ribo-furanose. The

atom C is 0.5 A outside the plane

of the remainder of the ring.

be distinguished by this method, since both have the same
angle of projection of the C,~H bond on to the ring. The
X-ray structural analysis of sucrose’® and crystalline
eytidine3* showed that four of the furanose ring atoms in
the fructofuranosyl and ribofuranosyl portions respectively
are coplanar, while the fifth projects from this plane by
0.5 A, and is in each case the C, atom, indicated by the
letter C in Scheme 11. Apparently the slight bending of
the molecule on the A-B axis facilitates the approach of
substituents on atoms A, C, and B towards the plane of
the ring. In solution the furanose ring may be quite
appreciably folded, as is shown by periodate oxidation,
which, irrespective of the configuration, causes rupture
of the C,~C; bond. Since oxidation by periodate ion pro-
ceeds by way of an intermediate complex with a dio} 3%,
the bending for frans-diols must be considerable. It is
interesting that periodate oxidation does not occur when
bending is impossible because of fixation of the system by
means of a bridge (e.g. in 1,6-anhydroglucofuranose).

C. The Conformation of Acyclic Forms of Monosaccharides

According to modern ideas, the carbon chain in acyclic
forms of saccharides is a zig-zag, with the large substi-
tuents in zig-zag formation; thus glucose must have the
conformation shown in Scheme 12 (I) which is quite unlike
the Fischer formula. The following facts demonstrate this.

2*OH
H-eoon
-—H
JHOT —H
—oH
-OH H,-OH Hy*OH
@) () (v)
D-glucitol D-mannito} Degalactitol
H HO H H 1\ OH HO H QM
Ho- X 4 HO-H, .\K
A N S
" A ‘\w X o %( A
u6 ri H ud i W6 W H on
(lla) (uis) (1va)
Scheme 12. The conformational formula of glucose (I), and the

Fischer and conformational formulae of the hexitols glucitol (II)
and (Ila), mannitol (III) and (Illa), and galactitol (IV) and (IVa).
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In 1957 Schwarz3¢, when oxidising hexitols with periodate,
found that it is predominantly the {rans-diol bonds which
are ruptured, as shown by the dotted line in Scheme 12 (II)
and (IIT); normally, however, periodate oxidises pre-
dominantly cis-diol systems. This unusual oxidation of
hexitols is easily explained by considering the conforma-
tional formulae, which more nearly represent the actual
structure. With gluticol, Scheme 12 (IIa), for example, it
is seen that the hydroxyl groups at C,, C,, and C, are in
fact in cis-positions, and they only appear to be {rarns be-
cause of the conventional manner of writing the Fischer
formulae, which are projections of molecules with the
carbon chain in the form of an arc with the convex side
directed towards the observer.

Even more convincing proof of the zig-zag conformation
of acyclic forms was given by Hough and Bragg?3?, who
showed that large substituents R on C, hinder reactions by
obstructing the approach of reagents to the 1-position,
Scheme 12 (I), because of the zig-zag form of the mole-
cule. Finally, Littleton3® found an almost planar zig-zag
carbon chain by X-ray structural analysis of a crystalline
gluconate.

III. THE CONFORMATIONS OF OLIGOSACCHARIDES

The conformations of oligosaccharides have been com-
paratively little studied. As an example of such studies
we adduce Bentley's work39:% on the conformations of cel-
lobiose and maltose.

In cellobiose both residues have the C1 conformation
(Scheme 13). The reducing residue is seen to have this
conformation because of its rapid oxidation by bromine
water (as in the oxidation of glucose), demonstrating the
equatorial position of the hemiacetal hydroxyl. The re-
quirement that both glucose residues should be equatorial
has caused certain other suggested possible conformations
for the non-reducing residue to be rejected. The X-ray
structural study of crystalline cellobiose had already shown
that both glucose residues are in the C1 conformation*!.
The same conformations have been found in cellulose 2,

The reducing glucose residue of maltose, like that of
cellobiose, has the C1 conformation, as is demonstrated
particularly by its rapid oxidation with bromine. With the
a -1,4-glycoside linkage the non-reducing residue cannot
have the C1 conformation, since the a-hemiacetal hydroxyl
is axial, while the hydroxyl group at C, is equatorial. Re-
sults obtained in the study of the rate of hydrolysis of
maltose, the rate of the periodate oxidation of a-methyl-
maltoside in comparison with the oxidation of certain other
glycosides, the behaviour of cuprammonium complexes

Scheme 13. The conformational formula of
cellobiose. Both glucose residues are in the
C1 conformation.
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Scheme 14. Possible conformations of the non-reducing
residue in maltose (III and IV); they are intermediate
between the boat conformations Bl and 3B (I and II).

and the action of alkalis, have shown39:% that the non-
-reducing glucose residue in maltose has a distorted con-
formation intermediate between Bl and 3B; all the proper-
ties of maltose confirm this conformation (Scheme 14).

Cellobiose and maltose thus differ not only in having
different glycosidic linkages (o and B), but also in the con-
formation of the non-reducing glucose residue.

IV. THE CONFORMATIONS OF POLYSACCHARIDES

This field is the most complex and the least studied. In
discussing the conformations of polysaccharides, two
matters arise: (1) the conformation of the monosaccharide
residues in the molecule, and (2) the shape of the whole
molecule, which depends on the relative orientations of the
monosaccharide residues, which can rotate around the
glycoside linkages joining them.

The C1 conformation of the glucose residues in celiulose
has been demonstrated*?.

The C1 conformation of the glucose residues of starch
amylose is improbable, because the a-hemiacetal hydroxyl
is axial and the OH at C, is equatorial. From study of the
cuprammonium complexes and the action of alkalis,
Reeves® concluded that the glucose residues of amylose
exist not in one, but in two conformations, the boat forms
Bl and 3B. Alkalis (which are known to change the pro-
perties of amylose) change the Bl conformation into the
3B conformation, i.e. all the glucose residues in “alkali
amylose” are in the 3B conformation (Scheme 15). This
change occurs because when the axial hydroxyl groups on
the ring dissociate in alkaline medium they take up equa-
torial positions. These views may be open to some altera-
tion in the light of Bentley's work, referred to above, on

Scheme 15, The Bl and 3B conformations of glucose
residues in amylose. Alkali converts the Bl conformation
into the 3B conformation.
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the conformations of the hexose residues in maltose %, but
it is perfectly clear that there will still remain the hitherto
unsuspected difference between cellulose and amylose, that
the former contains the C1 conformation and the latter at
least two conformations, boat forms or distorted forms
close to boat forms.

The method of drying, the action of alkalis, and similar
factors often greatly affect the properties of polysacchar-
ides. The reason for these changes is probably to be
sought in changes of the conformations of the monosacchar-
ide residues, and much work remains to be done in the dis-
covery of the actual causes and their mechanisms.

As regards the conformations of polysaccharide mole-
cules as a whole, Everett and Foster recently* studied
the conformations of amylose in solution, and from the
viscosity of a number of amylose sub-fractions in various
solvents (KCl and KOH solutions) they concluded that the
molecules of these polysaccharides are bent chains but not
spirals; the latter, which are more stable structures than
rods, exist in a number of amylose complexes (with iodine,
alcohols, etc.).

V. SOME PARTICULAR ASPECTS OF THE STUDY OF
THE CONFORMATIONS OF CARBOHYDRATES

There are probably no reactions in carbohydrate chemi-
stry for which conformational ideas are without any value,
and a very large number of examples could be given where
their value is particularly great. We shall refer to some
of these.

1. Mutarotation. A good explanation has been
given for the conversion of one tautomeric form of mono-
saccharide into several others, with one predominating,
e.g. B-D-glucose in a glucose solution: the S-form of
glucose has no axial hydroxyl groups while the hemiacetal
hydroxyl of the a-form is axial, and this determines the
predominance of the f-form. The anomers which are con-
formationally most stable prédominate in the solutions of
all sugars.

2. Reaction with borate and electrophore-
sis. The borate anion forms a complex with a diol of
appropriate construction 4,4

OH
-

e +H,BO > [R/O >B<o ] +2H,0 ,

NoH No” " NoH

and because of the charge taken up by the sugar the com-
plex will migrate on electrophoresis. The rate of migra-
tion of sugar depends on the position of equilibrium, and
this depends on the stereochemistry of the dieol. Favour-
ably disposed hydroxyl groups form stable complexes which
have a high rate of migration. By studying the rates of
migration of various substituted glucoses, Foster showed 4’
that at pH 10 glucose can form three types of compound
with borate: in the 2,4- and 4,6-positions of the open-chain
form of glucose. Scheme 12 (I), and the 1,2-position (cis-
-diol) of the a-form of glucopyranose and glucofuranose.
Other points of reaction are possible (e.g. 2,3-) but these
have no substantial significance. Methylxylopyranoside
does not migrate in borate solution, while methylarabino-
pyranoside migrates rapidly, because of the formation of a
complex at the 3,4-diol position. These and a number of

other facts%® are in good agreement with conformational
ideas, which can explain and to some extent predict the
behaviour of various carbohydrates on electrophoresis.

3. Chromatographic behaviour. There are
indications4® that an equatorial hydroxyl group in sugars is
more strongly hydrated. It would be expected that a sugar
with a small number of axial hydroxyl groups would be
more soluble in water and would move more slowly in the
corresponding systems. The Ry values of most free
sugars can be calculated ? from theformula Ry = K + a(n + a),
where K and a are constants for a given series (e.g. the
hexoses), »n is the number of axial hydroxyl groups in the
molecule, and ¢ is the fraction of the anomeric sugar which
in the given equilibrium solution contains the first hydroxyl
group in the axial position (e.g. for glucose a-glucose has
the hemiacetal hydroxyl in the axial position, and in solu-
tion it makes up ~0.34 of the total amount of sugar). In
the above equation » and a depend on the conformation and
thus the chromatographic mobility is directly dependent on
conformation. A few sugars, such as arabinose and galac-
tose, are exceptions, giving lower Ry values than those
calculated by the formula.

4. Acid hydrolysis of glycosides. An enorm-
ous amount of factual material exists on the dependence of
the rate of acid hydrolysis of glycosides on their structure.
Two possible mechanisms for the hydrolysis have been dis-
cussed in the literature, one proposed by Bunton and co-
workers®° and Shafizade®!, and the other by Edwards 52.

According to the Bunton—Shafizade mechanism (Scheme 16,
A) a proton adds to the pyranoside ring oxygen I, followed
by a slow (and therefore rate determining for the overall
hydrolysis) rupture of the pyranose ring and two further
steps to the reaction products. According to the Edwards
mechanism (Scheme 16, B), developed mainly from work
on alkylglycosides, a proton attaches to the oxygen of the
substituted hemiacetal hydroxyl IV, followed by the slow
scission of an alcohol to form the carbonium or unsaturated
oxonium ion VI; this reacts rapidly with water to give the
final hydrolysis products. The unsaturated oxonium ion
exists in the H1 half-chair conformation. The conversion
of the C1 conformation in which most pyranosides exist
into the H1 (Scheme 16, VII) is accompanied by a slight
rotation of the atomic groups around the 2,3- and 4,5-bonds.
Since the rate of hydrolysis is determined by the slow rate
of formation of the H1 form, factors which influence the
rotation of the atomic groups around the 2,3~ and 4,5-bonds
have a great significance; as always, large substituents
tend to occupy equatorial positions. Edwards' mechanism
explains a large amount of experimental material from a

H H
A + H slow 1 '1_ fast
! - 0
R R
g
H

vi

< ‘-'_’H Y fast
Tn o+ \g L—prodncu
R
fast
H -——-—_'_",° products
4

|
5L0=‘—-,.Z
+ g

Scheme 16. Mechanisms for the hydrolysis of glycosides:
A) according to Bunton and Shafizade; B) according to
Edwards.
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Scheme 17. Xylosides (I), glucosides (II), and galactosides (III)
in the C1 conformation.

single viewpoint, and is better than Bunton's in this re-
spect?. In particular, it explains why alkylheptosides are
more stable than alkylhexosides which, in their turn, are
more stable than alkylpentosides53.

Recent studies 54555 on the kinetics of hydrolysis of
phenyl- and chlorophenyl-glycosides have given results in
good agreement with Edwards' views on conformations,
and are in their turn additional facts which support his
mechanism. Phenyl- and p-chlorophenyl-glucose,
Scheme 17 (II), are hydrolysed less rapidly than the cor-
responding xylosides, Scheme 17 (I), because of the pre-
sence at C; of the large substituent CH,OH, which on the
formation of the half-chair form must leave the equatorial
position and tend towards the axial position (Scheme 17).
On the other hand, the hydroxyl group at C,, which is axial
in the galactosides , Scheme 17 (III), must move to a posi-
tion close to equatorial when the half-chair form is pro-
duced, and this facilitates hydrolysis of the galactosides in
comparison with the glucosides.

The fact that p-chlorophenylglycosides are hydrolysed
less rapidly than the corresponding phenylglycosides may
be explained by the lower electron density in the benzene
ring of the aglycone chlorophenol, and suggests that the
proton attaches to the oxygen of the substituted hemiacetal
hydroxyl, rather than to the oxygen of the pyranoside ring.

V1. THE CONCEPT OF CONFORMATIONS AS APPLIED
TO BIOCHEMISTRY

Conformational ideas have been little used in biochemis-

try.

We shall consider in some detail the work of Meyer and

Larner®® on the mechanism of action of @- and B~amylase.
The problem which has been in existence for several de-
cades is why polysaccharides of the starch type with 1,4~

" would have an @-hemiacetal hydroxyl.

the configuration at C, should not change and the product
If B-amylase breaks
the bond between C, and the oxygen,

H H

the reaction is taking place at the centre of asymmetry of
C,, and the configuration may change to give a B-glycoside
hydroxyl. To decide this question, glycogen was hydro-
lysed with a- and 8-amylase in H,'®O; both enzymatically
produced sugars were found to contain #0 in the 1-position
but not the 4-position. In a control experiment the maltose
contained only traces of 0. Consequently, both - and
B-amylase break the glycoside bond at the same point, be-
tween C, and the oxygen. To explain the formation of both
a- and B-hemiacetal hydroxyls, Meyer and Larner used
Edwards' mechanism for the hydrolysis of glycosides (re-
ferred to above), with the intermediate formation of unsa-
turated oxonium ions in the half-chair conformation. Appa-
rently the hydrolysis by @- and B-amylase proceeds as
follows (Scheme 18).

The polyglycoside chain of the glycogen with the glucose
residues in the Bl boat conformation (A) lies on the surface
of the enzyme. A proton attaches to the oxygen bridge to
form the saturated oxonium ion (B). Then the chain splits;
the right-hand portion of molecule (B) with the new hydroxyl
group undergoes no further change (until further attack by
the enzyme) and is not shown. The left-hand portion,

HOH,C HOH,C HOH,C7 et
o OH O én TN O
(iI)

HOH,C)HoX  HOH,C ﬂﬂ\ HOH,C~
{ 3 - B b 1
RO-& 08 N0~ by O bn

-glucoside linkages are hydrolysed by a-amylase to @-mal-
tose or its polymers, but by S-amylase to -maltose.

Meyer and Larner first assumed that the different actions
of the amylases are due to different points of attack. If the
action of @-amylase is to break the glycoside bridge between
the oxygen and C,,

The mechanism of hydrolysis of glycogen at a- and

Y " Scheme 18
| H N
}c—o-rJ( , B-amylase.
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i.e. the portion split off (maltose in the case of 8-amylase,
when R = H, and maltose or its homologues in the case of
a-amylase) is a carbonium or an oxonium ion (C). This
unsaturated unstable ion takes on the more stable C1 con-
formation, and this occurs by way of a half-chair form with
both a- and B-amylase, but because of the surface charac-
teristics of the enzymes, with a-amylase the conversion
proceeds through the H1 form (D), and with S-amylase
through the 1H form (E). The final result is that the for-
I(n(;r gives an a- (F) and the latter a B-glucoside linkage
G).

The above mechanism of Meyer and Larner must be
corrected in respect of the conformation of the non-reduc-
ing glucose residue in maltose (this should have a distorted
boat conformation: see Section III). Although the mechan-
ism cannot be considered fully proved, it gives the first
satisfactory explanation of the different actions of «- and
B-amylase based on modern ideas.

Under the influence of aldolases, the condensation of
substances with a primary aldehydic group with aldehydes
gives products having a dipolar group of threo-configuration,
for example,

dihydroxyacetone phosphate + D-glyceraldehyde =
= D-fructose phosphate.

Hough and coworkers®7? have analysed this effect from the
conformational aspect and shown its value in biosynthesis.

Conformational ideas have recently been used by Wallen-
fels®® in considering the mechanism of action of galacto-
sidase.

Conformational ideas should have particular value in
the analyses of specific immunochemical reactions.

There can be no doubt that since the rate and sometimes
even the possibility of chemical reactions depends on con-
formation this must apply at least equally to biochemical
reactions. Clearly, conformations must be taken into account
when interpreting the mechanisms of enzyme reactions.
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