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The circular dichroism spectra of 20 monosaccharides in

aqueous or deuterium oxide solution have been measured between 165

and 200 nm in the vacuum ultraviolet. This is the first measurement

of the Cotton effects associated with the intrinsic C-0-H, C-O-C and

O -C -O sugar chromophores. The monosaccharides investigated

include four aldohexopyranose anomers, one aldopentopyranose

anomer, two ketohexopyranose anomers, one ketoheptopyranose

anomer, five methyl aldopentopyranosides and seven methyl aldo-

hexopyranos ides.

The circular dichroism spectra of the five aldopyranose

anomers were recorded in deuterium oxide while mutarotational equi-

libration was in progress. Both the kinetics of the circular dichroism

change and the calculated time course of the isomerization (using

mutarotation constants determined from optical rotation measurements)



suggest that the anomer spectra were measured before an appreciable

change in the composition (> 10%) of the equilibrating solution

occurred. The measured circular dichroism spectra of these aldo-

pyranose sugars at mutarotational equilibrium is closely approximated

by the appropriately weighted linear combination of anomer spectra.

The circular dichroism spectra of monosaccharides differing

from each other only in the type of one functional group or in the con-

figuration about one pyranoid ring carbon atom are compared by sub-

traction. These difference spectra explicitly show the changes in

monosaccharide circular dichroism which accompany: (1) the addition

of a hydroxymethyl group to the equatorial C(5) position of a pyranoid

ring, (2) the transformation from a hemiacetal to a methyl acetal

pyranoid ring, (3) anomeric isomerization (C(1) epimerization) and

(4) epimerization at the pyranoid C(2), C(3) and C(4) loci.

Although the circular dichroism spectra of the aldopyranose

sugars are significantly different from the spectra of the homologous

methyl aldopyranoside sugars, the homomorphic, anomeric and

epimeric difference spectra are similar in the two classes of mono-

saccharide. This indicates that the formation of the acetal ring does

not appreciably alter the nature of the transitions responsible for the

low energy (i. e., X > 170 nm) circular dichroism bands.
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CIRCULAR DICHROISM OF MONOSACCHARIDES
IN THE VACUUM ULTRAVIOLET

INTRODUCTION

The introductory discussion is divided into three parts. The

first reviews the phenomenon of circular dichroism, its quantum

mechanical basis and its usefulness as a spectroscopic probe of

molecular structure. For those interested in the theory of optical

activity, several books and review articles authored by experts in the

field are available (1-5). Secondly we present the nomenclature and

representations of carbohydrate stereochemistry. The second section

also describes specific aspects of monosaccharide configuration and

conformation we feel may be relevant to an understanding of their

spectroscopic properties. We end the introduction with a discussion

of the chromophores which are thought to be responsible for the

vacuum ultraviolet absorption and circular dichroism of monosac-

charides. The last section also reviews the literature dealing with the

optical activity of carbohydrates and includes a statement of the pur-

pose of this work.

Circular Dichroism

Circular dichroism (CD) is operationally defined as the differ-

ential absorption of the two chiralities of circularly polarized light.



2

It is commonly expressed as AE = EL - ER, the differential extinc-

tiontion coefficient, where E
L and ER are the extinction coefficients

for left and right handed circularly polarized light respectively, i.e. ,

ER = AR /ci where AR = log Io
R

/I
R

is the absorbance on the right

handed component, c the molar concentration and / the path-length

in cm.

CD, being an absorptive event, has the simplifying property of

vanishing except in the vicinity of an optically active absorption band.

Its associated refractive phenomenon, optical rotatory dispersion

(ORD), although containing the same information, is more difficult to

interpret since at any frequency the observed optical rotation is the

sum of weighted contributions from all the molecule's optically active

absorption bands. Both of these quantities vary with frequency and

their characteristic behavior in a region of absorption is termed a

Cotton effect.

All molecules contain chromophores which absorb energy

corresponding to an electronic promotion in some region of the

electromagnetic spectrum. However, in order for the molecule to

exhibit the differential absorption alluded to above it must be

1An alternate measure of CD, the ellipticity, cp., is also com-
monly used. It is an angle in degrees whose tangent is the ratio of the
minor to major axis of the elliptically polarized light produced when
plane polarized light transverses an optically active medium. Molecu-
lar ellipticity, 0 = 100 (0/1c, is directly proportional to P E e. ,
0= 3300 DE.
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enatiomorphic, i. e., non superimposible on its mirror image. The

absence of an improper rotation axis (rotation followed by reflection in

a mirror plane perpendicular to the rotation axis) is a necessary and

sufficient condition for enantiomorphy and thereby optical activity.

Diagrammatically it is easy to see how optical rotation, the

rotation of the plane of polarization from its incident direction after

passage through an optically active medium, and ellipticity, the

transformation of plane polarized light to elliptically polarized light

after passage through the above medium in an absorption region,

arise (6). In order to characterize the interaction of the electric

vector of light with a homogeneous isotropic solution of dissymmetric

molecules on a macroscopic level we utilize the refractive index (n)

and index of extinction2
(k). For an optically active medium these

two variables will, in general, be different for left and right handed

circularly polarized light. Consider plane polarized light incident on a

medium characterized by n
L

, n
R

and kL
, k

R
as the summation of

two coherent circularly polarized components of equal amplitude and

opposite handedness (Figure la). Upon traversing the medium in a

region of transparency, the two component beams emerge out of phase

2 The index of extinction, the imaginary part of the complex
refractive index, determines the diminution of the amplitude of vibra-
tion of the electric vector of light and is directly proportional to the
normal extinction coefficient which determines the intensity diminu-
tion.
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Figure 1. Diagrammatic description of optical rotation and optical
ellipticity.
la. Plane polarized light can be considered to be the sum
of two coherent, circularly polarized components of equal
amplitude and opposite handedness.
lb. After passage through an optically active medium in a
region of transparency the circularly polarized components
emerge out of phase due to the circular birefringence
(here L lags R by 30°). Summation of the components
results in a plane polarized wave whose plane of polariza-
tion is rotated with respect to the plane of the incident wave
(here nL > nR' nL nR > 0 and a > 0).

lc. After passage through an optically active medium in a
region of absorption the circularly polarized components
emerge out of phase (here L lags R by 60°) and are of
unequal amplitude. In this case, summation of the com-
ponents results in elliptically polarized light. The
ellipticity of the emergent light is determined only by the
differential diminution of the amplitudes of the circularly
polarized light.



18.

/a,

'C.
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due to their velocity difference in the medium (nL n
R

). Composi-

tion of the two circularly polarized beams results in a plane polarized

wave whose plane of polarization is rotated with respect to the plane

of the incident wave by an amount a proportional to nL nR,

the circular birefringence (Figure lb). Since nL and nR are

frequency dependent and anomolous in a region of absorption, the

angle of rotation, a , also varies with the frequency of incident light

(ORD). In a region of absorption the same effect occurs, and in addi-

tion, the circularly polarized components transmitted by the medium

are of different amplitude (kL kR). Composition in this case leads

to the emergent light being elliptically polarized (Figure lc). The

ellipticity of the light as well as the direction of rotation of the ellipse

is determined only by the differential absorption and is again frequency

dependent (optical ellipticity).

Circular birefringence and optical rotation, and circular

dichroism and optical ellipticity are interconvertible pairs defined in

terms of the different refractive indices and different indices of

extinction for left and right handed circularly polarized light, respec-

tively. The first and third arise when circularly polarized light is

used as a probe of the molecular dissymmetry, the second and fourth

when plane polarized light is used.

In what follows we will, rather superficially, examine the

phenomenon of CD, i.e., optical activity, at the quantum mechanical
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level with the hope of elucidating its inextricable relationship with

molecular dissymmetry. The perturbation of the stationary states of

a molecule upon its interaction with the radiation field of light can be

treated approximately with time dependent perturbation theory.

Using this approximation with a field which does not vary over molecu-

lar dimensions, it can be shown that a radiation field of appropriate

energy induces transitions between eigenstates (7). The probability of

transition, i.e. , photon absorption, between states 0 and A is pro-

portional to the square of the electric dipole transition moment

(dipole strength) between these two states. Electronic absorption

spectroscopy is treated well at this level of approximation, and

transitions having a molar extinction coefficient equal to or greater

than 1,000 are termed electric dipole allowed.

If the molecule is no longer treated as a point with respect to the

field, the phase of the field will vary over the dimensions of the mole-

cule. When this effect is included in the perturbation treatment, the

squares of other operator matrix elements between the two states

contribute to the induced absorption of energy. The first two additional

terms are the magnetic dipole and electric quadropole elements. The

magnitude of these terms is approximately 10-5 and 107 that of the

electric dipole term and they are, therefore, unimportant in absorption



spectroscopy. 3 This is not true for optical activity, however, and in

this case the neglect of the magnetic dipole term would result in a

vanishing CD. Often electric dipole forbidden, magnetic dipole

allowed transitions are, in contradistinction to absorption spectro-

scopy, strongly manifest in CD measurements.

In 1937 Condon, Altar and Eyring found by a time dependent

perturbation treatment that the transition probability for induced

absorption of radiation is different for left and right handed circularly

polarized light (8). It is proportional to the square of the electric

dipole transition moment ± a quantity called the rotational strength.

The mean transition probability is, as under the electric dipole

approximation, proportional to the dipole strength, whereas the dif-

ferential probability, which is what CD measures, is proportional to

the second quantity, the rotational strength.

This rotational strength, denoted, e. g., by RoA, is the funda-

mental molecular quantity relating optical activity to molecular

electronic properties. The indices 0 and A indicate that this rotational

strength is associated with a transition of energy

EA E0 E
OA

= hvOA
from the electronic ground state to the Ath

electronic excited state. Provided the transition 0 A is identified

3Even if this fixed nuclei-electric dipole matrix element is zero,
vibrational interaction, rather than magnetic dipole or electric quad-
ropole transition, is generally responsible for a "forbidden" transition
having measurable intensity.
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and well separated from other molecular transitions, ROA is

experimentally determinable from the integrated intensity of the CD

band and is given by:

31X(2303)c(2303) 22.95x10 -40
ROA = (L E /X)C1X.

X
E dX (1)

16Tr2N max
band band

where N is Avogadro's number and c, li, X and A E have the

usual meanings. The quantum mechanical expression for this rota-

tional strength is given by the imaginary part of the scalar product of

the electric dipole transition moment and the magnetic dipole transi-

tion moment, i. e. , (2).

ROA = Im(I.L
OA

m AO) = Im(<01EI A> <A I m 0> )

Im( S 0
*

dT
*

mOdT ) (2)

This expression shows that the magnitude of the CD band associated

with the transition 0 A depends upon the magnitude of the electric

and magnetic transition moments and upon the cosine of the angle

between them. These transition moments are the matrix elements of

the electric and magnetic dipole moment operators between the two

states and may be roughly thought of as due to the linear and circular

charge displacements accompanying the transition. The equations

defining these operators are:



e
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where e is the electron charge, m the electron mass, r . the1
position operator, 2.1 the linear momentum operator and the sum

is over all electrons. Expressed as one electron operators in

rectangular coordinates (3) becomes:

and

A A A
= e(ix+jy+kz)

(I>
im = - z j'(z p_ +1<(x a - y )}

2mcet. i az ay ) + ay ax

(4)

The quantum mechanical expression for the rotational strength

requires the electric and magnetic transition moments to be nonzero

and nonorthogonal if a molecule is to exhibit optical activity. It is

easy to see that these requirements cannot be fulfilled by any molecule

possessing a plane or center of symmetry. For such a molecule the

electronic wavefunctions can be classified as either even or odd with

respect to the symmetry operation (depending upon whether they retain

or change sign upon reflection or inversion). The two operators can

be classified in the same way. For example, with respect to inversion

is odd while is even. In order for the electric and magnetic

transition moments to be nonzero the integrands of (2) must be even
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functions. Since the magnetic dipole moment operator is an even

function, its expectation value is nonzero only between states of the

same symmetry; the opposite is true for the electric dipole moment

operator. Thus, for a molecule containing a plane or center of sym-

metry, there are no two states for which both 1.1. and m are non-

zero or nonorthogonal and no optical activity is observed.

In the preceding paragraph it was noted that optical activity

depends on molecular dissymmetry. Symmetry and dissymmetry

are geometrical concepts, and therein lies the practical value of the

measurement of a molecule's optical activity. CD not only depends on

a dissymmetric geometry for its origin, but is also highly sensitive to

the details of and subtle changes in this geometrical environment.

The "real" wavefunctions of a molecular system contain the effects of

the system geometry on electron distribution and correlation implicitly

and the optical activity associated with transitions between these

eigenstates arises naturally in this description. If these "real" wave-

functions were available we could correlate experimental determina-

tions of rotational strength with calculated values to directly ascertain

molecular configuration and conformation. Unfortunately this is not

the case and we must rely on simplified models of molecular electronic

structure in order to understand and interpret the geometry dependence

of optical activity.
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Monosaccharide Conventions

In this section we describe the conventions and terminology

utilized to depict monosacchardie stereochemistry and conformation.

Monosaccharides are polyhydroxy aldehydes and ketones which com-

monly exist as cyclic hemiacetals. They may be conveniently classi-

fied by a prefix denoting the type of potential carbonyl group present

and a stem denoting the number of carbon atoms in the central chain.

In this work we have investigated the vacuum UV CD of several

glycoses including an aldopentose, two aldohexoses, two ketohexoses

(more recently termed hexulose), a ketoheptose (heptulose) and 12 of

their methyl acetals (glycosides).

The ring structure of carbohydrates is due to intramolecular

hemiacetal formation between the carbonyl functional group and a

hydroxyl. The five and six membered heterocyclic oxygen rings

formed are named after their unsaturated analogues, furan and pyran.

Thus, if the oxygen heteroatom is part of a hemiacetal group

(O- C -O -H), the ring is termed furanose or pyranose; if the oxygen

heteroatom is part of an acetal group (O- C -O -C), the ring is termed

furanoside or pyranoside.

Configuration

In monosaccharide chemistry configuration refers to the



13

stereoisomeric arrangement of groups in space about an asymmetri-

cally substituted carbon atom. In general, the number of stereo-

isomers possible for an unlike ended chain of n asymmetrically

substituted carbon atoms is 2n. Thus, a straight chain aldohexose,

having four asymmetrically substituted carbon atoms, has 16 stereo-

isomers. Eight of these are D and eight are L, where D and L

refer to the configuration of the highest numbered (furthest removed

from the aldehyde or ketone functional group) asymmetrically substi-

tuted carbon atom in the glyceraldehyde convention. The eight mirror

image pairs, e.g. , D- and L-glucose, are enantiomorphs whereas the

eight members of a D or L family, e. g. , D-glucose and D-altrose, are

termed diastereomers. Diastereomers differing in configuration only

about one asymmetric carbon atom are termed epimers, e.g.

D-glucose and D-galactose are C(4) epimers, D-glucose and

D-mannose are C(2) epimers.

Ring formation introduces another asymmetrically substituted

carbon atom at C(1) (the carbonyl locus) and results in two possible

configurational isomers about this atom. These C(1) epimers are

specifically termed anomers and the hemiacetal or acetal C(1) carbon

atom is known as the anomeric carbon atom. There are, then, for

each member of the D or L family two anomeric forms, termed a

and p . In the D series, with the pyranoid ring oriented as shown in

(I) below, the a anomer (Ia) has the anomeric functional group lying



below the plane of the ring, the p anomer (Ib) has it above the
CH2OH CH

20H
0 OH

OH

Ia. a-D-glucopyranose

OH

OH

Ib. p-D-glucopyranose

14

(I)

plane. This is reversed in the L series. By this definition the mirror

image of the a-D-isomer is the a-L-isomer.

Conformation

Conformation refers to a molecule's ability, by rotation about

sigma bonds, to adopt a variety of nonidentical arrangements of its

component atoms in three dimensional space. The monosaccharides

considered in this thesis all have the pyranoid ring structure which, in

analogy to the substituted cyclohexanes, can exist in two energetically

nonequivalent chairlike conformations. The boat and skew forms of

the pyranoid ring are unimportant as no simple monosaccharide has

yet been found to assume any of these conformations in either the solid

or liquid state. At conformational equilibrium these conformations

are populated to an extent determined by Keqm = exp(-AGo/RT),

o
iwhere LG is the free energy difference between the conformations.

Fortunately the majority of the monosaccharides investigated in this

study are relatively conformationally homogeneous at room
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temperature in aqueous solution.

There is no internationally recommended nomenclature to deal

with these ring conformations. We will utilize Reeves' terminology

(9). Under this system a conformational symbol is assigned to a

certain ring shape and is ambiguous unless the molecule's configura-

tional designation (D or L) is specified. The two unique pyranoid chair

conformers in the standard ring orientation and with the appropriate

Reeves' numbering convention and conformational symbol are shown

in Figure 2.

Cl IC

Figure 2. Reeves' pyranoid ring conformational symbols.

For this conformational symbol to be meaningful the chirality of

the molecule must be specified. This is most clearly seen in Figure

3 which shows that enantiomorphic conformers (i. e. , those having the

same relative disposition of axial and equatorial substituents) receive

different conformational symbols under this system of nomenclature.

p-D-pyranoid sugars have the anomeric C-0 bond oriented

equatorially in the Cl conformation and axially in the 1C conformation

while the reverse is true for the a-D-pyranoid sugars.
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HO

HO

OH

C 1 (D)

OH

OH

13-D-glucopyranose
OH

OH

CH
2
OH

1C(D)

OH

OH

1C(L)

13-L-glucopyranose

Cl(L)
OH

Figure 3. Reeves' pyranoid ring conformational symbols for the
enatiomorphic conformers of 13-glucopyranose.

Interconversion between the two pyranoid ring conformers occurs

readily at room temperature by ring inversion. NMR measurements

on monosaccharide solutions indicate that at room temperature a time

averaged spectrum is obtained with the favored conformer making the

more substantial contribution (10). Measurements at low temperature

resolved the time averaged spectrum into the superimposed spectra of

the two equilibrated conformers, i.e. , ring inversion at low tempera-

tures is slow on a NMR time scale. At -60°C, where this conforma-

tional freeze-out begins to occur, the calculated rate of inversion of
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the Cl(D) to 1C(D) conformer of p-D-ribopyranose tetraacetate is

117 sec-1. Since the time scale for absorption measurements

(approximately 10-15 sec) is much shorter than for NMR measurements

our CD spectra represent the superimposed spectra of the two ring

conformers. In most cases the proportion of the minor conformer is

so small that its contribution to the spectrum should be negligible.

Little is known concerning the distribution of rotational isomers

of the O-H bond about the exocyclic sugar C-0 bonds. Both Kirk,

et al. (11) and Snyder and Johnson's (12) investigations of the CD of

saturated chiral alcohols suggest that this is of considerable impor-

tance in determining the sign and magnitude of the observed CD bands.

An examination of space filling molecular models of sugars in the chair

conformations indicates all three of the staggered O-H conformations

about equatorially oriented C-0 bonds appear equally favorable. Only

two of the staggered conformations about axially oriented C-0 bonds

appear likely. The third, in which the hydroxyl and carbinol hydro-

gens are anti, places the hydroxyl hydrogen inside the van der Waals

radii of axially oriented groups and atoms on the same side of the

ring. Rader, in a NMR study of substituted, epimeric cyclohexanols

in dimethyl sulfoxide (13) found the spin-spin coupling between the

hydroxyl and carbinol protons to be greater for the equatorial epimers.

He attributed this larger coupling to a greater amount of the anti

rotamer (relative to the gauche) in the equatorial epimers, in
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agreement with the above qualitative considerations.

Structure in the Crystalline State

We are interested in examining the details of monosaccharide

structure derived from X-ray diffraction measurement for two rea-

sons: to gain an idea of the extent by which the pyranoid chair devi-

ates from ideal chair geometry and to examine the electronic structure

of the acetal and hemiacetal groups as revealed in bond lengths,

valence angles and electron densities. Both these points will be

directly pertinent to a final understanding of carbohydrate optical

activity and are discussed here for their heuristic value. It is not

known to what extent the details of a sugar structure determined in the

environment of a crystal lattice are retained in solution. However, in

defense of at least gross extrapolation it may be said that, to date, the

ring conformation observed in the crystal has always been found to

agree with the predominant aqueous solution conformation (14).

The pyranoid ring of simple monosaccharides has always been

found in one of the two chair forms (i.e. , C1(D) or 1C(D) ). One

expects the pyranoid ring to deviate from cyclohexane geometry due to

the replacement of two carbon-carbon (C-C) bonds with length 1. 54 A

by two shorter carbon-oxygen bonds (C-0) of length 1.43 A. Thus the

dihedral angles observed around the ring for the ideal chair, the ideal

pyranoid chair and the actual substituted pyranoid chair are 60°,
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56-62° and 44-62° respectively (15). This dihedral angle distortion is

usually the result of ring flattening in the C(2), C(3) region. The

variation in the measured dihedral angles both within a specific sugar

and between sugars is presumably a reflection of the local configura-

tional environment and the extensive intermolecular hydrogen bonding

occurring in the crystal lattice. We would, therefore, expect less

dihedral angle distortion in aqueous solution since the geometrical

requirements for hydrogen bond formation are relaxed.

The acetal or hemiacetal (ketal or hemiketal) group of the mono-

saccharides is electronically unique since it contains the only carbon

atom attached to two oxygen atoms. This uniqueness is structurally

manifest in several ways. The anomeric C(1)-0(1) bond, in the

majority of mono- and disaccharides studied by X-ray and neutron

diffraction, is shortened with respect to the rest of the exocyclic C-0

bonds which are of normal single bond length.

The amount of shortening observed depends on the orientation of

the anomeric bond and the type of acetal structure. For pyranoses

and pyranosides containing an equatorial anomeric bond (i.e. , R in the

C1(D) conformation) the C(1) -O(1) bond length is reduced by 0.04 A.

For pyranoses with the axial anomeric configuration (a in Cl(D) ) the
O

bond shortening is a little less, about 0.03 A. The early crystallo-

graphic work reported these shortenings with reservations concerning

the statistical significance of the observation. More recent
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investigations have found these observations highly statistically

significant, the length of the anomeric bonds being shorter than the

average of the carbon oxygen bonds by five to ten standard deviations

(16, 17). In many cases this anomeric shortening is accompanied by

an increase in the length of the two ring oxygen bonds, however this is

a marginal observation.

Pyranosides having the anomeric C(1)-0(1) bond axial do not

show the anomeric shortening but rather a disproportionation in the

length of the two ring oxygen bonds. The C(1) -O(5) bond is shorter

than normal while the C(5)-0(5) bond is longer. This feature is gen-

erally observed at a lower significance level, three to four standard

deviations, than the anomeric bond shortenings but the a-D-gluco-

pyranosyl residue of sucrose shows the effect at ten standard devia-

tions (18).

Bond shortenings of a more or less analogous nature have been

found for other molecules containing a carbon atom attached to two

electronegative atoms, X-C-Y. These include: methyl thiopyrano-

sides X=0, Y=S (19); gem diols X=0, Y=0 (20), monochloromethoxy-

methane by electron diffraction X=C1, Y=0 (21), nucleotides (glyco-

furanoside moiety) X=0, Y=N (20), halogenodioxanes, -thioxanes,

-dithianes X=0,S Y=Br, , Cl (21) and in lactones and lactams X=0, N,

Y=0 (16, 22) where they might be expected due to the double bonded Y

oxygen. Explanations for the shortening have included double bond-no
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bond resonance (20, hybridization effects (23), and delocalization of

the nonbonding electrons by mixing with excited state orbitals (21).

Regardless of the origin, it appears that the acetal and hemiacetal

grouping must be considered as a single entity rather than being

divided into "component" ether and hydroxyl parts as has often been

done in the spectroscopy of the carbohydrates.

There are also differences in the 0(1)-C(1)-0(5) ring valence

angle which depend on the orientation of the anomeric bond. Pyranoses

and pyranosides containing an axial anomeric bond have an average

value for this angle of 111.4° which is not only larger than the tetra-

hedral value but also a significantly four degrees larger than the

average value for this angle in the equatorial series, 107.0° (20).

The standard deviation in the determination of these angles by X-ray

diffraction is generally a few tenths of a degree. This smaller valence

angle in sugars containing an equatorial anomeric bond results in a

shorter 0(1)-0(5) nonbonded interatomic distance. It has been sug-

gested that the greater O(1) -O(5) "nonbonded interactions" in the

equatorial anomers might, in part, be responsible for the anomeric

effect (20), i.e. , the tendency of sugars with the C(1)aglycon attached

axially to be thermodynamically more stable than their anomers in

which this group is attached equatorially.

The hemiacetal and acetal groups in pyranose and pyranoside

rings also show differences in ring oxygen hydrogen bonding. In the
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vast majority of pyranose sugars studied by X-ray diffraction the ring

oxygen atom serves as a hydrogen bond acceptor. Only one similar

case has been observed in the pyranoside sugars (24). This may be

the result of the different electron density distributions in these two

groups (see below).

In both the a and p anomers the ring oxygen hydrogen bond is

always found parallel to the plane of the pyranose ring. Thus, if the

ring oxygen is considered as sp 3 hybridized with the two nonbonding

electron pairs occupying hybrid orbitals directed tetrahedrally, it

appears that only the equatorial nonbonding pair is capable of donating

its electrons for hydrogen bond formation. It has been suggested that

this difference in "basicity" is due to a preferential delocalization of

the axial nonbonding electrons into the saturated sigma framework (20).

Simpler considerations suggest that an approach from the axial direc-

tion by the hydrogen atom to be involved in bonding may be unfavorable

both sterically and electrostatically, in addition it has been noted that

the packing of molecules in the crystal may be more efficient when this

bond is oriented equatorially.

Rudimentary features of relative electron density distributions

in the monosaccharides may be discerned from LCAO-MO sigma

charge calculations (25, 26), published X-ray diffraction observations

(27) and 13C NMR measurements (28-31). The sigma charge calcula-

tions indicate that the aldohexo- and pentopyranose ring oxygen atom
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has a fractional charge of -0.26 electron while the hydroxyl oxygen

atoms have a fractional charge of -0.47 electron. This is in agree-

ment with the published X-ray diffraction observations (27). The

calculations also show the C(1) anomeric carbon atom to be the most

positive (0. 19 electron) and the C(5) and C(6) carbon atoms to be the

least positive (0. 05 to 0.08 electron). Crystallographic results indi-

cate that the ring and anomeric oxygen atoms of the methyl aldo-

pyranosides also have a smaller partial negative charge than the

hydroxyl oxygen atoms.

The electron density at a particular carbon nucleus is a major

factor determining its 13C chemical shift (29). From a large number

of measurements on configurationally related aldopento- and

hexopyranoses and pyranosides the following generalizations emerge

(considering large increases in shielding to be at least partially due to

increases in electron density and chemical shift ordering to reflect

electron density magnitudeswhich is consistent with Perlin's (29)

interpretation): (1) in both the pyranoses and pyranosides the C(1)

anomeric carbon atom is more electron dense (i.e. , more shielded)

when the anomeric substituent is oriented axially than when it is

oriented equatorially; (2) the C(1) anomeric carbon atom is more

electron dense when it is a member of a pyranose ring than when it is

a member of a pyranoside ring irrespective of the anomeric configura-

tion; (3) in all cases the C(1) anomeric carbon atom is the least
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electron dense carbon atom (i. e. , resonates at lowest field) while the

C(5) (pentose), C(6) (hexose), or C(7) (pyranoside methoxyl) is the

most electron dense carbon atom; and (4) there are major, non-

localized differences in bond polarizations between anomeric or

epimeric pairs of sugars.

Chromophores

The division of a molecule into chromophoric groups in which

electronic transitions are localized leads to a consideration of these

groups in terms of simple localized LCAO molecular orbitals between

which these one electron transitions take place. It is our purpose, in

this section, to consider the possible ground and excited state orbitals

which may be associated with the transitions we observe in the CD

spectra of the monosaccharides. In the ensuing discussion of model

compound absorption spectra it will be convenient to use wavenumber

(1 kK = 1000 cm-1) rather than wavelength (Xnm = 1 x 104/EkK)
units

since the majority of these spectra have been presented in this man-

ner in the literature (in addition wavenumber is directly proportional

to energy).

In general, for a molecule containing nonbonding electrons the

highest energy filled molecular orbital is occupied by these electrons

and the lowest energy transition(s) originates from these nonbonding

orbitals. Thus, for the sugars with numerous oxygen atoms each
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containing two nonbonding pairs of electrons we expect the lowest

energy transitions to originate from essentially localized oxygen

orbitals.

This seems intuitively reasonable and is supported by comparing

the gas phase vacuum UV absorption spectra of saturated hydrocar-

bons containing an oxygen heteroatom to the spectra of their analogous

alkanes. Whereas the simple alkanes do not absorb at energies below

60 kK, their oxygen containing analogues have at least three transi-

tions between 50 and 60 kK (32). This comparison reveals that the

transitions in the low energy region are dependent on the oxygen atom

and that they are not attributable to the bonding -- antibonding

(o o-*) transitions associated with the underlying alkane framework.

The Cr Cr* transitions originating from the C-0 and 0-H bonding

orbitals also occur at energies higher than 60 kK according to

Dickinson's independent systems calculation (32). We are left, by

default, with the conclusion that the nonbonding oxygen electrons are

responsible for the low energy absorption. This is not surprising and

much of the interest in vacuum UV spectroscopy has centered around

the Rydberg transitions of molecules containing nonbonding electron

pairs.

In line with the above contention, sugar CD band frequencies

were found to be solvent dependent. For example, the CD spectra of

methyl tetra-O-methyl-a-D-glucopyranoside (Figure 4) undergo a red
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Figure 4. CD spectra of methyl 2, 3, 4, 6 tetra-O-methyl-a-D-glucopyranoside in several solvents.
(--- ---e) hexafluoroisopropanol, ( ) deuterium oxide, (- - - -) trimethyl phosphate
and (-) acetonitrile. The CD spectrum of this compound obtained in water is only
slightly red shifted from the deuterium oxide spectrum. The CD spectrum of this compound
obtained in perfluoro-n-hexane, although not quantified, is very similar in shape to the
acetonitrile spectrum. (---o---o-) is a spectrum of 2, 3, 4, 6 tetra-0-methyl a-D-gluco-
pyranose in deuterium oxide taken shortly after dissolution of the sugar.
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shift (i. e. , to lower energy) upon going from protic to aprotic solvents

in the order: hexafluoroisopropanol, deuterium oxide, water,

trimethyl phosphate, acetonitrile, perfluoro-n-hexane. Unsubstituted

pyranose and pryanoside sugars show the same general trend although

they are not nearly as soluble in organic solvents as their permethyl-

ated derivatives. The same effect is operative for n n* transi-

tions and has been described by Kasha (33). The shift has been

attributed to hydrogen bonding by the protic solvent to the nonbonding

electron pair. This decreases the ground state energy relative to the

excited state energy. An additional amount of energy, equal to the

stabilization provided by the hydrogen bond, is required for promotion

of the bound electron. When this ground state hydrogen bond stabiliza-

tion is removed, on going from protic to aprotic solvents, the transi-

tion energy decreases resulting in a red shift.

It should be clear from what has already been said that we are

not interested in assigning the transitions which we have observed in

the CD spectra, only in giving the reader an intuitive feeling about

their nature. Indeed, the large number of degenerate ground and

excited state orbitals of appropriate symmetry and spatial disposition

indicate interchromophoric perturbation may be an important effect.

For example, Sweigart and Turner (34) have determined splittings of

the lone pair vertical ionization potentials of 1,3 and 1,4 dioxane

(model sugar compounds) amounting to 0.25 and 1.22 eV respectively
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(1 eV = 8,067 cm-1). On the other hand, Dickinson has shown that

fair agreement with the experimentally determined absorption profiles

of 3 - hydroxytetrahydrofuran and tetrahydropyran-2-methanol can be

obtained by simply summing the partial dipole strengths of the consti-

tuents, e.g. , 2-methyltetrahydropyran + the C-O-H contribution of

methanol = tetrahydropyran-2-methanol. This indicates that in some

cases the perturbations may be unimportant. These splitting uncer-

tainties in conjunction with undoubtedly strong aqueous solvent effects

would tend to make transition assignments nebulous at best.

Having considered the nonbonding origin of the transitions we

have now to determine, in light of what was said above, the possible

terminal excited state orbitals. This is perhaps best done by consid-

ering model sugar chromophores. As a first approximation we may

represent the sugars as a combination of the alcohol C-O-H, ether

C-O-C and hemiacetal (acetal) 0-C-0 chromophoric groups.

The alcohols methanol (32), ethanol (32), 1-propanol (35),

2-propanol (35), 2 -butanol (12), t-butanol (36), and cyclohexanol (32)

show only one diffuse transition below 60 kK in their vapor phase

absorption spectra. It is located at 55 kK, has a molecular extinction

coefficient of a few hundred and oscillator strengths ranging from

0.005 in methanol to a high of 0.015 in 2-propanol. It has alternately

beenassigned as n )1/4 n o-6H and the first member of a

2p ns Rydberg series which is also 0-H antibonding. A comparison



of the signs of experimental and theoretical rotational strengths for

(+)-2-butanol vapor in the vacuum UV is consistent with either a

n o-*
CO

n SOH

or n
SOH

assignment. Band magnitudes suggest the

designation (12). The first transition in water vapor, an

analogous n o-*
H

occurs five kK to higher energy and is more

intense, viz. ,
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E = 1,500 M - 1 cm 1
, f = 0.046 (35). On going from

the vapor to the liquid state the first water and alcohol transition is

blue shifted due to extensive hydrogen bonding. For liquid water this

shift amounts to 8 kK and results in negligible extinction at X > 165nm

(see 37, 38 and references therein).

Cotton effects for saturated hydroxy steroids and terpenes dis-

solved in n-hexane have been reported between 50 and 54 kK (11).

The vapor phase absorption spectra of the ethers: dimethyl ether

(39); diethyl ether (32,39), trimethylene oxide (32, 40,41), tetrahy-

drofuran (32, 40, 41) , tetrahydropyran (32, 40, 41) and 2 -methyltetra

hydropyran (32) exhibit two bands below 60 kK. They are located at

53 and 57-59 kK and are more structured and intense than the low

energy alcohol transition. The 53 kK band has extinction coefficients

ranging from a high of 2,500 M-1 cm -1 (f = 0.035) in the acyclic

dimethyl ether to a low of 700 M-1cm-1 (f = 0.008) for tetrahydropyran

in which this peak appears as a small shoulder on the much more

intense second band (Figure 5). The second ether peak ranges from

3-5,000 M-1 cm - 1 and is largest in tetrahydropyran where f = 0.085.
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Edwards (36) considers the 53 kK band to be the symmetry allowed

(in C2v) n(b1) -4- crC0(a1) and the 58 kK band to be a 2p 3p Rydberg.

He also suggests that the symmetry forbidden n(b 1) T*
CO

(b
2

) may

lie between these two transitions (see also 42). Robin and Kuebler

assign these bands to the Rydberg 2p 3s and 2p -4-3p respec-

tively (43). In the analogous sulfur ethers the first two transitions

have been assigned as the n(b
1)

TCS (b ) and (a1) respectively (44).

We have seen no reports of ether solution spectra but we expect

the transitions to blue shift in aqueous solution. Similarly there have

been no CD studies of the saturated ether chromophore although a few

have appeared on its saturated sulfur analogue (44,45).

The hemiacetal grouping is, perhaps, the most distinctive

structural feature of the monosaccharides. Not only is it associated

with structural anomalies but it is also responsible for much of the

chemistry of sugar monomers, e.g. , mutarotation and the anomeric

effect. 2-Hydroxytetrahydropyran appears to be the only example of

this chromophore studied to date (32). It has two bands below 60 kK

(Figure 5); the first appearing as a shoulder from 54-56 kK with an

extinction coefficient of approximately 800; the second is located at

58 kK and has a peak magnitude of 2,300 M-1cm-1. Excepting the

magnitude of the second band the hemiacetal spectrum is not too dif-

ferent from that of tetrahydropyran (Figure 5). This is somewhat

surprising considering the proximity of the oxygen atoms and the
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accompanying possibility of overlap of the essentially p orbitals con-

taining the nonbonding electron pairs. Such 1,3 oxygen interaction is

observed in both the optical and photoelectron spectrum of 1,3 dioxane,

which we considered a model for the acetal chromophore. The photo-

electron spectrum reveals the previously mentioned 0.25 eV splitting

of the ionization potentials of the nonbonding pairs 4 and shows both

nonbonding pairs (or their symmetry adapted linear combinations) to

be stabilized by 0. 6 to 0. 85 eV relative to tetrahydropyran. The

effect is evidenced in the optical spectrum by a blue shift amounting to

7 kK in the 1,3 dioxane spectrum relative to that of tetrahydropyran.

Models of 1,3 dioxane in the chair conformation show the oxygen

nonbonding orbitals to be coplanar with the p orbital lobes on one side

of the four atom ring plane directed toward one another and the lobes

on the other side of the plane directed away from one another. This is

a relatively favorable overlap situation. Since the second oxygen atom

of 2-hydroxytetrahydropyran is not part of the ring its nonbonding p

orbital may adopt numerous conformations only a few or which have

favorable overlap with the ring oxygen nonbonding orbital. An exami-

nation of the six staggered conformations of the

4Other 1,3 oxygen heterocyclic rings also show the splitting, viz.
1, 3-dioxolane 0.55 eV, 2,2 dimethyl-1, 3 -dioxolane 0.49 eV. In addi-
tion, the sulfur analogue of 1,3 dioxane, 1,3 dithiane, has a splitting
of 0.41 eV between the vertical ionization potentials of the nonbonding
sulfur orbitals (34).
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2-hydroxytetrahydropyran 0-H bond about the exocyclic C-0 bond for

the two ring chair conformers reveals one colinear, two perpendicular,

two intermediate and one 1,3 dioxane arrangement of the nonbonding p

orbitals. This conformational heterogeneity may be responsible for

the apparently small 1,3 oxygen interaction in 2-hydroxytetrahydro-

pyran.

Generally larger 1,3 interactions have been observed for the

sulfur and halogen analogues of the 0-C-0 system. These are mani-

fested in both the photoelectron (34,46) and optical (47 and references

therein) spectra. Their larger magnitude is presumably due to more

efficient overlap of the larger nonbonding orbitals.

Since numerous skewed 1,4 oxygen atom arrangements occur in

the monosaccharides it is also probably worth mentioning that the

1,4 (para) oxygen interaction in 1,4 dioxane leads to much larger

effects, at least in the ground state (ionization potential splitting of

1.22 eV), than does the meta oxygen interaction of 1,3 dioxane. At

the 1,4 distance orbital overlap is thought to play a negligible role and

the photoelectron splitting has been attributed to a through bond inter-

action mechanism (34,48).

The optical spectrum of 1,4 dioxane (Figure 5) reveals only one

large (E = 6,500; f = 0.11) band below 60 kK. It occurs at 56 kK,

essentially between the first two bands of tetrahydropyran. This is

consistent with the photoelectron data which indicates the lowest energy



34

ionization of these two molecules occurs at essentially the same

energy, 9.5 eV for tetrahydropyran and 9.43 eV for 1,4 dioxane. One

would tend to identify this band with the second band of tetrahydropyran

(f = 0.085) because of the closer agreement in magnitude. However,

if as suggested by Hernandez (41, see also 48, P. 345), it is the sec-

ond ether band that is missing in 1,4 dioxane then the optical spectrum

reveals an interaction which causes a greater than ten fold increase in

the intensity of the first tetrahydropyran ether band (f = 0.008).

Hoffman (49) has shown the forementioned through bond interac-

tion mechanism to be extremely sensitive to the nonbonding orbital

geometry with respect to the central bond connecting the atoms con-

taining the lone pairs. This being the case the effect may not be

pronounced in the carbohydrates if 0-H rotation around adjacent C-0

sigma bonds is unrestricted. However, in the acyclic molecule,

ethylene glycol, the first alcohol transition is split as a result of this

1,4 interaction (36).

In summary, we expect the monosaccharides, being combinations

of the model chromophores we have discussed, to exhibit several

absorption bands below energies of 60 kK (167 nm). These transitions,

associated with the nonbonding oxygen electrons, should be blue shifted

relative to the vapor phase in the aqueous spectra. However the blue

shifting is probably not uniform, e.g., the 0-H chromophore can be

hydrogen bonded in both the ground the excited states, whereas neither
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the ether or acetal grouping has this capability. We have discussed

the possible importance of 1,3 and 1,4 oxygen interactions and expect

them to be mediated by the primary solvent effects of hydrogen bonding

and the secondary effects of solvation on anomeric and adjacent

hydroxyl conformation respectively.

Investigations of Carbohydrate Optical Activity

The measurement of optical rotation at a single wavelength

(usually the sodium D line) has and still does play an important role in

the investigation of saccharide stereochemistry. The first important

formulation of empirical rules relating molecular rotation at a single

wavelength to carbohydrate configuration is due to Hudson. His "rules

of isorotation" (50,51), an application of the van't Hoff principle of

optical superposition, 5 were quite useful in correlating observed rota-

tions with the anomeric and exo-anomeric configurations. The relative

empirical success of the rules prompted their reexamination in light of

5 This principle states that each asymmetric center in an opti-
cally active molecule can be assigned a partial rotation independent of
the configuration at other asymmetric centers and that the optical
rotation of the molecule is the algebraic summation of these contribu-
tions. In addition, configurational inversion at a center merely
reverses the sign of its partial rotation. Although this principle is
empirically valid for some molecules, particularly those in which the
centers are well separated (do not interact), it is theoretically inac-
curate and completely inconsistent with the optical rotation data of
the carbohydrates.
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more modern theories of optical activity which attribute a group's

partial rotation to that group's interaction with the rest of the molecule

(8, 52). Thus in 1939 Gorin, Kauzmann and Walter (53) showed that

under certain highly restrictive conditions Hudson's rules were

theoretically consistent within a pairwise interaction scheme, i.e. , a

scheme in which a molecule's optical rotation is expressible as an

algebraic summation of vicinal interaction between groups taken two at

a time. The restrictive conditions are rarely met and although num-

bers can be assigned to individual centers in a manner similar to

Hudson's, they depend on the configuration about adjacent centers as

is suggested by the pairwise treatment (54).

Recently Whiffen (55) and Brewster (56) have proposed empirical

rules, based on a nearest neighbor interpretation of the principle of

pairwise interaction, by which they have been able to account for the

signs and magnitudes of the sodium D line optical rotations of a large

number of cyclic and acyclic compounds including the carbohydrates.

Both of the above treatments and that of Lemieux and Martin (57),

derived specifically for the carbohydrates, are based on the assign-

ment of numerical values to the rotational contribution of specific

four-atom asymmetric conformational units. These units are defined,

for example, in terms of the dihedral angle between gauche oxygen

substituents on adjacent carbon atoms. As an example of Lemieux's

treatment the asymmetric conformational unit shown as II, below, and
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particularly important in cyclic carbohydrate derivatives, is assigned

a partial rotatory contribution of +45° in Ha and -45° in Hb.

IIa

HO

HO

Hb

These numerical values are obtained from the experimental rotations

of model compounds. The complex molecule whose rotation is to be

determined is analyzed in terms of these asymmetric units, its rota-

tion being the sum of the partial rotations of the various units. These

empirical rules work surprisingly well and deviations between

observed and calculated rotations have allowed conclusions to be

drawn about carbohydrate conformational equilibria and the effects of

salvation on carbohydrate conformation (55, 57 -60).

The investigations described have involved the measurement of

carbohydrate optical activity at a single wavelength. However, in an

increasing amount, CD and ORD are providing information on the

chiral manifestations of sugar configuration and conformation. The

CD and ORD investigations appearing in the carbohydrate literature

can, somewhat artificially, be divided into two general areas. The

first and by far the largest deals with naturally or synthetically
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substituted sugars containing chromophores absorbing above 200 nm.

These have included the acetamido (N-acetyl) group 210-215 nm (61-

64), acetate esters 210 nm (65,66), carboxylic acids 235 and 210 nm

(67), p-chlorobenzoates and other aroyl esters 245 nm (58,68),

carbanilyl derivatives (-CONHC6H5) 240 nm (69), and xanthate esters

(-CSSR) 355 and 280 nm (66,70).

Some of these, being biologically significant, are important in

their own right. Others have been introduced as reporter groups to

yield information on (particularly poly-) saccharide conformation

which would otherwise be optically unobtainable due to the inacces-

sibility of the natural sugar chromophores. In addition to these

covalently bound chromophores, inorganic ions and organic dyes whose

absorption bands become optically active upon complex formation with

the saccharides, have been used to investigate contiguous hydroxyl

configuration (71), glycosyl linkage (72) and polymer conformation (73

and references therein).

The second area of investigation, in which we are more inter-

ested, deals directly with the unsubstituted sugars and sugar deriva-

tives. These types of studies have been limited by the range of

commercially available instrumentation and previous to this investiga-

tion intrinsic sugar cotton effects have not been detected. Neverthe-

less, the plain dispersion curves appearing above 185 nm have

provided information about the effects of configuration and conformation
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on the optical activity of the sugars.

Pace, Tanford and Davidson first investigated the continuous

far UV ORD (190 nm) of unsubstituted carbohydrates in 1964 (74). They

found no observable cotton effects to 190 nm. They did observe a

positive maximum at 208 nm in the ORD of equilibrated aqueous D-

galactose but this latter turned out to be the beginning of a negative

cotton effect centered at higher energy (75).

The ORD of anomeric pairs of tetrahydropyranyl ethers, 6

2-deoxy and 2, 6 dideoxy-D-glycopyranosides has been reported by

Klyne et al. to 200 nm (76). In the deoxy-glycoside series the a

anomers were consistently found to have plain positive ORD while the

p anomers were associated with negative dispersions. They proposed

the large rotations observed in the far UV region were due to the

acetal chromophore and that the sign of the rotation was directly cor-

related with the anomeric configuration. The twelve tetrahydropyranyl

ethers studied revealed rotational divergences between the anomers of

6 These ethers are the full acetals of 2-hydroxytetrahydropyran,
and in this respect may be regarded as representative of pyranoside
sugars from which all hydroxyl groups have been removed. However,
the aglycon is not a simple methyl group as in the sugar glycosides but
rather derived from a 3 -ethylenedioxy-17P-hydroxy-steroid. There
are, therefore, two chromophores predominantly contributing to the
far UV ORD, the acetal group and the 1,3 dioxolane ring at the 3
position of the steroid nucleus. The parent steroid, however, reveals
only a comparatively small positive dispersion in this region and the
larger rotations associated with these compounds are thought to reflect
acetal dissymmetry.



40

each pair similar to those observed in the deoxy-glycoside series but

of a more constant magnitude. On this basis they assigned the abso-

lute configuration of the steroid aglycon about the acetal carbon atom.

Listowsky, Avigad and Eng lard have investigated the ORD of

aqueous solutions of aldopyranoses and aldopyranosides (75), keto-

pyranoses (77), disaccharides (78) and glycopyranosiduronic acids

(79, 80). They suggest the beginning of the ORD cotton effects they

observe in the region terminating at 190 nm is predominantly associ-

ated with ring oxygen absorption and that the sign and magnitude of

this band is determined primarily by the stereochemical alignment of

groups about this oxygen atom.

By consideration of difference ORD spectra Listowsky et al.

have estimated the directional contribution of the various individual

asymmetric configurations occurring in pyranoid sugars to the far UV

ORD (75, 77). They found axially disposed oxygen substituents to have

a generally greater influence on the rotation than those disposed

equatorially. Viewing the pyranoid ring in a Newman projection of the

C 1(D) conformation with the ring oxygen directed upward and with

carbons C(1) and C(5) facing the viewer (shown as III below) axial com-

ponents to the left of the ring oxygen were found to contribute positively

to the direction of the rotation in the far UV while those to the right of

the ring oxygen were found to contribute negatively. Equatorial sub-

stituents at C(1) and C(2) were found to contribute negative dispersion
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whereas the contribution of the C(5) (and/or C(2) in ketohexo and hepto-

pyranoses) equatorial hydroxymethyl group was found to be dependent

13( -)

(+) (-)

CH2OH (+ or -)

on the configuration at the adjacent C(4) (and/or C(3) and C(5) respec-

tively) atom. The magnitude of the contribution of the C(3) configura-

tion was smaller than that of the other asymmetric centers.

Listowsky and Englard have also applied the technique of CD to

a number of unsubstituted sugars (81). This investigation extended to

190 nm where they were able to discern the sign of the first optically

active absorption band. The CD sign data agree with their earlier

proposal concerning the direction of the rotatory contribution of the

various asymmetric configurations. They also suggest the configura-

tions at C(2) and C(4) are more important than the anomeric configura-

tion in determining the sign of the first CD band.

Recently we have reported the vacuum UV CD of aqueous solu-

tions of D-glucose, D-galactose and D-xylose at mutarotational equi-

librium to 164 nm (82), We found D-glucose and D-xylose to have

positive dichroisms of 3.2 and 2.3 M -1 cm-1 centered at 170 and
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168 nm respectively. D-galactose showed two negative bands, the

first occurring at 177 nm with ZSE = 1. 2 , and a second larger band

centered at wavelengths below 164 nm. We suggested the sign of the

first band, which appeared to be missing in the aldopentose D-xylose,

was apparently determined by the configuration at C(4) of the pyranose

ring and its effect on the conformation of the exocyclic hydroxymethyl

group at C(5). This was a tentative suggestion based on the assump-

tion that the two anomeric forms of each of the above sugars contribute

rotational strength to the equilibrium spectra in roughly the same pro-

portion for each sugar. Since the influence of C(1) configuration on the

CD spectra of carbohydrates was not determinable from a study of

monosaccharide equilibrium spectra we anticipated more fruitful

comparisons would be forthcoming from a study of the individual

sugar anomers before appreciable mutarotation had occurred and from

a study of those sugars in which the configuration at C(1) is fixed, eg,

methyl glycopyranosides.

Purpose of This Investigation

One of the long range goals of the research conducted in this

laboratory is to allow the formulation of empirical rules relating

vacuum ultraviolet absorption and CD measurements to the conforma-

tion of mono-, oligo- and polysaccharides. In addition, it is expected

that these measurements will provide information on the electronic
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structure of the saccharides which will be useful in formulating a

theoretical description of their optical activity.

One expects the diverse biological activities of the carbohydrates

and glycoproteins, in a manner analogous to those of the nucleic acids

and proteins, to be mediated by their conformation. It is hoped that

CD investigations in the vacuum ultraviolet will, in time, contribute

to an understanding of the nature and energetics of, and the effects of

configuration, sequence and environment on, carbohydrate conforma-

tion. This investigation, along with the model compound absorption

(32) and CD (12) studies conducted by others in this laboratory, serves

as a first step in this direction.

The specific purpose of this work is to investigate the CD of

aqueous solutions of monosaccharides in the region of intrinsic sugar

absorption. The CD spectra of aldopyranose solutions at mutarota-

tional equilibrium are to be investigated and compared to the com-

ponent aldopyranose anomer spectra. In addition, the CD spectra of

several sugars which are incapable of undergoing this isomerization

are to be investigated, e.g. , methyl aldopyranosides and selected

ketoses. The compilation of this catalogue of empirical spectral

information should serve as a foundation which will aid in the analysis

of future oligo- and polysaccharide CD spectra for conformational

information.



EXPERIMENTAL

Circular Dichroism Spectrometer

General
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Circular dichroism is the differential absorption of left and right

handed circularly polarized light by an optically active medium. The

measurement of circular dichroism is analogous to that of absorption

with the exceptions that the incident light must be circularly polarized

and a differential absorption must be measured. In this respect, the

only components which need be added to an absorption instrument to

equip it for the measurement of circular dichroism are the means of

producing circularly polarized light and of detecting the differential

absorption.

The circular dichroism spectrometer, designed and build by

W. Curtis Johnson, Jr. (83), consists of the following components and

associated operations: light from the source is rendered monochro-

matic by the grating, linearly polarized inside the monochromator by

a magnesium fluoride polarizer and circularly polarized at a modula-

tion frequency of 50 kHz by a photoelastic modulator. At this point the

light falls incident on the sample and the transmitted portion is

detected by a photomultiplier. This results in the production of a DC

signal proportional to the average transmitted intensity and a
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superimposed AC signal proportional to the differential transmitted

intensity. The circular dichroism is proportional, to a good approxi-

mation, to AC/DC (84). In order to avoid ratio recording the DC com-

ponent is held constant under variable conditions of light intensity by

varying the high voltage supplied to the photomultiplier tube. The

circular dichroism is then directly proportional to the AC component

which is detected, rectified and averaged in a phase sensitive lock-in

amplifier and then displayed on a recorder.

Source

The light source is a modified McPherson model 630 Hinteregger

discharge lamp. Modifications include: a reduced quartz capillary

diameter (2. 5 instead of 6 mm); a flowthrough capillary-cathode com-

bination in which a "sidearm" has been welded to the rear of the

cathode allowing the hydrogen to flow directly through the capillary and

to be pumped out through the "sidearm"; and a stainless steel screw,

machined to a point, and threaded into the back of the cathode to pro -

vide a point for the plasma to arc from. The first two modifications

increase our light intensity ten to twenty fold over the commercial

discharge lamp while the third modification prevents arc wandering

and greatly stabilizes the source. The hydrogen gas is bled through

the source at approximately one mm pressure. The source is powered

by a McPherson model 730 current regulated DC power supply
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operated at 400 mA and approximately 2000 V. A magnesium fluoride

window separates the source from the monochromator and must, be

cleaned at least bimonthly (vigorous scrubbing with e. g. , benzene) to

remove photolysed oil.

Monochromator

The McPherson model 225 vacuum UV monochromator is a one

meter, normal incidence grating instrument. The concave Bausch and

Lomb tripartite grating is ruled at 600 lines/mm, blazed at 1500 A

and gives a dispersion of 1.66 nm/mm. Monochromator pressure was

maintained below 10-5 torr and the source was not operated at

monochromator pressures above this value. The quarter wave plate,

the sample compartment and the photomultiplier were evacuated

through the exit slit by the monchromator pump. The entrance and

exit slit height was 4 mm, slit width was 1 or 2 mm depending on the

signal to noise level.

The grating was cleaned periodically to remove photolysed oil.

This was accomplished by removing the grating, in its mount, from

the instrument and directing a flow of benzene or chloroform (from a

squeeze bottle) over its surface several times and allowing the solvent

to evaporate. During this, and all other operations with the grating,

it is especially important not to touch or breath on its surface. The

grating was recoated once by Acton Research Corporation (525 Main St.



47

Acton, Mass.).

Production of Circularly Polarized Light

Right and left handed circularly polarized light, separated in

time, is produced by the combination of a linear polarizer and

quarterwave plate oriented with its principal axes at 45° to the plane

of the incident linearly polarized light.

After the light is dispersed by the grating it is polarized inside

the monchromator by a magnesium fluoride double Rochon polarizing

prism located on the second pre exit slit baffle. The vertically

polarized component is selected by adjusting the exit slit height to

block the extraordinary ray. The monochromatic, plane polarized

beam then falls normally incident on the calcium fluoride optical ele-

ment of a model PEM-1 photoelastic modulator (Morvue Electronic

Systems, Tigard, Oregon).

This versatile device functions as a high frequency modulated,

variable wave retarder. Its operation is based on the piezo-optic

effect, viz. , isotropic materials become birefringent under applied

stress. The normally isotropic calcium fluoride element sustains a

birefringence periodic at 50 kHz induced by an oscillating mechanical

strain (85). This birefringence results in a path difference or retarda-

tion between the two orthogonal, linearly polarized components of the

transmitted beam. The retardation is made one quarter wave,
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resulting in the circular polarization of the transmitted beam, by

adjusting the peak amplitude of the oscillating birefringence (by means

of the oscillator level potentiometer on the model MPS-1 modulator

power supply). Since the relative quarter wave retardation varies

sinusoidally between positive and negative values at 50 kHz the

emergent circularly polarized light alternates between right and left

handed at this frequency,

The MPS oscillator level potentiometer settings are linear in

wavelength for constant quarter wave retardation. The linear relation

is established by maximizing the observed circular dichroism signal

of d-10-camphorsulfonic acid at several wavelengths. During

spectral scans the potentiometer is manually adjusted every 10 nm to

insure the emergent light remains circularly polarized.

Detection of the Differential Absorption

In the absence of an optically active sample the polarization

modulation introduced by the quarter wave plate is not converted to an

intensity modulation, provided the photomultiplier tube window and

cathode are insensitive to the polarization state of the beam. In this

case the photomultiplier (EMI-9635-QB end on, bialkali cathode, fused

silica window) produces a DC signal proportional to the source

intensity at that wavelength. In the presence of an optically active

sample, in a region of absorption, one of the two polarization states is
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preferentially absorbed. The light now incident on the photomultiplier

is intensity modulated at 50 kHz due to the differential absorption.

This intensity modulation is reflected in the photomultiplier signal as

an AC signal superimposed on a much larger DC background. The DC

signal is proportional to the average transmitted intensity while the

AC signal is proportional to the differential transmitted intensity.

This composite signal is then applied to "current controller" (CH&E

Instrumentation, Eugene, Oregon; no longer in business) which keeps

the DC photocurrent constant by regulating the amount of high voltage

supplied to the photomultiplier by the Fluke 415B power supply. For

example, in order to keep the DC photocurrent constant at one micro

amp during spectral scans the current controller typically varied

photomultiplier high voltage from approximately 500 V at 210 nm to

850 V at 165 nm. Following the current controller a PAR model 120

phase sensitive lock-in amplifier detects, amplifies, and rectifies the

50 kHz AC signal to produce a time constant averaged voltage propor-

tional to the CD of the sample. CD spectra are displayed on a Heath

model EU2OB potentiometric recorder with multispeed chart drive.

Performance

The instrument is calibrated by measuring the 290.5 nm positive

CD maxima of aqueous d-10-camphorsulfonic acid which has a well

documented EL - ER = 2.20 (86, 87). The dichrometer was often
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calibrated prior to and following each day's work and the values

generally agreed to two percent or better. With lock-in amplifier

sensitivity at 0.5 mV rms and a regulated DC photomultiplier dynode

current of 1 [IA, a 1 mg/ml aqueous solution of d-10-camphorsulfonic

acid in a 1 mm cell gives approximately 70 recorder divisions at

290.5 nm (100 divisions full scale). This corresponds to an instrument

sensitivity of 1.35 x 10 -4 A OD units/inch or, in other units,

1.75 millidegrees/cm as compared to the maximum 1 millidegree/cm

sensitivity of a Durram Jasco model CD-SP circular dichrometer.

Vacuum UV CD spectra are routinely measured at an instrument

sensitivity of 0.875 millidgree/cm and this can be increased to

0.35 millidegree/cm if 30 sec time constant averaging and slow scan

speeds are employed.

The instrument is accurate to ±0. 2 nm in wavelength. With a

1 mm slit width the instrument has a 1.66 nm spectral band width,

which is sufficient to resolve an isolated absorption curve having a

natural band width larger than 16.6 nm to better than 99% of its true

peak height. The measured stray light to incident light intensity ratio

at 163 nm is less than one part in 105. The peak to peak noise level in

the region of our measurements is about 2 x 10-5,60D units but since

eye averaging noise is relatively efficient, one-fifth (88) this value

more closely reflects the actual uncertainty in the eye-averaged noise.

Sugar CD spectra were typically measured with a 1 or 2 mm slit
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width, 10 or 3 sec time constant, at a scan speed of 1 nm/min and a

chart speed of 5 min/in. As an example of our measurements Figure

6 shows a trace of the recorded spectrum of a 1.02 M aqueous solution

of methyl -2- deoxy -a -D- glucopyranoside. The spectrum was measured

at an instrument sensitivity of 1.32 x 104 LOD units/inch (dynode current

1 y.A, lock-in sensitivity 0.5 mV) with a 1 mm slit width and 10 sec

time constant. The optical density of the cell, solvent and solute

reaches one at 167 nm.

Compounds

Source and Optical Rotation

The 12 methyl aldopyranoside sugars whose spectra were taken

in this study are listed in Table 1. Table 1 also lists their source,

sodium D line specific rotation and the literature values for the

specific rotations. All specific rotations were measured on a Rudolph

model 80 polarimeter using a Rehovoth Instruments Faraday cell and

type A reader attachment for photometric detection. Aqueous concen-

trations ranged from one to three percent weight/volume and determi-

nations were made in a 200 mm long by 3 mm diameter (optical

aperture) Rudolph polarimeter cell at room temperature. All sugars

were vacuum dried at 60° C overnight before optical rotation or spectral

measurements were taken. Solutions were also degas sed before use.
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Table 1. Source and optical rotation of methyl aldopyranosides.

Source

Observed Literature
[a]DT(H2O) [a]2:(H20) Reference

Methyl Aldohexopyranoside

Methyl a D- glucopyr ano s ide Sigma 158.8 157.9 51

Methyl 13- D -glucopyrano s ide Pfanstiehl -32.4 -32.5 51

Methyl a -D galactopyranos ide Pfanstiehl 190. 8 192.7 51

Methyl p-D-galactopyranoside Pfanstiehl -1.2 -0.4 51

Methyl a-D-mannopyranoside Pfanstiehl 77.9 79. 0 51

Methyl a - L rhamnopyrano s ide Koch-Light Laboratories -62. 8 -62, 5 51

Methyl 2 -deoxy-a-D-glucopyrano s ide Synthesized 134. 0 135. 0 89

Methyl Aldopentopyrano side

Methyl a -D -xylopyranos ide Pfanstiehl 154.2 153.9 51

Methyl 13- D-xylopyrano side Pfanstiehl -64.9 -65. 5 51

Methyl p-L -arabinopyranoside Koch-Light Laboratories 242. 5 245. 5 51

Methyl a - D-lyxopyrano s ide Synthesized 60. 0 59. 4 90

Methyl p-D-ribopyrano side Synthesized -102.6 -105.0 91



54

The five aldopyranose and three ketopyranose sugars investigated

in this study as well as their source, sodium D line initial and final

specific rotations and the literature values for these rotations are

listed in Table 2. Aldopyranose mutarotation was following polari-

metrically in deuterium oxide (Bio-Rad, 99.8 mole % D20) by observ-

ing the change in optical rotation with time. The aldopyranose initial

rotations given in Table 2 were determined by extrapolation of the

mutarotation measurements to time zero.

Synthesis

Three aldopyranosides were synthesized from their correspond-

ing aldopyranoses and one aldopyranose was converted to its alternate

anomeric form. Aldopyranoside synthesis followed the general line of

Cadotte, Smith and Spriestersbach's technique (95).

P-D-galactopyranose: P-D-galactopyranose was obtained from

the a anomer (MCB) by Hudson's procedure (96). After three

recrystallizations [c]"D, initial 53. 1°
(c,

2.01 in D20) lit. 52.8° in

H2O (91).

Me -a-D-lyxopyranoside: Four grams of Pfanstiehl D-lyxose

was dissolved in 70 ml of reagent grade methanol and eight grams of

Dowex 50W-X8, a sulfonic acid cation exchange resin, was added.

The mixture was refluxed at 65°C for seven hours at which time a

Fehling test for reducing sugar proved negative. Activated charcoal



Table 2. Source and optical rotation of aldo- and ketopyranoses.

Aldohexopyranose

a -D-glucopyranose

R -D-glucopyranose

a -D-galactopyranose

1 -D-galactopyranose

Aldopentopyranose

a -D-xylopyranose

Ketohexopyranose

a -L-sorbopyranose ( a-L-xylo-hexulose)

a -D-tagatopyranose (a- D -lyxo- hexulose)

Ketoheptopyranose

a -D-manno-heptulopyranose

Source

Observed Lai (D20)La] DT (D2
rLiterature [a] 20(H 0)

D 2

ReferenceInitial Final Initial Final

Sigma 110.5 54.2 112.2 52.8 92

Sigma 17.8 53. 3 18. 7 52.8 92

Sigma 147. 5 79. 7 150. 7 80. 2 92

MCB 53. 1 79.7 52.8 80. 2 92

Schwarz Mann 91.7 20.1 93. 6 18.8 92

Pfanstiehl -43.7 -43.4 92

Schwarz Mann -5.0 93

Pfanstiehl 28. 5 29. 4 94
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was then added to the decanted mixture and methanol resin washings.

After filtering, the solution was concentrated in vacuo on a rotary flash

evaporator to a thick syrup (5-10 ml). Upon the addition of one volume

of 2-propanol and reconcentration in vacuo spontaneous crystallization

occurred. The crystals were isolated, dissolved in a small volume

(8 ml) of methanol and recrystallized upon the addition of 40 ml of

ethyl acetate. After one subsequent recrystallization in the same man-

ner the crystals were vacuum dried. [a]D23 = 60.0° (c, 1.55 in H2O),

m. p. 105°C; lit. 20 = 59.4, m. p. 108°C (90); yield 52%. It was

found that methanol upon the addition of a large excess of ethyl acetate

was a much better recrystallizing solvent than 2-propanol.

Me-P-D-ribopyranoside: This was prepared in essentially the

same manner as the lyxoside and only the differences will be

described. After decolorization and concentration to a thick syrup in

vacuo crystallization was unsuccessfully attempted from a number of

solvents. Finally seed crystals were obtained by vacuum sublimation

of the thick syrup at a pressure of 0.1 mm and a bath temperature of

70° C. After dissolution of the thick syrup in two volumes of acetone

and addition of seed crystals the glycoside crystallized slowly at -10° C.

, 2
After two recrystallizations in this manner La]D

3 = -102.6°

(c, 1.66 in H 0); lit. 20

and was not determined.

105.0 (91). The yield was quite poor

Me-2-deoxy-a-D-glucopyranoside: This was prepared in the
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same manner with the exception that the dissolved sugar and resin

were stirred at room temperature for 15 hours. After crystallization

and recrystallization from methanol upon the addition of ethyl acetate

(at -10°C for several days) [a]23 = 134.0° (c, 1.85 in H2O), m. p.

89 -91° C; lit. [a]20 = 135°, m. p. 90-92°C (89); yield approximately

20%.

Mutarotation

When an aldose or ketose is dissolved in a solvent complex

equilibria are established. These equilibria result from reversible

isomeric changes in the configuration of the group at C(1) (anomeriza-

tion) and in the size of the ring (ring tautomerization). At equilibrium

a number of components coexist including the a and p pyranoses and

the a. and p furanoses as well as a small amount of the aldehyde or

ketone form (e. g. , D-glucose contains 0. 0026% of the aldehyde form

at equilibrium (97) ). The distribution of the sugar between these

various forms depends on the specific sugar, the solvent, the tem-

perature and in some cases the concentration.

We made mutarotation measurements on a number of sugars for

two reasons. The initial specific rotation gives an indication of the

anomeric purity of sugar whose spectrum is to be measured and indi-

cates if recrystallization is necessary. The time course of the change

in optical rotation allows the calculation of the sum of the rate
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constants for the opposing reactions, i.e. , the mutarotation constant.

With this information it is possible to calculate the time necessary for

a given percent change in the composition of the equilibrating mixture.

Since we desired to measure the CD spectra of several individual

anomeric forms, a knowledge of the time available for measurement

within certain compositional limits was important.

For many sugars mutarotation involves only epimerization of

the hydroxyl at C(1) of the pyranose ring (92). In such cases the

isomerization is represented as a first order reversible reaction and

the velocity of the reaction is given by

k
1

A 4=t B -d[A]idt
k2

[A] - k2[B] (5)

where kl and k
2

are the forward and reverse rate constants in

.mm -1 and [A], [B] are the molar concentrations of the a and p

anomers. Upon integration of (5) and substitution of optical rotation

for concentration variables and common for natural logarithms one

obtains (6).

(k
1+

k
2)m

1 2. 303 (1/t) log (a0 -ae/at-ae) (6)

a
0

is the rotation at time zero, a
e

is the final equilibrium rotation

and at is the rotation at time t. For mutarotation involving only
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C(1) anomerization a plot of log (at -ae) versus t is linear directly

giving the mutarotation constant, ml, as the slope and log (ao -a e)

as the intercept on the ordinate (from which the initial rotation is

obtained). Specific rotations are related to the observed rotations by:

[a]xT = 100 anic where a is the observed rotation in degrees, I

is the pathlength in dm and c is the concentration in gm/100 ml

solution.

Table 3 presents the mutarotation constant and isotope effect of

the aldoses whose spectra were determined in this study. Several

other sugars whose kinetics were investigated but whose spectra were

not measured are also listed. The last column of Table 3 gives the

time necessary for the composition of a deuterium oxide solution of

the particular sugar to change by ten percent from its original pure

anomer value. These times were calculated from the rearranged

version of Equation (6). The CD spectra of the anomeric aldopyranoses

were measured within the time limits given in Table 3.

Materials and Procedures

Cells and Windows

Fused quartz cells of nominal 0.05 mm pathlength were

purchased from Pyrocell Manufacturing Co. They have a water cut

off (optical density of one) at 176 nm and a deuterium oxide cut off at



Table 3. Mutarotation data for selected aldopyranos es.

Aldopyranose

Mutarotation Constant (D20, RT)a

-1
m

1
(min )

Isotope Effect
mi(H20, 20 C)

Time for 10%
Composition Change

D20 at RT (min)mi(D20, RT)

a-D-glucopyranose (c, 1.80}b 0.0020 3. 18 39

P-D-glucopyranose (c, 1. 86) 0.0021 3. 34 73

a-D-galactopyranose (c, 5. 50) 0.0026 3. 08 25

(3-D-galactopyranose (c, 3.56) 0.0025 3.24 77

a-D-xylopyranose (c, 1. 82) 0.0064 3. 12 11

a-L-fucopyranose (c, 1.63) 0.0061 3. 72

6-deoxy- ? -D-glucopyranose (c, 1.88) 0.0038

P- D- mannopyranose (c, 2.37) 0. 0057 3. 10 12

a-L-rhamnopyranose H2O (c, 1.91) O. 0125 3.44

a Determined by following [a]RT as a function of time in a Rudolph model 80 polarimeter.

Refers to gms sugar in 100 ml of solution.



61

172 nm. The useful range of these cells is determined by the concen-

tration of the solution and the magnitude of the CD bands. The actual

pathlengths, determined interferometrically, were approximately 30%

longer than stated.

To extend quantitative measurements further into the vacuum UV

shorter pathlength cells were needed. The technique of "sandwiching"

the sample between two windows separated by a spacer was arpplied.

Twenty-five mm diameter by two mm thick windows of polished cal-

cium fluoride (Frank Cooke Inc. , 59 Summer Street, North i3rookfield,

Mass. ) or Suprasil I fused quartz (Amerisil Inc. , 685 Ramy Ave. ,

Hillside, New Jersey) were used. The windows were thoroughly

cleaned and two "half moon" gold or aluminum foil spacers Were

inserted between the windows. The spacers had the same radius of

curvature as the windows. This "sandwich" was placed in a

McPherson 1 mm gas cell (stainless steel 1 mm spacer

#665-S-1

rem *ved) and

sealed on both sides with "0" rings. If the interference fringes pro-

duced upon tightening the cell set screws were concentric abut the

center of the cell it was used, Aluminum foil spacers gave Oathlengths

of approximately 18 microns (0. 018 mm) and a water cut off of 174nm.

Gold foil spacers gave pathlengths of approximately seven microns

(0. 007 mm), a water cut off of 172 nm and a deuterium oxide cut off of

168 nm.

These cells were filled by placing a few drops of sample in one
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of the extension arms of the McPherson cell, untightening the eight

set screws and applying house air pressure to the arm. This forced

the sample solution between the spacer separated windows. After

some experience it was relatively easy to fill the cell quickly without

moving the spacers and without producing air pockets between the

windows. Removal of one of the two gas cell extension arms and

silver soldering the gas entry hold shut resulted in easier cell filling.

After a spectrum was taken the cell was cleaned, without loosening the

set screws, by alternately filling with methanol and pumping the sol-

vent out. After repeating this procedure eight to ten times the cell

was clean and the interference method (98, 99) could be used to deter-

mine the pathlength. Working in this manner it was sometimes pos-

sible to use a quantitative cell four to five times before disassembly

was necessary.

Interference patterns were measured between 700 and 350 nm on

the 0 to 0.1 OD full scale sensitivity setting of a Cary model 14 or 15

spectrophotometer. Interference fringe maxima differed from

minima by 0.005 to 0.025 OD. Cell pathlength CO is given by

= nX /2 for OD minima and by f = (2n+1)X/4 for OD maxima

where n is the order of the extremum and X its wavelength. One

can determine 2 either from the slope of a plot of 1/X versus

arbitrary successive integers labeling the extrema or by solving

simultaneous equations for n and substituting its value back into the
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defining equation.

Path lengths determined by the interference method are highly

accurate for that region of the cell transversed by the beam. However,

since the pathlength is not constant across the cell, it is important for

the quantitative determination of t e that the cell (or more pre-

cisely, the pathlength distribution across its surface) be positioned

approximately the same with respect to the incident beam of the cali-

brating (Cary) and measuring (vacuum UV CD spectrometer) instru-

ments. This is not strictly possible because the two types of

measurement require different slit widths resulting in physically

different beam sizes. Provided the cell is centered about the beam

propagation direction, equivalent positioning is most easily accom-

plished when the interference fringes observed are concentric about

cell center, since in this case, the rate of change of cell thickness

(i.e. , pathlength) with distance along the radius is the smallest at the

center of the cell.

Qualitative or "shape" spectra were obtained using the "sand-

wich" cell technique without spacers. Two carefully cleaned windows

were held together, separated by a piece of lens paper. As the lens

paper is withdrawn from between the loosely held windows it removes

small particles of dust and other foreign matter which would otherwise

serve as unwanted spacers. This procedure is repeated until the

windows adhere to each other and exhibit Newton's rings (100) The
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windows, mated in this way, which were selected for use in qualitative

spectral determinations exhibited only one color fringe over (at least)

their central 4 mm2 area. The windows are slid apart and a small

drop of sample is applied. With care and practice they can be put

back together to produce pathlengths of from 0.1 to several microns

In addition to the windows described previously, 1 mm thick

Tetrasil S.E. fused silica windows (Quartz Products Corp. , 688

Somerset St. , Box 628, Plainfield, New Jersey) were also used in this

qualitative work. These windows transmit more of the light at 165 nm

than the Suprasil I windows and are more isotropic than the calcium

fluoride windows. Many of the calcium fluoride windows gave large

CD signals themselves and much time was spent finding good pairs and

suitable orientations. In order to obtain meaningful baselines when

using these windows it was especially important to reproducibly orient

them both with respect to each other and with respect to their position

in the McPherson cell. These problems were not as serious for the

Suprasil and Tetrasil windows. Nevertheless, we were routinely

careful to reproducibly orient all windows.

Calcium fluoride and uniaxial sapphire windows (cut perpendicu-

lar to the optic axis) from Adolf Me ller Co. (P.O. Box 6001,

Providence, Rhode Is.) were tested for use in these measurements but

were found unsuitable due to their large baseline offsets, unrepro-

ducible baselines and poor mating characteristics. It is not known if
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these problems are characteristic of all Me ller calcium fluoride

windows or limited to the one batch tested.

Variable temperature measurements were made with Suprasil

windows in a cell constructed by Don Lewis. This brass cell, like the

modified McPherson cell, is essentially an "0" ring sealed window

holder. It is wrapped about its circumference by two turns of copper

tubing which have been soldered to the cell surface. The ends of the

tubing extend through a plexiglass sample compartment lid (instead of

the normal brass lid- -to minimize heat transfer) and are connected to

a Laude K2-R circulating water bath. Temperatures were measured

with a YSI tele-thermometer equipped with a YSI 421 thermistor probe.

The probe was attached on the ID side of the cell close to the windows.

Variable temperature quantitative measurements were made in the

commercial 0.05 mmpathlength cylindrical cells fitted into a Lewis

constructed brass cell holder similar in operation to the one described

above.

Measurement of Spectra

Methyl Aldopyranoside and Ketopyranose Spectra. The CD

spectra of these compounds were measured in aqueous solution. The

vacuum-dried sugar was weighed directly into a volumetric flask

(1 to 10 ml) on a Met ler balance. Weighings were made to the nearest

0.1 mg. Deionized, glass distilled water was then added and the
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solution was degassed by stirring under vacuum (house-vac). Although

the saccharide solutions were usually degassed, this procedure had no

effect on their transmission limit. Since neither the methyl adlo-

pyranoside sugars, nor the ketopyranose sugars we have selected,

undergo mutarotation, their solutions could be used immediately after

degassing. If a solution was to be saved for subsequent measurement

it was kept frozen at -20°C to avoid bacterial growth.

The first step in the determination of a CD spectrum was the

measurement of the cell-solvent CD baseline. In general, both the

commerical quartz cells and the "sandwich" spacer cell (with Suprasil

windows) had reproducibly straight baselines with little or no zero

offset. When the "sandwich" cell was used without a spacer (i. e. , for

the qualitative measurements) the cell-solvent baselines were not

nearly as reproducible nor as straight. These problems resulted from

the continuous disassembly and reassembly of the cell (necessary for

filling the cell) and the higher spectrometer sensitivity settings needed

to produce detectable signals with these short pathlength cells. It is

probably also true that the cell windows are more strained when they

are placed together without a spacer separating them.

Of the two types of windows (quartz and calcium fluoride) used in

these qualitative cells the former were superior with respect to both

baseline reproducibility and baseline linearity. The Suprasil and

Tetrasil windows were relatively strain free and even on the most
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sensitive scale utilized in our measurements (approximately 0.88

millidegree/cm) their "sandwich" cell baselines usually varied from

linearity by no more than 1.3 cm from 210 to 165 nm. Somtimes the

nonlinearity was the result of strains in the window of the quartz

photomultipler or oil deposition on the sodium salicylate coating of the

pyrex photomultipler. In these cases the baseline nonlinearity could

often be minimized (or alleviated) by rotating the quartz photomultipler

around its cylindrical axis until a suitable position was found (i. e. , no

zero offset and flat phototube baseline) or, in the case of the pyrex

photomultipler, by recoating the window (methanol saturated with

sodium salicylate). If, after this operation, the cell baseline was still

poor, alternate windows or alternate window orientations were investi-

gated until a reasonably good baseline was obtained.

Whereas the baselines obtained with the Suprasil and Tetrasil

windows were not highly sensitive to the relative orientation of the two

windows making up the "sandwich," the baselines obtained with the

calcium fluoride windows often were. Some lots of these windows

were much better than others and proved quite satisfactory. The cal-

cium fluoride windows are quite soft and chip easily, however, and

their isotropy invariably deteriorated with use. For these reasons

the use of calcium fluoride windows was abandoned early in this
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investigation. 7

Prior to all CD measurements the single beam transmission

spectrum of the sugar solution was recorded. Comparing this spec-

trum to that of the light source allowed us to determine the approxi-

mate optical density of the sugar solutions (absorption and reflection

by solute, solvent and cell) over the region of measurement. CD

measurements made above a total optical density of one were not used

in compiling the CD spectra presented in the results section.

Quantitative CD spectra of aqueous sugar solutions having con-

centrations less than 0.1 M could be recorded directly to 176 nm in

the nominal 0.05 mm cells. At the higher concentrations (0.5-1.0 M)

needed to produce detectable signals with the no-spacer "sandwich"

cell (pathlength approximately 1 micron) the 0.05 mm cell was only

useful to 186 nm. In order to extend the quantitative measurements

further into the vacuum ultraviolet at these higher concentrations it

was necessary to use the "sandwich" cell with aluminum and gold foil

spacers. The former allowed the quantitative spectra to be extended

to 179 nm and the latter allowed extension to 174 nm. The precision

of quantitative measurements taken at a single concentration was

usually better than ±10%.

7In all fairness it should be said that calcium fluoride has
excellent transmission in the vacuum ultraviolet (cutoff 135 nm) and
would be a very suitable window material for any cell that does not
require constant disassembly.
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Both the quantitative and qualitative spectra were repeated

several times for each monosaccharide studied. The qualitative

spectra were normalized taking the peak height as unity, and then

averaged. This average, composite spectrum was quantified at the

wavelength of maximum dichroic absorption utilizing the LIE obtained

with the known pathlength cells. If this was not possible it was

quantified at the lowest wavelength attained in the quantitative meas-

urements which met the restriction: optical density (X) < 1. The

spectra presented in the results section are, therefore, composite.

The region from 200 nm to 174 nm was measured in the known-

pathlength cells and the region from 174 to 165 was measured in the

"sandwich" cell without spacers. The bars on these spectra represent

the observed reproducibility of the qualitative measurements.

Aldopyranose Spectra. The CD spectra of these compounds

were measured in deuterium oxide solution. The sugar was again

weighed into a volumetric flask to the nearest 0.1 mg. As soon as

deuterium oxide was added to the crystalline sugar a stopwatch was

started. The sugar usually dissolved completely after stirring one to

two minutes. The cell was then filled and placed in the sample com-

partment of the spectrometer. Evacuation of the sample compartment

(to 50 II Hg) required from two to four minutes. The (exit slit) flap-

valve separating the monochromator from the sample compartment

was then opened and an additional three to five minutes was required
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to reach a monochromator pressure of 10-5 torr. At this point the

light source was started and a single beam transmission spectrum

was measured in order to determine the cut off wavelength of the

solution. Thus, at best, eight to ten minutes elapsed before CD meas-

urements could be initiated. The CD spectrum was always scanned

from high to low energy at either 0.5 or 1.0 nm/min. Thus, either

the qualitative (164-174 nm) or the quantitative (174-184 nm) region

could be scanned in a total time of 20 to 30 min. With the exception

of the measurements made on a-D-galactopyranose, CD spectra could

often be rescanned before the anomeric composition of the equilibrat-

ing solution changed significantly (i.e. , 10-15%).

The qualitative anorner spectra obtained with the "sandwich" cell

were normalized and averaged as before. The composite spectrum

was quantified at 175 nm utilizing measurements made with the known

pathlength cells. The bars on the spectra, as before, represent the

observed reproducibility of the qualitative measurements.

Photodecomposition

The direct photolysis of D-glucose in oxygenated aqueous

solution has been reported to occur between 210 and 290 nm (101). In

that study a 5.5 x 10-2 M solution showed a 0.6, 2.2, 6.5 and 12%

decrease in glucose concentration after irradiation times of 48, 90,

116 and 244 min respectively. We have observed no changes in the CD
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spectra of degassed aqueous monosaccharide solutions exposed to

vacuum UV radiation for these lengths of time. However, unless the

photoproduct had a large CD in the region of our measurement, a

ten percent change in the magnitude of the CD would probably be

within the limits of our experimental error.

The above report attributes the photodecomposition, most effec-

tive with 230 nm incident light, to a n Cr* excitation at the lactol

oxygen atom. We have measured the near UV CD (350 to 220 nm) of

the equilibrium solutions of D-glucose, D-galactose and D-xylose and

have found no dichroism at 230 nm. All three of the sugars do exhibit

small negative peaks in their CD spectra located at 290 nm, which can

be assigned to the n * carbonyl transition of the aldehyde form

(102-104).
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RESULTS

Our initial CD investigation of three aldopyranoses at equilibrium

indicated the desirability of centering future dichroic studies on the

anomeric keto- and aldopyranoses and pyranosides in order to reduce

the number of molecular species that contribute to the observed spec-

tra. We felt this would simplify spectral interpretation and compari-

son and possibly reveal the effects of the important anomeric grouping

on the CD. We began this work with an investigation of the CD of the

individual aldopyranose anomers studied previously only as components

of their respective equilibrium mixtures. Their spectra were taken

while mutarotational equilibration was in progress and they are,

therefore, the spectra of compositionally heterogeneous mixtures the

major component of which is the stated anomeric aldopyranose. Three

ketose spectra were measured after allowing sufficient time for

anomeric equilibration. However, these specific ketoses exist over-

whelmingly as a single molecular specie at equilibrium. The methyl

aldopyranosides do not mutarotate and their solutions are compo-

sitionally homogeneous.

Anomeric Aldopyranoses

The five aldopyranose anomers whose CD spectra were deter-

mined in this study are listed in Table 4 along with their configuration



Table 4. Configuration and conformation of anomeric aldopyranoses.

Name Configurationa Conformation

a -D glucopyrano s e

p-D-glucopyranose

a - D- galactopyranos e

p-D-galactopyranose

a-D-xylopyranose

DDLD

LDLD

DDLL

LDLL

DDLD

Cl(D)

Cl(D)

Cl(D)

Cl(D)

Cl(D)

HO

HO

CH 20H
0

HO

HO

OH

OH

CH 20H
OH

0

OH OH

OH

aThe letters refer to hydroxyl configuration about atoms C(1), C(2), C(3) and C(4) respectively.
C(5) configuration is D for the hexoses.
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and preponderant solution chair conformation.

In order to obtain sufficient time for spectral measurement

(20-30 min) it was necessary to find conditions which would decrease

the velocity of anomeric isomerization (mutarotation) compared to the

aqueous rate. This was accomplished by substituting deuterium oxide

for water as the solvent. The mutarotation constant of aldopyranoses

in deuterium oxide is approximately three fold smaller than it is in

water at the same temperature. Measurements in deuterium oxide

could, therefore, be made in times during which the composition of

the equilibrating solution changed by only 10-15% from its pure anomer

value. The slower kinetics of isomerization in this solvent allowed us

to measure the aldohexopyranose spectra at room temperature. how-

ever, a-D-xylopyranose mutarotation kinetics were too rapid at room

temperature and the spectrum of this sugar was measured at approxi-

mately 10 °C in order to avoid a large change in anomeric composition

during the course of measurement.

Since both a-D-glucopyranose and a-D-galactopyranose iso-

merized relatively rapidly in deuterium oxide at room temperature we

measured their mutarotation in the circular dichrometer by observing

the change in 174
and dE175 with time respectively. The aim of

these measurements was to obtain the zero time values of the

dichroism at these wavelengths and compare them to those obtained by

continuous recording of the spectrum. This allowed us to ascertain
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if the continuous measurements were giving a reasonable approxima-

tion to the pure anomer CD spectra.

Figures 7 and 8 show comparison plots of the deuterium oxide

mutarotation kinetics expressed in CD and optical rotation variables

for a-D-glucopyranose and a-D-galactopyranose. The extrapolated

zero time LE 174 175and AE values from these graphs are 2.80 and

0.74 M -1 cm -1 respectively. These are in reasonable agreement with

the values of 2.66 and 0.65 M-lcm-1 obtained from continuous record-

ing of the spectrum. Since both the D-glucose and D-galactose

anomers provide longer measurement times for an equivalent compo-

sitional change their pure anomer CD magnitudes and the continuously

recorded magnitudes should be in even better agreement.

The slope of the lines expressing the kinetic data in Figures 7

and 8 gives the mutarotation constant directly. Thus, for a-D-galac-

topyranose the CD measurement gives 0.0035 min -1 while polari-

metric observation gives 0.0027 nun -1 for the mutarotation constant.

The larger value obtained by CD reflects the higher ambient tempera-

ture at which these measurements were made. Literature values for

this constant (deuterium oxide) range from 0.0028 at 19°C (105) to

0.0038 min-1 at 24°C (106). The mutarotation constant of a-D-gluco-

pyranose obtained from CD is 0.0026 min-1 and from optical rotation,

0.0020 min-1. Literature values range from 0.0021 at 20°C (105) to

0.0024 min-1 at 23°C (106).
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Figure 7. Mutarotation kinetics of a-D-glucopyranose in deuterium oxide at room temperature. Kinetics
were followed by observing the change in sodium D line optical rotation with time (- -s-) and
by observing the change in of 174 with time (-- -).
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Figure 8. Mutarotation kinetics of a-D-galactopyranose in deuterium oxide at room temperature. Kinetics
were followed by observing the change in sodium D line optical rotation with time (-1.- -) and
by observing the change in E

175 with time (- - -).
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The aldopyranose conformations listed in Table 4 were

determined from NMR measurements in deuterium oxide (107, 108).

In these NMR spectra the C(1) anomeric proton resonance is the most

easily identifiable, consistently occurring at lower field than the other

pyranose protons, and appears as a doublet due to spin coupling to the

vicinal C(2) attached proton. The magnitude of the spin-spin coupling

constant (approximately the observed spacing between peaks in the

doublet) is a function of the H(1)-C(1)-C(2)-H(2) dihedral angle. It is

large, 7 to 10 Hz, for an anti and small, 2 to 4 Hz, for a gauche

arrangement of these protons. For the C(1)-H(1), C(2)-H(2) trans

bond arrangement of 13-D-glucose and 13-D-galactose the observed

doublet spacings, 7.5 and 7.1 Hz (108), indicate an antiparallel

disposition of these bonds. This can only occur in the Cl(D) confor-

mation. For the cis C(1)-H(1), C(2)-H(2) bonds in a-D-glucose,

galactose and xylose H(1)-H(2) coupling constants are not definitive

since these bonds are gauche disposed in both the Cl(D) and 1C(D)

conformers. In cases such as these definitive conformational assign-

ments depend on evaluating the spin-spin coupling constants between

other trans disposed, adjacent protons of the pyranose ring. This is

generally more difficult since their resonances are bunched tegether,

but has been accomplished for the a-D-aldopyranose anomers we are

interested in. a-D-gluco (30), -galacto (107, 108) and -xylopyranose

(107, 108), like their respective 3 anomers, adopt the Cl(D)
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conformation in deuterium oxide solution. These conformational

assignments are supported by relative conformational free energy

calculations (109) which also indicate that the alternate 1C(D) confor-

mation makes essentially no contribution to these conformational

equilibria.

The CD spectra of the a and p anomers as well as the observed

and calculated equilibrium spectra of D-glucopyranose and D-galac-

topyranose are presented in Figures 9 and 10 respectively. Figure 11

presents the observed CD spectra of a. and equilibrium D-xylopyran-

ose and the calculated spectrum of 13-D-xylopyranose, as this

anomeric form has not as yet been crystallized. The D-glucose

equilibrium spectrum was calculated by adding 0-36 of the experimen-

tal a anomer spectrum and 0.64 of the experimental p anomer

spectrum at each wavelength. This reflects the anomeric composition

of equilibrium D-glucose solutions in dkieterium oxide at 20°C as

determined from NMR measurement (110). The D-glalactose equi-

librium spectrum was calculated similarly using 0.29 of the a and

0.64 of the 13 anomer spectra. In addition to the anomeric pyranoses,

equilibrium solutions of D-galactose contain 0.07 parts furanose at

35°C (110). No correction has been made for the furanose contribu-

tion to the equilibrium D-galactose spectrum. The p-D-xylopyranose

spectrum was obtained by subtracting 0.35 of the a anomer spectrum

from the equilibrium spectrum which is consistent with the anomeric
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Figure 9. CD spectra of a-D-glucopyranose (----), p-D-glucopyranose (- - -), equilibrium
D-glucopyranose (- -) and calculated equilibrium D-glucopyranose ( o ).
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Figure 10. CD spectra of a-D-galactopyran.ose (), 13-D-galactopyranose (- - -), equilibrium
D-galactopyranose (- -) and calculated equilibrium D-galactopyranose ( ).
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Figure 11. CD spectra of a- D- xylopyranose (), equilibrium D-xylopyranose (- -) and
calculated 13-D-xylopyranose (- - -).
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proportions determined at 0°C (109). These results are summarized

in Table 5.

Table 5. Summary of aldopyranose CD data.

Aldopyranose
D20

xmax '6E (max)

a -D-glucopyranose 168 nm 4.27 M-lcm-1
13 -D-glucopyrano se 166 2.81
E-D-glucopyranosea 167 3.22
a -D-galactopyranose 175 0.65
J3 -D-galactopyranose 176 -2.05
E-D-galactopyranose 177 -1.12
a -D-xylopyranose 167 2.84
R -D-xylopyranoseb 165c 2.08
E-D-xylopyranose 165c 2.25

aE-D-glycopyranose refers to the equilibrium mixture.
Measurements were made on equilibrium mixtures obtained
from both anomeric forms.
The P-D-xylopyranose CD data is that calculated from the
measured a anomer and equilibrium mixture spectra uti-
lizing NMR determined anomeric proportions at 0°C.
Lowest wavelength measured.

As can be seen from Figures 9 and 10 the observed equilibrium

CD spectra of D-glucose and D-galactose are closely approximated

(well within experimental error) by the composition weighted linear

combinations of the experimental anomer CD spectra. This, in com-

bination with the previously mentioned kinetic results, leads us to

believe that we are measuring reasonable approximations to the pure

anomeric aldopyranose spectra.
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Two other approaches to the measurement of pure anomer CD

spectra were attempted without success. In certain organic solvents,

e. g. , dimethyl sulfoxide, mutarotation is considerably slower than in

water. With this in mind we tried to find vacuum UV transparent

solvents which would decrease the isomerization velocity. a-D-gluco-

pyranose, for example, was found to be insoluble at the concentrations

needed for our investigation (c > 0.05 M) in acetonitrile, hexafluoro-

isopropanol and trifluoroethanol. It was soluble in hexafluoroacetone

trihydrate but required long dissolution times. It was also soluble in

trimethyl phosphate and 60% trifluoroethanol /40% water giving

mutarotation constants of 0.0050 and 0.0056 min-1 respectively as

compared to 0.0063 min-1 in water. Thus, as with water, the iso-

merization proceeded too rapidly in these solvents to obtain the anomer

spectra.

We also measured the CD spectra of frozen solutions of a ,

and equilibrium-D-glucopyranose. These solutions were frozen at

approximately -10°C in the sample compartment of the spectropho-

tometer shortly after dissolution of the anomeric sugar in deuterium

oxide. These measurements were not totally reproducible. The

frozen spectra observed most often, for both anomeric forms and the

equilibrium solution of D-glucose, were qualitatively similar exhibit-

ing two positive bands. The smaller first band occurred at 171-174nm

while the second band had a maximum beyond the region of our



85

measurement (Xmax < 160 nm). These results disagree with those

obtained in deuterium oxide at room temperature which show only

single positive bands for both anomers and the equilibrium mixture of

D-glucose. The frozen spectra were not quantified and it is not known

if the spectral changes observed upon freezing reflect a resolution of

the room temperature band or are merely artifact introduced by, e. g. ,

linear dichroism. We note here, however, that we will later specu-

late on the possibility that the D-glucopyranose room temperature

spectra contain two bands.

Anomeric Ketopyranoses

Table 6 lists the three ketopyranose anomers investigated, their

configuration and most energetically favorable solution ring confor-

mation. These cyclic hemiketals have two substituents attached to the

anomeric C(2) carbon atom, a hydroxyl and a hydroxymethyl group.

A summation of empirical nonbonded interaction energies suggests

both of these substituents favor the configurational orientation in which

the C(2) hydroxymethyl grouping is disposed equatorially, i.e., the a

anomeric form (109, 111). Although there is no NMR data bearing on

the anomeric composition of ketopyranose equilibrium solutions two

other lines of evidence support the contention that these sugars occur

overwhelmingly as the a anomer in aqueous solution. In the crystal-

line state all three of the ketoses in Table 2 are a-pyranoses and upon



Table 6. Configuration and conformation of anomeric ketopyranoses.

Name Configurationa Conformation

a-D-sorbopyranoseb

a-D-tagatopyranose

DDLD

DLLD

a D -manno -heptulopyranose DLLD

OH

Cl(D)

C 1(D)

Cl(D)

HO

HO

HO

HO

OH

aThe letters refer to hydroxyl configuration about atoms C(2), C(3), C(4) and C(5) respectively.
C(6) configuration is D for the heptulose.

b The spectrum was obtained with the enantiomorph, a-L-sorbopyranose, and its sign reversed.
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dissolution in water they undergo little, if any, mutarotation as

evidenced by D-line optical rotation studies (93). In addition, infrared

spectra of the pure sugar anomers are nearly identical to the spectra

of their respective equilibrium mixtures (112). This indicates that the

equilibrium solution is composed mainly of that configurational isomer

occurring in the crystal.

Since the ketoses do not contain an anomeric hydrogen atom the

technique of evaluating the H(1)-H(2) spin-spin coupling constant can-

not be used to determine their conformation. However, Jochims et al.

(113) have concluded from a study of the long range couplings of

hydroxyl protons in dimethyl sulfoxide that a-D-sorbopyranose and

a-D-tagatopyranose adopt the Cl(D) conformation in this solvent.

a-L-sorbopyranose also adopts the enantiomorphic 1C(L) conforma-

tion in the crystalline state (114). Both the anomeric effect, which

favors an axial orientation of the anomeric polar bond (115), and

steric considerations, which favor an equatorial orientation of the

bulky hydroxymethyl group(s), suggest the Cl(D) chair conformation

is also the minimum free energy conformation in aqueous solution.

Ketose spectra are presented in Figure 12 and summarized in

Table 7.
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Figure 12. CD spectra of a-D-rnannoheptulopyranose (), a-D-tagatopyranose (- - -) and
a- D- sorbopyranose (---)
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Table 7. Summary of ketopyranose CD data.

Ketopyranose
H2O

2
AE (X max)

max

a-D-sorbopyranosea 176-7 nm -0.61 M-lcm-1
a-D-tagatopyranose 171 1.74
a-D-mannoheptulose 170 3.15

aSpectrum obtained with enantiomorph and sign reversed.

Methyl Aldopyranosides

The configuration and solution chair conformation of the 12

methyl acetals measured are shown in Table 8. Being full acetals the

methyl glycosides do not undergo isomerization upon dissolution and

solutions of these sugars, as opposed to the glycoses, are anomeri-

cally homogeneous.

The qualitatively preponderant chair conformations, reported in

Table 8, were taken from Reeves' classical study of stereospecific

complex formation between methyl glycosides and cuprammonium

reagent (116). This method has been subject to the argument that the

complexes may be formed with conformations other than the predomi-

nant one, possibly altering the conformational equilibrium to such an

extent that erroneous conclusions are drawn about the favored con-

formation of the non-complexed sugar. This argument is apparently

valid for only a few of the sugars studied by Reeves, only one of which

has been included in this investigation. We have seen no NMR studies



Table 8. Configuration and conformation of methyl aldopyranosides.

Name (methyl glycoside) Configurationa Conformation

a - D -glucopyrano s ide

13-D -glucopyranos ide

a D -xylopyrano side

R -D -xylopyrano side

DDLD

LDLD

DDLD

LDLD

HO

H

OH

OH

C 1(D)
H3

HO

HO
H3 CH2OH

0

OCH3

OH

OH

C 1 (D)

Cl(D)

C 1(D)

HO

HO

HO

OCH3

OH OCH3

OCH3

H3



Table 8. Continued.

Name (methyl glyco s ide ) Configuration Conformation

a -D - gala ctopyr ano s ide

-D gala cto pyrano s ide

p-L -arabinopyranoside

a -D -mannopyrano side

DDLL

LDLL

DDLL

DLLD

OH

OH

H3

OH

H3

C (D )

C 1 (D)

C 1 (L)

OH

OH OCH
3

OH

HO

OH

OCH
3

OCH3



Table 8. Continued.
Name (methyl glycoside)

a - D -rhamnopyr anos ideb DLLD

2-deoxy-a-D- D-LD
glucopyranoside

a-D-lyxopyranoside DLLD

13-D-ribopyranoside LDDD

Configuration
CH3

Conformation

CH2OH

0

Cl(D)

C 1(D)
H3

HO

HO

OCH3

OCH
3

OH

OCH
3

OH OH

H3
HO

Cl(D)
1C(D)

.---
OH OH OCH3 OH OH

OH

aThe letters refer to methoxyl configuration at C(1)
respectively. C(5) configuration is given by the fo
The spectrum was obtained with the enantiomorph,

and hydroxyl configuration at C(2), C(3) and C(4)
rmal name for the hexoses.
a-L-rhamopyranoside, and its sign reversed.
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dealing specifically with methyl glycoside conformational equilibrium

in aqueous solution but from the stated NMR observations of several

authors and from H(1)-H(2) spacings reported in papers dealing with

peripheral subjects Reeves' conformational assignments are corrobo-

rated.

Quantification of equilibrium conformer populations has been

carried out for several methyl peracetylated and perbenzoylated

pentopyranosides in acetone-d
6

(58, p. 97). These results indicate

that with the exception of a-xylo and I3-arabino derivatives, which

occur overwhelmingly in the C 1(D) and 1C(D) conformations respec-

tively, strict conformational homogeneity is the exception rather than

the rule. In these cases an appreciable amount (> 10%) of the less

favored conformer was found to contribute to the room temperature

NMR spectra.

It is, of course, not possible to extrapolate these results to the

unsubstituted methyl aldopyranosides in aqueous solution. However,

there is so little data available that this, at least, gives an indication

of what to look for, particularly in the pentopyranoside series. The

hexopyranosides are assumed to be more conformationally homogene-

ous due to the presence of the hydroxymethyl group at C(5). In the

1C(D) conformation this group is disposed axially resulting in unfav-

orable syn-axial steric interactions with similarly oriented hydrogen

atoms or hydroxyl groups. Angyal suggests (109) using empirical
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values of 0.9 and 2.5 kcal/mole for these interactions respectively as

compared to the 0.4 kcal/mole destabilizing interaction of the gauche

C(4) hydroxyl-C(5) hydroxymethyl arrangement occurring in the Cl(D)

conformation. For this reason the majority of the hexopyranosides

are considered to exist overwhelmingly in the C 1(D) conformation.

There are sufficient data for two of the pyranosides studied to

suggest substantial amounts of both chair conformers coexist in

aqueous solution. Reeves' investigation of complex formation indi-

cated that I3-D-riboside adopts the Cl(D) conformation exclusively.

Recent NMR results have revealed the H(1)-H(2) coupling constant of

this glycoside to be 5 Hz. This value is intermediate between that

expected for the anti-parallel arrangement of the H(1) and H(2) atoms

in the C 1(D) conformation and the diequatorial arrangement which

occurs in the 1C(D) conformation. Angyal suggests nearly equal

amounts of these two conformers are present in an aqueous solution

(109).

Reeves found ci-D-lyxopyranoside to be a mixture of the two chair

forms. Since the analogous pyranose, a-D-lyxose, has been found by

NMR to exist as an approximately 1: 1 mixture of the C1(D) and 1C(D)

conformers (108) the appropriate conformer ratio for the methyl

glycoside is probably 1:3 or greater in favor of the C 1(D) conforma-

tion. This change in the equilibrium conformer population on replac-

ing the anomeric hydroxyl group by a methoxyl group results from a
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0.5 kcal/mole increase (+) in the conformational free energy of the

1C(D) conformer due to the greater anomeric effect of the methoxyl

group.

The aqueous spectra of the homomorphic methyl gluco and

xylopyranosides are presented in Figures 13 and 14. The CD spectra

of the methyl galactopyranosides are presented in Figure 15 and the

spectrum of p-L-arabinopyranoside, the pentopyranoside homomorph

of a-D-galactopyranoside, in Figure 16. Figures 17 and 18 display

the CD spectra of three members of the lyxo configurational family;

methyl a-D-manno and rhamnopyranoside, and methyl a-D-lyxopyran-

oside respectively. The remaining spectrum in Figure 18 is of

methyl 2-deoxy-a-D-glucopyranoside, and 2-deoxy derivative of both

methyl a-D-gluco and mannopyranoside. In Figure 19 the spectrum

of methyl I3-D-ribopyranoside, the only member of the ribo family

studied, is shown. These results are summarized in Table 9.
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Table 9. Summary of methyl aldopyranoside CD data.

Methyl A ldopyranoside
H20

X
max( 1)

E(Xmax( 1) ) X cross(1) X max(2) LE ( Xmax( 2))
cross( 2) low AE ( X. low)

-1 -1
a-D-glucoside 174 nm 1. M cm 167-8 165 -1.40

13 -D-glucoside 181-2 0.19 166 1.28

a -D-xyloside 185 -0.04 180-1 174 0.24 170 166 -0.74

p-D-xyloside 174 -0.50 167-8 165 0.34

a -D-galactoside 184 -0.14 165 -4.91

P-D-galactoside 173-4 -4.01 166 -2.82

13 -L-arabinoside 186-8 -0.06 182-3 174-5 0.47 171-2 167 -1.96

a -D-marmoside 176 1.84 168-9 165 -1.91

a -D-rhamnosidec 176 1.84 170-1 165 -5.59

a -D-lyxoside 174-5 1.87 167-8 165 -1.81

2-deoxy-a-D-glucoside 176 2.03 169 165 -2.54

13 -D-riboside 180 -0.27 175 166 2.65

aCrossover (i. e. , AE = 0) wavelength.
b
Lowest wavelength (highest energy) measured.

c Spectrum obtained with enantiomorph and sign reversed.
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DISCUSSION

Introduction

The purpose of this investigation was to compile a catalogue of

CD information on aqueous monosaccharide solutions in the vacuum

UV. We had hoped this information would enable us to formulate

empirical rules from which carbohydrate configuration and conforma-

tion could be deduced from the sign, magnitude and location of CD

observations. Success of this nature has not yet been realized, and it

was most probably premature to expect so much from this initial

investigation.

In general, the formulation of empirical rules (e g. , octant

rule, lactone sector rule) relating CD measurements to molecular

structure in stereoisomeric systems require two criteria to be met.

There should be a relatively large number of conformationally rigid

model compounds (diastereomers or related configurational isomers)

available for investigation and more importantly, the chromophore(s)

and chromophoric transition(s) responsible for the CD in the region

investigated should be identified and assigned. Thus, although gas

phase UV absorption studies have provided us with information about

the component saccharide O-H, C-0-C and O-C-0 chrornophores, we

know very little about transition assignment, interchromophoric

perturbation, and solvation effects on transition energies and
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chromophoric interaction. As the laboratory is now beginning to

investigate the absorption and CD of appropriate model compounds in

solution we may expect additional information on these points in the

near future.

Solvent Shifts and Induced Dichroism

The CD spectra of D-glucose, D-galactose and D-xylose at

mutarotational equilibrium in water and deuterium oxide solution have

the same band shapes and magnitudes but the spectra obtained in the

latter solvent are blue shifted by 2 to 3 nm. The absorption

spectra of the solvents in this region are related in the same way (117,

118). Thus, hydrogen bonding between the sugar oxygen lone pair

electrons and solvent may be stronger in deuterium oxide than water.

Deuterium hydrogen bonds have been reported to be both stronger

(119, 120) and weaker (121) than normal hydrogen bonds. In addition,

upon dissolution of a sugar in deuterium oxide there is rapid exchange

of its hydroxyl hydrogens with solvent deuterium resulting in

0-deuteration of the solute. Although it is known that the O-D bond

has a lower ground state vibrational energy and a correspondingly

higher bond dissociation energy than the 0-H bond we do not know how

this might effect the relative transition energies for promotion of a

nonbonding oxygen electron to one of the antibonding sigma orbitals

of the C-0-H or C-0-D system. However, solute deuteration cannot
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be totally responsible for the observed blue shift since methyl tetra-0-

methyl-a-D-glucpyranoside, which is incapable of exchange, also shows

a blue shift, although smaller, on going from water to deuterium oxide.

Blue shifts are also observed upon lowering the temperature at

which the CD measurements are made. At approximately 4° C

D-glucose/D20 and D-xylose/H20 band maxima are blue shifted 1 nm

from those at room temperature. Similar results have been obtained

with water and deuterium oxide absorption spectra (117, 118) and pre-

sumably reflect increased hydrogen bonding at the lower temperature.

Thus, sugar solution spectra obtained in deuterium oxide are qualita-

tively similar to spectra obtained in water at lower temperatures. In

general, however, both changes in solvent and temperature will alter

the configurational (tautomeric and anomeric), conformational and

solvation equilibria of the solute and may, therefore, have large

effects on its optical activity.

Noticing, for example, that the sugar CD bands shift in the same

direction and magnitude as does the solvent absorption upon going from

water to deuterium oxide one might tentatively draw the conclusion

that these measurements reflect a CD induced in the absorption bands

of bound solvent molecules. Such induced dichroism has been found

in the absorption bands of carbohydrate chelated metal ions (71, 72),

polysaccharide and nucleic acid complexed dyes (73, 122), achiral

solutes dissolved in liquid crystals (123) and in achiral solutes
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dissolved in optically active solvents (124).

Both thermodynamic (125-128) and hydrodynamic (129) measure-

ments indicate the saccharides are extensively hydrated in aqueous

solution. Aqueous glucose and sucrose solutions show negative partial

molar excess (solvent) heats, entropies, free energies and volumes of

dilution indicating that the (hydrogen) "bonding is apparently stronger,

or more abundant, than that between the water molecules themselves"

(125). In addition, the osmotic coefficients (all greater than unity) of

aqueous solutions of sucrose, glucose, sorbitol and meso-erythrytol

were found, at any given concentration, to be directly related to the

number of hydrophylic groups contained by the molecule (126, 127).

Hydration factors estimated from obs,erved diffusion coefficients and

intrinsic viscosities indicate the van der Waals volume of sucrose and

glucose increase by a factor of two upon hydration (129). These

observations reveal solute-solvent association to be extensive, which

is necessarily prerequisite for the induction of an artificial solvent

dichroism.

We feel, however, that there are a number of arguments which

tend to mitigate the possibility that this phenomenon plays any large

part in our measurements. To begin with dichroism induced in solvent

absorption bands is a second order effect requiring the interactions

between solute and solvent to be, on a time average, dissymmetric.

This, in turn, requires the hydration to be stereospecific. The
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structural integrity of the resulting asymmetric solvent cage(s)

should be strongly temperature dependent. Thus, if a major portion

of the observed dichroism was due to this effect the band magnitudes

should decrease as the temperature is increased. CD measurements

made at elevated temperatures (50-70°C) by myself and Don Lewis on

maltose, and by the latter on maltotriose and cellobiose, indicate that,

aside from red shifting, band magnitudes are not changed substantially.

Secondly, CD spectra of equilibrium D-glucose in trimethyl phosphate

and 60% trifluoroethanol -40% water have, allowing for spectral shifts,

the same band shape and differential extinction coefficients as those

obtained in water and deuterium oxide solution. This is totally

unexpected if induced water CD is playing any prominent role in the

latter spectra. The same argument is applicable to the CD spectra of

Me tetra-0-methyl-a-D-glucopyranoside obtained in various solvents.

Although the spectra are different (Figure 4), in the case of acetoni-

trile revealing a shoulder, the magnitudes are not appreciably differ-

ent. Finally, Lemieux (130) has shown that the effect of different

solvents (including deuterium oxide) on the conformational equilibrium

of 3-deoxy-13-L-erythro-pentopyranoside as determined by NMR

coupling constants is linear in the change as monitored by specific

rotation in the different solvents. This indicates that contributions to

the rotation by solvent molecules are relatively minor, i.e. , if induced

rotational strengths are indeed playing a role they would contribute to
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the specific rotation just as the molecule's inherent optically active

absorption bands do. There appear to be a sufficient number of dis-

symmetrically disposed carbohydrate chromophores absorbing in this

region of the vacuum UV to account for the observed CD bands without

invoking the discussed second order effect.

This is not to say that solvation is an unimportant consideration

in the interpretation of CD investigations. On the contrary, solvation

affects the optical activity in a number of ways. In conformationally

rigid bicyclo (2, 2, 1) heptanones substantial changes in the n Tr*

carbonyl CD are produced upon a change of solvent. These have been

rationalized in terms of an equilibrium between the solvated and

unsolvated species (131). Solvation also affects the CD indirectly

through its effect on conformational equilibria, generally the more

polar conformers are stabilized in more polar media. In addition,

specific solvation effects are often manifest in protic solvents capable

of hydrogen bonding. For example, in methyl 2-deoxypyranosides

having the aglycon axial water appears to preferentially stabilize a

particular rotamer about the C(1)-0(1) bond contrary to expectations

based on the anomeric effect (59).

Comparison of CD, ORD and Optical Rotation Results

A molecule's optical rotation and its variation with wavelength

(ORD) in any region well removed from the onset of absorption is given
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(7)

where X. is the wavelength of incident light, Xi is the wavelength of

ththe absorption maximum of the . electronic transition and R. is

the rotational strength of that transition. Thus, the optical rotation

and ORD in transparent regions are given by an aggregate of i

rotational strengths associated with the i electronic transitions of

the molecule, each weighted by a characteristic dispersive factor.

As the wavelength of the incident light approaches the region of

absorption the optical rotation becomes larger in accord with the dis-

persive relation and is more or less predominantly determined by the

first CD bands. The quantitative preeminence of the first CD band in

determining the sign and magnitude of the optical rotation (ORD) at

energies approaching absorption depends upon how closely spaced the

transitions are and on the magnitudes of their associated rotational

strengths.

It should be interesting to compare the sign of the first mono-

saccharide CD band(s) determined in this investigation with those

expected from UV ORD measurements (75-77) and sodium D line opti-

cal rotations. This comparison is made in Table 10.
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Table 10. Comparison of vacuum UV CD band signs, far UV ORD
rotational directions and sodium D line optical rotations.

a
Monosaccharide

CD Band Signs
b

1st 2nd 3rd

Rotation Direction
at 190 nm (74-76) [a] D

a-D-glucose
a-D-glucoside +(+) -
P-D-glucose
P-D-glucoside +(+) + - to + at 195
E-D-glucose +

a-D-xylo se
a-D-xyloside -F +d

P-D-xylosec
P-D-xyloside
E-D-xylose
a-D-galactose i-

a-D-galactoside -(-)
P-D-galactose -
P-D-galactoside -(-) -?
E-D-galactose
a-D-mannoside +(+)

+ to - at 210

a-D-rhamnoside 4-

a-D-lyxoside +

2-deoxy-a-D-glucoside
p-L -arabino side
(3-D-riboside
a-D-sorbose + to - at 200
a-D-tagatose
a-D-mannoheptulose
2,3,4,6 te tra-O -methyl

? -D-glucose
Methyl 2,3,4,6 tetra-0

methyl-a-D-glucoside
aThe glycoses are all glycopyranoses and the glycosides are all methyl
glycopyranosides. The prefix E represents the equilibrium mixture.

bThe 1st CD band is defined as the lowest energy band, for a particu-
lar sugar the ordering reflects an increase in energy. This is not
true when comparing sugars, e.g., the 1st band of a-D-xylose occurs
at approximately the same energy as the 3rd band of a-D-xyloside.
The values in parenthesis were determined at 190 nm by Listowsky
et al. (81).

cBoth the CD and [(L]D are calculated values.
dSlope of ORD appears to be decreasing indicating point of inflection
is nearby.
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Comments on Previous Interpretation of Equilibrium CD Spectra

In our previous discussion of the CD spectra of aldopyranoses

at anomeric equilibrium (82) we made four speculations. We now

comment on these in light of the results presented in this thesis.

(1) We suggested that the sign of the first CD band of the

equilibrium mixtures of D-glucose and D-galactose might be deter-

mined by the configuration at C(4) of the pyranose ring and its accom-

panying effects on the C(6) -O(6) rotamer population about the C(5)-

C(6) exocyclic bond (Figure 20). Specifically a C(4) equatorial

hydroxyl and its associated gauche-trans hydroxymethyl conformation

was presumed to be responsible for the positive CD of D-glucose

while an axial C(4) hydroxyl and associated trans-gauche hydroxy-

methyl conformation was suggested to be responsible for the negative

CD of D-galactose. The anomeric spectra of these same compounds

presented in the results section (Figures 9 and 10) are inconsistent

with this interpretation. Namely a and P-D-galactose have the same

C(4) configuration and, therefore, essentially the same rotameric

distribution about the C(5)-C(6) bond but their first CD bands are of

opposite sign.
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Figure 20. Staggered conformations of the C(6)-0(6) bond about the
C(5) -C(6) bond in aldohexopyranoses and pyranosides and
of the C(7) -O(7) bond about the C(6)-C(7) bond in keto-
heptulopyranoses. This view is down the bond from the
exocyclic carbon to the ring carbon atom. The labeling
refers to the exocyclic C-0 bond conformation with respect
to the C(5) -O(5) bond and with respect to the C(5)-C(4)
bond respectively (20).

(2) We suggested that there might be a second CD band in the

low energy region of the equilibrium D-glucose spectrum. This gains

some measure of indirect support from the anomeric spectra. Both

the a and p anomers of D-galactose appear to have two CD bands

above 165 nm whereas both D-glucose anomers have only a single

band in this region. One would not expect epimeric inversion

(D-galactose and D-glucose are C(4) epimers) to appreciably alter the

location (energy) of the chromophoric transitions. If this is the case

it is plausible to suggest that both a and 13-D-glucose have positive

bands, in analogy to the first galactose CD band in the low energy

region of their CD spectra.

(3) Based on (2) and the fact that the first CD band appeared to



114

be strongly blue shifted or absent in the equilibrium D-xylose spectrum

(xylose differs from glucose only in the absence of a hydroxymethyl

group at C(5) of the pyranose ring) we suggested that this band was

completely dependent on the presence of the C(5) hydroxymethyl group.

The anomeric spectra provide no information on this point aside from

the observation that the blue shift or disappearance of the first CD

band on going from equilibrium D-glucose to equilibrium D-xylose is

not due to a cancellation of oppositely signed anomeric CD bands, i.e.,

both a and f3-D-xylose show the same blue shift in the onset of their

CD.

(4) In order to compare these equilibrium aldopyranose CD

spectra we suggested it was necessary to assume that the two anomeric

forms contribute rotational strength to their respective equilibrium

spectra in roughly the same proportion for each sugar. That is,

although D-glucose, D-galactose and D-xylose have approximately

the same anomeric composition at equilibrium it is possible that their

equilibrium spectra are disproportionately influenced by a large rota-

tional strength contribution from a single, and perhaps different,

anomeric form.

A consideration of the anomer spectra reveals that this assump-

tion is quite good for D-glucose and D-xylose and poor when either of

these sugars is compared with D-galactose. An equilibrium solution

of any one of these sugars contains two p isomers for every a
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isomer. In the equilibrium solutions of D-glucose and D-xylose the

R anomer contributes about 1.5 times more rotational strength to the

equilibrium spectrum than does the a anomer whereas in equilibrium

solutions of D-galactose the p anomer contributes five times more

rotational strength than does the a anomer. Thus, even in favorable

cases where the compositions of the equilibrium solutions are the

same, any conclusions derived under the assumption of proportionate

anomer contribution to the equilibrium spectra must be regarded as

tentative.

CD Difference Spectra and the Pairwise Principle (54)

As much of the subsequent discussion will be centered around

CD difference spectra, a few remarks concerning the advantages and

limitations of the technique as well as our interpretation of these

spectra are appropriately made here. As the name implies, differ-

ence spectra are simply the result of subtracting one quantitative CD

spectrum from another. They are, at best, of a comparative and

heuristic value since they often reveal patterns or consistencies that

might not be obvious from direct inspection of the spectra. At worst,

however, they can lead to grossly erroneous conclusions, particularly

if interpreted along the lines of optical superposition.

A specific CD band associated with a particular electronic tran-

sition is the result of geometry mediated "interactions" between the
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chromophoric group in which the transition is (considered to be)

localized and the remainder of the molecule. That is, CD is not an

intrinsic property of the chromophoric groups themselves, which

generally have a plane or center of symmetry, but rather arises

directly out of the interactions between molecular groups. 8 The first

point, then, to make about a difference CD spectrum is that it reflects

changes in the group interactions leading to the CD of the molecules

whose spectra are compared. Thus difference CD spectra should not

be interpreted in terms of partial dichroisms associated with individual

molecular centers as this is inconsistent with the theoretical basis of

the phenomenon.

The interactions between groups which are responsible for the

phenomena of CD, ORD and optical rotation are physically quite com-

plicated. However, their precise physical formulation is unimportant

with respect to our empirical attempts to correlate CD data with

molecular structure. What is important is the manner in which these

interactions between groups combine to give rise to the phenomena.

With regard to this point we paraphrase Kauzmann, Clough and Tobias'

discussion of the contribution of intramolecular group interactions to

8In theoretical treatments of CD, "groups" have included atoms,
bonds and functional groups. In our discussion of monosaccharide
CD we take groups to mean the saccharide hydroxyl, methoxyl,
hydroxymethyl, hemiacetal and acetal functional groups.
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optical rotation (54). The contribution a given pair of molecular

groups makes to a molecule's optical rotation will in general be influ-

enced by the remaining groups in the molecule. However, under

certain circumstances such disturbances will be small and it is rea-

sonable, at least as a first approximation, to express the optical

rotation as the sum of contributions arising from all ways of pairing

the groups in the molecule. Thus the two pertinent points are (1) the

optical activity is given as a sum of group interactions and (2) the

interactions between groups are, as a first approximation, taken

pairwise.

When considering CD the application of the pairwise approxima-

tion is generally simplified. To empirically account for the rotational

strength associated with a particular electronic transition it is only

necessary to consider those pairwise interactions between the

chromophoric and exo-chromophoric perturbing groups. Degeneracy

complicates this somewhat since in addition to the chromophore-

perturbing group interaction one must also consider the chromophore-

chromophore interactions. If the interaction between the latter groups

is very strong it may be more appropriate to consider them as a single

entity (i. e., single group) with respect to the pairwise approximation.

If the monosaccharide CD we have observed below 165 nm could

be attributed to a particular chromophore(s) it would be possible to

formulate and test an empirical theory of saccharide CD based on the
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pairwise principle. Under such a system one might assign numbers

. g. , rotational strength magnitudes) to the partial contribution of a

specific group-chromophore interaction to the CD. In such an

empirical treatment the "interaction" would not be explicitly defined '

but a number could, nevertheless, be assigned to its contribution

based on the relative orientation and nature of the groups involved.

These numbers could be obtained from experimentally determined CD

spectra of the appropriate model compounds and from the numerical

relationships (simultaneous equations) provided by CD difference

spectra. If the pairwise principle were strictly valid, i.e. , if the

contribution a given pair of groups makes to the CD is independent of

the nature, configuration and conformation of vicinal groups, we

would expect the particular interaction to have the same magnitude

wherever the same relative orientation of the same two groups

occurs. The CD would be given by a summation of such numbers,

each defined in terms of the nature and orientation of the groups

involved.

With the information presently at hand it would be difficult and

probably foolish to undertake the formulation of such an empirical

theory of saccharide CD. On the other hand we do feel that it is

important to interpret and discuss the CD difference spectra in terms

of a summation of pairwise interactions. Although no incisive con-

clusions are forthcoming from this (generally implicit) treatment of
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the difference spectra in terms of the pairwise principle we proceed

in this manner in order to develop a conceptual framework which

maintains a consistency with the theoretical basis of the phenomenon.

The pairwise treatment is, of course, a first approximation

the validity of which is questionable. However, it is at this level that

theoretical calculations of CD are made and the approximation has

been used in successful correlations of sodium D line optical rotation

with molecular structure for a number of different types of compounds.

The approximation will of course be best when the three and higher

way interactions between groups are negligible. This is expected to

be most nearly the case for molecules in the gas phase that are pre-

dominantly nonpolar. Aqueous monosaccharide solutions are quite

the opposite of this and the pairwise approximation, at least at the

nearest neighbor level, is not completely satisfactory in empirically

accounting for saccharide D line rotation.

In the discussion that follows we will compare the CD spectra

of numerous monosaccharides utilizing the difference spectra tech-

nique. In all cases the two sugars whose spectra are compared by

this method differ only in the nature or type of one group or in the

configuration about one pyranoid ring carbon atom.
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Comparison of Homomorphic Aldo- and Ketopyranose CD Spectra

Homomorphic sugars have the same configuration about each

asymmetrically substituted carbon atom that is part of the pyranose

ring. The members of a particular homomorphic series differ only in

the type of substituent attached to C(5) of the aldopyranose ring (or

C(6) of the ketopyranose ring). The C(5) substituent of aldohexo-

pyranose sugars (or C(6) of ketoheptulopyranoses) is a hydroxymethyl

group whereas the C(5) substituent of aldopentopyranose sugars (or

C(6) of ketohexopyranoses) is a hydrogen atom.

Figure 21 presents the difference CD spectra of two pairs of

homomorphic aldopyranoses, a pair of homomorphic ketopyranoses

and a homomorphic aldose-ketose pair (which will be discussed

separately). The difference spectra of the former three pairs were

calculated by subtracting the CD spectrum of the member of the pair

having a hydrogen atom at C(5) from the CD spectrum of the member

having a hydroxymethyl group at this location. These difference

spectra show the changes in CD that occur upon replacing the C(5)-H

atom with a C(5) -CH2OH group and represent an attempt to determine

what contribution the interactions involving this group make to pyran-

ose CD.

The ring conformation of all sugars whose CD spectra have been

subtracted in Figure 21 is C 1(D). In addition, the close agreement of
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Figure 21. Difference CD spectra of homomorphic aldo- and ketopyranoses. 00 a-D-manno-
heptulose minus a-D-tagatose; 00 0 a-D-glucose minus a-D-xylose; 13-D-glucose
munus p -D-xylose; D o o a-D-sorbose minus a-D-xylose. Xylose spectra have been red
shifted 1 nm before subtraction from glucose spectra and 3 nm before subtraction from
sorbose spectrum in order to account for spectral shifts introduced by differences in
solvent and temperature.
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H(1) and H(2) chemical shifts and of H(1)-H(2) coupling constant (30,

108) between the homomorphic anomers of glucose and xylose suggests

that the introduction of the -CH2OH group at C(5) does not result in

major distortion of the xylo C 1(D) pyranose ring geometry. Pre-

sumably such a distortion, through its effect on the relative spatial

disposition of the perturbing and chromophoric groups, could totally

account for the observed differences in xylose and glucose CD. A

comparison of the 13C chemical shifts of the homomorphic anomers of

these same two sugars (28-30) reveals that the effect of this compo-

sitional change (-CH2OH to -H at C(5) ) on the ground state electronic

environment of the ring carbon atoms is localized to the C(4)-C(5)

region, i.e., the 13C chemical shift of other carbon nuclei are rela-

tively unaffected by the change. This statement is not meant to imply

that the pairwise optical interactions of the -CH2OH group are also

localized to this region (i, e. , a nearest neighbor assumption) but

rather that the effects of this substitution on overall ring geometry and

electronic structure may be minimal.

In discussing these difference spectra we initially note that the

C(6) -O(6) rotamer distribution about the C(5)-C(6) bond should be

essentially the same for the member of each homomorphic pair con-

taining that exocyclic hydroxymethyl group. That is, a and

p-D-glucose and a-D-mannoheptulose have their C(4) hydroxyl groups

oriented equatorially which precludes the occurrence of substantial



124

amounts of the trans-gauche conformation (Figure 20). Lemieux and

Martin (57) have suggested the conformational distribution is 3:1 or

greater favoring the gauche-trans over the gauche-gauche rotamer in

saccharides with a C(4) equatorial hydroxyl. The quantitative details

of this distribution may be influenced by the configuration about other

vicinal centers. This appears to be the case for the anomers of

glucose, which have slightly different values for the coupling constants

between the C(5) axial hydrogen and the two C(6) hydrogens (30). In

this regard we might expect the conformational distribution about the

C(5)-C(6) bond to be most nearly the same for the two a anomers,

a-D-mannoheptulose and a-D-glucose.

The similarities observed in the difference spectra of these

sugars differing in C(5) substituent are not unexpected in view of the

similarities observed in the parent spectra before subtraction. That

is, in all three cases (Figures 9, 11 and 12) the CD band of the pentose

(hexulose) homomorph begins 8 to 10 nm higher in energy than the

comparable hexose (heptulose) band while their CD band maxima are

within 1 to 2 nm of each other. In addition, as can be seen from

the difference spectra, the C(5)-H containing member of the homo-

morphic pair consistently has a smaller rotational strength.

The similar appearance of the three CD difference spectra

reveals that the addition of an (equatorial) hydroxymethyl group to

C(5) of a Cl(D) pyranose ring having hydroxyl configuration DL, DL,



125

L, D at endocyclic ring carbons C(1), C(2), C(3) and C(4) (where DL

means unspecified) results in interactions which contribute positively

to the CD in the region below 165 nm in energy. The generality of the

above statement remains to be tested although it is a statement of fact

for the sugars we have investigated.

The magnitude of the -CH2OH contribution depends, to some

extent, on the configuration at the anomeric carbon, i.e. , the differ -

ence spectra of the homomorphic a anomers (axial in Cl(D) ) are

both larger than the homomorphic 13 anomer difference spectrum.

The agreement in magnitude between the homomorphic a ketose and

a aldose difference spectra may be fortuitous since the homomorphic

ketose pair differs from the aldose pair both in the configuration at

C(2) and in the nature of the equatorially disposed group at C(1).

However, the groups attached at these loci are also relatively well

separated from the C(5)-CH2OH group.

Remembering that CD arises from the interactions between

groups we conjecture two possibilities for the -CH2OH contribution to

the CD: (1) The difference CD spectra may reflect the presence of an

additional absorption band in the -CH2OH containing homomorphs.

This transition, presumably associated with the hydroxymethyl

chromophore, would become optically active through its interactions

with the rest of the molecule. These interactions should be strongly

dependent on the degree of rotational freedom about the C(5)-C(6)
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exocyclic bond. (2) The hydroxymethyl group may not absorp in this

energy region and may, therefore, contribute to the observed CD only

as a perturbing group. If this is the case, the similarity of the dif-

ference spectra suggests that the interactions between the perturbing

hydroxymethyl group and the chromophore(s) are much the same for

the -CH2OH containing member of each homomorphic pair shown in

Figure 21. These two possibilities are not mutually exclusive and

gradations between these extremes are equally likely.

The fourth difference CD spectrum shown in Figure 21 is a bit

different. However it is also an attempt to gauge the importance of

the interactions involving an exocyclic hydroxymethyl group on the CD

of free sugars. This spectrum compares the CD of the ketopyranose

a-D-sorbose to that of its homomorphic aldopyranose a-D-xylose.

These sugars differ only in the nature of a substituent attached to the

anomeric carbon atom. Although both sugars have a (axial) anomeric

hydroxyls, the ketose also has a -CH2OH group disposed equatorially

at this locus while the aldose has a -H atom. The ring conformation

of both sugars is C 1(D),

A glance at the CD spectra of these compounds (Figures 11 and

12) shows that the replacement of -H by -CH2OH upon going from

a-D-xylose to a-D-sorbose is associated with much larger CD changes

than those that occur when a similar replacement is made at the C(5)

nucleus (e.g., a-D-xylose to a-D-glucose). The changes include:
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(1) the onset of the first CD band is shifted 12 nm to the red in the

ketose, (2) the sign of this ketose CD band is changed and its magni-

tude appreciably reduced and (3) at least two bands contribute to the

CD of this ketose in the region below 165 nm whereas only one band is

discernible in the aldose CD. Without further CD data on similarly

related aldose-ketose pairs it is impossible to suggest that these large

changes are a general feature of this type of homomorphy.

Although there is no data bearing on the point, the favored

conformation of the anomeric hydroxymethyl group in a-D-sorbose

should be a mixture of gauche-gauche and gauche-trans (Figure 22).

This is qualitatively the same conformational distribution we suggested

that the C(5) hydroxymethyl group adopts in the D-glucopyranoses.9

A consideration of Figure 23 (or better, framework molecular

models) shows, presuming the above inference is approximately

9The trans-gauche conformation is precluded due to an equato-
rial C(3) hydroxyl and the gauche-gauche conformation should be
unfavorable due to the "syn-axial" type of interaction with the ring
hydrogen at C(3). The gauche-trans conformation also appears unfav-
orable since it places the polar C(1)-0(1) bond gauche to two other
polar C-0 bonds. However Wolfe et al. (132, 133) have recently
postulated "rules" based on both experimental and theoretical data
which state (1) adjacent polar bond-polar bond interactions signifi-
cantly increase the rotation and inversion barriers of atoms bearing
these substituents and (2) when polar bonds are placed or generated
on adjacent atoms, anti orientations are disfavored energetically with
respect to those orientations containing the maximum number of
gauche interactions.
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Figure 22. Staggered conformations of the C(1)-0(1) bond about the
C(1)-C(2) bond in a-D-sorbose. Nomenclature refers to
exocyclic C(1)-0(1) bond conformation with respect to
first the C(2) -Q(5) bond and then the C(2)-C(3) bond.
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Figure 23. Newman projection of a-D-glucose and a-D-sorbose in
the C 1(D) conformation.
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correct, that an interesting steric relationship exists between the

exocyclic hydroxymethyl groups of a-D-glucose and a-D-sorbose. If,

for a moment, one disregards the axial anomeric C(1)-0(1) bond

(C(2) -O(2) in sorbose) the two hydroxymethyl groups and their

environments are related to one another by reflection through an

intramolecular vertical plane defined by the ring oxygen and the

C(3)-H(3) bond (C(4)-H(4) in sorbose). This has the following specific

ramification under the pairwise interaction assumption. Those pair-

wise interactions between the glucose C(5)-CH2OH group and the

glucose hydroxyls attached to carbons C(4), C(3) and C(2) are respec-

tively enantiomorphic to the pairwise interactions between the sorbose

C(2) -CH2OH group and the sorbose hydroxyls attached to carbons

C(3), C(4) and C(5). The ring oxygen: -CH2OH interaction is also

enantiomorphic in these two compounds.

If we now consider the anomeric bond, we find that the above

observation is not altered provided only pairwise interaction is

assumed. However, "replacing" this bond does add additional pair-

wise interactions with the exocyclic hydroxymethyl group which are

not enantiomorphic, viz., the C(1) -OH: C(5) -CH2OH interaction in

glucose and the C(2) -OH: C(2) -CH2OH interaction in sorbose.

Returning to the difference CD spectra in Figure 21 we notice

that the a-D-glucose minus a-D-xylose spectrum is positive and that

the a-D-sorbose minus a-D-xylose spectrum is larger and negative.
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Presumably the subtraction involved in calculating the difference

spectra removes all contributions to the CD made by those pairwise

interactions held in common by the two sugars compared in this way.

Thus each of the above difference CD spectra reflect the contribution

to the CD made by those interactions involving the exocyclic hydroxy-

methyl group. In the previous paragraphs we have noted that several

of these interactions are enantiomorphic in the sugars a-D-glucose

and a-D-sorbose. We speculate that this enantiomorphy is partially

responsible for the opposite signs observed in the difference CD

spectra.

Comparison of Homomorphic Methyl Aldopyranoside CD Spectra

The homomorphic methyl glycoside pairs, like the homomorphic

glycose pairs just considered, have the same configuration about each

asymmetrically substituted carbon atom of the pyranoid ring. The

members of a particular pair differ only in the type of substituent

attached to the C(5) atom, viz., -CH2OH in the hexoside member and

-H (in one case -CH3) in the pentoside (6-deoxy-hexoside) member.

We have calculated the difference CD spectra of these hornomorphic

sugars in order to determine what contribution is made to the CD of

the methyl aldopyranosides by the interactions involving this exocyclic

hydroxymethyl group.

It should be interesting to compare these difference CD spectra
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to those obtained with the homomorphic aldo- and ketopyranoses in

order to ascertain if the effects of this identical substitution (-CH2OH

for -H at C(5) ) are similarly manifested in the CD of the glycoses and

glycosides. However before proceeding with a discussion of homo-

morphic glycoside difference CD spectra and this subsequent com-

, parison we would like to consider the effects of replacing the C(1)-

0(1)-H anomeric grouping in the free sugars by the C(1)-0(1)-CH3

grouping in the methyl glycosides.

The introduction of the 0-methyl group upon formation of the

methyl glycoside must increase the energy barrier to rotation about

the C(1)-0(1) bond. A similar structural alteration observed in the

compounds methanol and dimethyl ether changes the rotational barrier

about the C-0 bond from 1.1 to 2.7 kcal/mole (111, p. 140). These

values probably represent the minimum rotational barriers encoun-

tered in the saccharides since each pyranoid ring carbon atom is

disubstituted with clusters of atoms whose van der Waals radii are

considerably larger than that of hydrogen. In addition, the recent

calculations of Wolfe et al. (132) indicate that adjacent, bonded atoms

each containing nonbonding electron pairs and/or polar bonds (the

C(1)-0(1) anomeric bond of the carbohydrates falls in this category)

have substantially increased barriers to internal rotation about the

central bond, e. g. , the rotational barriers in fluoromethanol have

been calculated to be 8.3 and 12.6 kcal/mole.
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The staggered conformations of the 0-methyl group about the

C(1)-0(1) bond of a and (3 methyl pyranosides are shown in Figure

24. When the anomeric methoxyl group is axial (i. e , a anomers)

and the hydroxyl group at C(2) is equatorial, conformation I which

places the 0(1)-CH
3

bond gauche to both the C(1)-H(1) and C(1)-0(5)

bonds should be overwhelmingly favored. Conformation II places the

methyl group directly under the pyranoid ring and within the van der

Waals radii of axial groups attached to C(3) and C(5). It is not pos-

sible to place the 0-methyl group in this conformation using space

filling molecular models. The remaining axial methoxyl conforma-

tion, III, is probably more favorable than II, particularly when the

C(2) hydroxyl group is axial (i. e a-D-lyxo configurational family),

but must be higher in energy than I because of both the unfavorable

steric interaction with the group (or atom) attached to C(2) and the

unfavorable orientation of the nonbonding electron pairs on 0(5) and

0(1). In addition this conformation places the C(1)-0(5) bond gauche to

the two nonbonding electron pairs (considered to occupy sp
3 orbitals)

on 0(1). Wolfe's calculation (132) on the analogous fluoromethanol

conformation shows it to be the least stable conformation of this

molecule (even when eclipsed conformations are considered).
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Staggered conformations of the anomeric methoxyl group
in methyl aldopyranosides. Top: view down the C(1) -O(1)
bond from C(1) to 0(1) in the a (axial) anomers.
Bottom: view down the C(1) -O(1) bond from 0(1) to C(1)
in the p (equatorial) anomers. For clarity the non-
bonding electron pairs on oxygen have been omitted from
all projections except II and V where they are treated as
occupying sp3 hybridized orbitals.

When the anomeric methoxyl group is oriented equatorially

(i.e., 13 anomers) the conformational distribution about the C(1)-0(1)

bond should be considerably more heterogeneous than in the a

anomeric series. Conformation IV which, as in the a anomers,

places the O(1) -CH3 bond gauche to the C(1)-H(1) and C(1)-0(5) bonds

is expected to be the lowest energy rotamer (57). This seems likely

since the majority of the unfavorable steric and electronic interactions

are avoided in this orientation (indeed if the C-0 bonds can be
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considered polarized with a partial positive charge on carbon and a

partial negative charge on oxygen then this conformation should be

stabilized by dipole attraction). Conformation V in which the

exocyclic 0-methyl group is anti to H(1) is not nearly as sterically

unfavorable as the corresponding axial anti conformer (II), This is

evidenced by the larger magnitude of the 13C
to

1H spin-spin coupling

over the C(1)-0(1) bond in the equatorial methyl P-D-pyranosides

(interpreted as reflecting an increased amount of the anti relative to

the gauche rotamer in the 13 anomers (57) ). It has been suggested

that conformers IV and V differ in energy by no more than 1 kcal/mole

(57). Conformation VI, for the same reasons mentioned for III, is

expected to be the least thermodynamically stable rotamer of the

equatorial anomers.

A comparison of the CD spectra of the six homologous glycose-

glycoside pairs we have investigated shows that the replacement of

the C(1)-0(1)-H grouping in the free sugars by the C(1)-0(1)-CH3

grouping in the methyl glycosides produces significant alterations in

saccharide CD (a, )3-D-glucose--a,13-D-glucoside in Figures 9 and 13;

a, 3 -D- xylose - -a, P-D-xyloside in Figures 11 and 14; a, (3 -D-galactose

--a, 13- D- galactoside in Figures 10 and 15). Not only are there

alterations in the magnitudes of the CD bands but also in their sign,

number and energy. Since the conformation of all 12 of these sugars

is the same (C 1(D) ) and since the ring geometries of the homologous
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pairs are most probably quite similar;10 the CD changes observed upon

formation of the methyl glycoside may reflect a difference in the per-

turbing interactions of an anomeric 0-methyl group and an anomeric

hydroxyl group and/or a change in the identity, number, ordering,

polarization, or dipole strength of the electronic transitions respon-

sible for the absorption in this region of the spectrum.

With respect to the second of the above possibilities a compari-

son of the gas phase absorption spectra of hemiacetal model compound

2-hydroxy-tetrahydropyran and acetal model compound 1,3 dioxanell

(Figure 5) shows that both hemiacetal bands are blue shifted upon

forming the acetal and that the higher energy band undergoes a large

intensification. It is possible, of course, that the two lowest energy

bands in these compounds are of a different origin.

10 13C NMR data for these six homologous pairs show that the
change from a hemiacetal to a methyl acetal pyranoid ring affects only
the chemical shift of the C(1) nucleus (29). This closely confined
effect of 0-methyl addition, in combination with the few H(1)-H(2)
spin-spin coupling constants (108, 134) available for glycose -glycoside
comparison, suggests that this substitution does not appreciably alter
ring geometry.

111,3 Dioxane may be a poor model compound for the pyranoside
acetal chromophore since both oxygen atoms are endocyclic resulting
in a fixed geometry of the nonbonding oxygen orbitals. Since one of
the oxygen atoms comprising the pyranoside acetal group is exocyclic,
not only is this geometry unfixed, it is also different from the a and

anomeric forms (see Figure 24) in which these orbitals are con-
sidered to be sp3 hybridized--this is also true if one of the nonbonding
pairs on each oxygen is considered to occupy a. s orbital and the
other a p orbital).
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Some time ago C.S. Hudson noticed a regularity in the signs and

magnitudes of the sodium D line optical rotation difference between

homologous glycose-glycoside sugars (51). He found the difference in

molecular rotation between an a-D-pyranoside and its homologous

a-D-pyranose is consistently positive and of a fairly constant magni-

tude. The same is true for the p-D- sugars except this difference is

consistently negative. In addition, the absolute value of this differ-

ence is approximately the same in the a and p series. Hudson

interpreted these consistencies (as well as those he previously

observed in the D line difference rotation of the anomeric forms of a

sugar--see next section) as being an example of optical superposition

and suggested that the "partial rotation" of the anomeric center

depends only on its configuration. 12

12 In his treatment the rotation of a methyl a-D-glycoside is
given as a

Me
+ b, where a

Me
refers to the partial rotation of the

anomeric carbon and b refers to the rotational contribution of the
rest of the molecule. The parent a-D-glycose sugar has rotation
a

OH
+ b with b the same as in the glycoside. Subtracting these two

rotations gives aMe - aOH. In the p anomeric series the configura-
tion at C(1) has been changed from D to L and the contribution of this
center to the rotation is, therefore, considered to be equal and oppo-
site. Thus the rotations of the p glycoside and p glycose are
-a

Me
+ b and -a

OH
+ b and their difference is -(aMe -a OH), which,

in agreement with the data, is equal and opposite to the value in the a
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The analogous comparison, made in terms of our CD data, is

presented in Figures 25 and 26. In calculating each of these differ-

ence curves the CD spectrum of the pyranose sugar has been sub-

tracted from that of its homologous methyl pyranoside. These CD

data, although disagreeing with Hudson's results, also reveal a

regularity associated with acetal formation, viz. , for both the

anomeric a and the anomeric p homologous pairs studied, the CD

changes that occur coincident with this structural alteration are nega-

tive and, for five of the six pairs, similar in shape and/or magnitude.

The similarities are developed to a higher degree in the homologous

R series whose difference spectra suggest that the CD changes are

relatively independent of the configuration about the C(4) nucleus

(D-gluco and D-galacto sugars are C(4) epimers) and the presence

or absence of the -CH2OH group at C(5) (D-xylo sugars do not contain

this group). In the homologous a series, however, these same

configurational and structural differences serve to mediate the CD

changes that occur upon acetal formation.

series. In the same manner it is seen that the difference rotation of a
pair of anomeric glycoses (glycosides) is given by 2aOH

(2a
Me).

If

the contribution of the anomeric center to rotation is independent of
the configuration about the other asymmetric centers in the molecule
this value should be the same for any anomeric pair of glycoses
(glycosides). With the exception of lyxo family sugars this is nearly

true.
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Figure 25. Difference CD spectra of aldopyranosides and aldopyranoses, a anomers. 6 n 6 a-D-
galactoside minus a-D-galactose; 00 a-D-xyloside minus a-D-xylose; 000 a-D-
glucoside minus a-D-glucose. a-D-galactose and a-D-glucose spectra have been red
shifted 2 nm before subtraction from respective pyranoside spectra to account for sol-
vent difference. a-D-xylose spectrum has been red shifted 3 nm before subtraction from
a-D-xyloside spectrum to account for solvent and temperature difference.
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Figure 26. Difference CD spectra of aldopyranosides and aldopyranoses, 1 anomers. A 0 A 13-D-
galactoside minus p -D-galacto se; 0 00 P-D-xyloside minus P-D-xylose; 0 00 13-D-
glucoside minus P-D-glucose. P-D-galactose and P-D-glucose spectra have been red
shifted 2 nm before subtraction from respective pyranoside spectra to account for
solvent difference. P-D-xylose spectrum has been red shifted 3 nm before subtraction
from P-D-xyloside spectrum to account for solvent and temperature difference.
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The disagreement between the signs of the a-D-pyranoside minus

a-D-pyranose difference CD spectra and the signs which would be

anticipated from Hudson's sodium D line observations is not theo-

retically inconsistent. However this disagreement does suggest that

saccharide transitions above 165 nm in energy make important con-

tributions to the D line optical rotation. This is reasonable since the

dispersive factor (X.2/X2-X.2) which weights the rotational strength

contribution of each transition to the ORD is relatively insensitive to

small differences in X. at large values of X X..
1 1

Returning to the subject of this section, a comparison of homo-

morphic methyl aldopyranoside spectra, Figure 27 presents the CD

difference spectra of the five homomorphic pairs we have studied.

We will divide our comments on these difference spectra (and their

parent spectra) into three parts, each dealing with a separate homo-

morphic series.

Xylo Configurational Series

The CD spectra of the four members of this family that we have

investigated, a and 3 -D- xyloside and a and P-D-glucoside, are

shown in Figures 14 and 13. A glance at the a-D-xyloside spectrum

suggests that at least three transitions contribute to the CD of the

methyl aldopyranosides in the spectral region below 165 nm. These

data also reveal one relationship which appears to be a general feature
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Figure 27. Difference CD spectra of homomorphic methyl aldopyranosides. 000 a-D-glucoside
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of methyl aldopyranoside CD spectra, i.e. , the sign of the highest

energy CD band is correlated with the configuration of the anomeric

center. In these spectra we only observe the beginning of this band

which is negative for the a anomers and positive for the 13 anomers.

The trends observed in the difference CD spectra, of the homo-

morphic anomers of the methyl xylosides and methyl glucosides are

similar to those previously observed by Listowsky et al, in the differ-

ence ORD spectra of these compounds (75). They found that both the

a and f3 homomorphic pairs gave positive difference curves (to

190 nm) and that the a pair had the larger magnitude. Similarly,

these difference CD spectra indicate that the substitution of an

equatorial -CH2OH group for the equatorial hydrogen atom attached to

C(5) of a xylopyranoside ring results in the addition of positive rota-

tional strength to the CD spectrum. From these data it is apparent

that the configuration of the anomeric center has some influence on

the magnitude of the hydroxymethyl contribution (and also upon the

sign of its contribution in the high energy region).

If we now compare these difference CD spectra with those of the

homologous pyranose sugars in Figure 21 we notice several similar-

ities which are rather surprising in view of the large changes that

occur in the parent CD spectra upon replacing an anomeric hydroxyl

group by an anomeric methoxyl group. Both anomeric glucose minus

xylose spectra and both anomeric methyl glucoside minus methyl
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xyloside spectra are positive and in both cases the homomorphic a

anomer difference spectra are larger than the homomorphic

anomer difference spectra (and by about the same amount). There are

also similarities, as well as differences, in the shape of the spectra.

Thus although the CD spectra of these homologous pyranoses

and pyranosides are significantly different their homomorphic differ-

ence CD spectra are quite similar. This indicates that the electronic,

geometric, solvational and conformational changes that occur upon the

addition of a hydroxymethyl group to C(5) of a xylose ring are very

similar to the changes in these properties that occur upon the addition

of this group to a xyloside ring. It follows that the distribution of

hydroxymethyl conformations must be essentially the same in the

glucopyranoses and glucopyranosides.

(L-) Arabino Configurational Series

L-arabino sugars in the Cl(L) conformation are homomorphic

to D-galacto sugars in the Cl(D) conformation. The CD spectra of

three members of this series, P-L-arabinoside and a and P-D-

galactoside, are shown in Figures 16 and 15. The P-L-arabinoside

spectrum, like the a-D-xyloside spectrum, indicates that the methyl

pyranosides have three CD bands in the region of our measurements.

In addition, the similarity of these two spectra indicates that C(4)

epimerization (these sugars differ only in C(4) configuration) has only
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a small effect on the first two pentoside CD bands.

Perhaps a more interesting observation is the near mirror

image relation of the P-D-glucoside and a-D-galactoside spectra in

the low energy region. Considering the structure of these two

molecules it is not obvious why such a relation should exist unless, of

course, it is fortuituous. P-D-glucoside has the anomeric methoxyl

group and all hydroxyl groups oriented equatorially while a-D-galacto-

side has the C(1) methoxyl group and the C(4) hydroxyl group oriented

axially and antiparalleL The pentoside homomorphs of these two

sugars, I3-D-xyloside and P-L-arabinoside respectively, show a

similar relation in the magnitudes of their second CD bands.

The a-D-galactoside minus 13-L-arabinoside CD difference

spectrum (Figure 27) shows that the addition of a C(5) hydroxymethyl

group to sugars in which the hydroxyl group at C(4) is axial results in

CD changes which are quite different from those that occur when the

same addition is made in sugars with a C(4) equatorial hydroxyl group

(i.e., xylo series). In the former case the addition of the hydroxy-

methyl group results in a negative contribution to the CD spectrum

while in the latter case this group (i. e. , the interactions involving

this group) contribute positive rotational strength. This is in agree-

ment with the signs (of difference CD spectra) which would be antici-

pated from the difference ORD spectra presented by Listowsky et al.

(75). The ORD study also suggests that the CD difference spectrum
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of the 13 homomorphic pair, 13-D-galactoside minus a-L-arabinoside,

is negative and larger than that of the a homomorphic pair.

The observation that the addition of a hydroxymethyl group to

C(5) of a L-arabinoside ring results in CD changes opposite to those

observed upon the addition of this group to C(5) of a D-xyloside ring

most probably reflects a difference in the favored conformations of the

hydroxymethyl group in these compounds (Figure 20). Lemieux and

Martin (57) and Listowsky et al. (75) have suggested that the confor-

mation of this -CH2OH group is strongly dependent on the configura-

tion of the vicinal C(4) atom. As discussed earlier, the conforma-

tional population about the C(5)-C(6) bond in D-gluco- sugars (or more

generally, sugars having the C(4) hydroxyl disposed equatorially in a

Cl ring conformation) is approximately 3:1 gauche-trans:gauche-

gauche. This is changed to approximately 2:1 gauche-trans: trans -

gauche when the C(4) hydroxyl is oriented axially, e.g., D-galacto

sugars (57).

This need not be the only explanation however, as one might

expect differences in the D-glucoside minus D-xyloside and D-galacto-

side minus L-arabinoside spectra even if the C(5) hydroxymethyl con-

formations were identical in the two hexosides. Conceivably these

might arise from the difference in the interaction of an axial and an

equatorial C(4) hydroxyl group with the C(5) hydroxymethyl group.

In the empirical treatments relating saccharide D line rotation to
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structure these interactions are treated as being enantiomorphic (57).

Lyxo Configurational Series

We have investigated the CD spectra of three members of this

series including the methyl pentoside, a-D-lyxoside, the 6-deoxy-

methyl hexoside, a-D-rhamnoside, and the methyl hexoside, a-D-

mannoside (Figures 17 and 18). The CD spectrum of 2-deoxy-a-D-

glucoside, a 2-deoxy derivative belonging to both the xylo and lyxo

series, is also shown in Figure 18.

In view of the differences that we have observed between the CD

spectra of methyl hexoside and pentoside homomorphs in both the xylo

and arabino series, the similarity of the a-D-mannoside and a-D-

lyxoside spectra is surprising. This similarity is, of course,

reflected in the difference CD spectrum of these sugars (Figure 27)

which shows that the individual spectra differ from each other only in

the high energy region. A comparison of this difference spectrum to

the a-D-glucoside minus a-D-xyloside spectrum indicates that the

introduction of the hydroxymethyl group at C(5) of a a-D-lyxoside ring

results in CD changes which are quite different from those which

accompany the same substitution in an a-D-xyloside ring. Since, in

both cases, the hydroxymethyl group is introduced into pyranoside

rings in which the adjacent C(4) hydroxyl group has the same configu-

ration, one would not expect the two hexosides (i.e. , a-D-glucoside
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and a-D-mannoside) to differ significantly with respect to the con-

formational distribution of this exocyclic hydroxymethyl group or,

therefore, with respect to its contribution to the CD. This conjecture

gains some measure of indirect support from the analogous free sugar

difference spectra (Figure 21). The introduction of a hydroxymethyl

group to C(5) of a-D-xylose results in CD changes which are very

similar to those that occur upon the similar substitution in

a-D-tagatose (tagatose is the ketohexose which is homomorphic to

lyxose).

ia-D-lyxoside is known to be a mixture of the Cl(D) and 1C(D)

conformations at room temperature in aqueous solution (116). This

conformational heterogeneity may be responsible for the "unexpected"

similarity of the a-D-mannoside and a-D-lyxoside spectra and, there-

fore, the dissimilarity of the a-D-glucoside minus a-D-xyloside and

the a-D-mannoside minus a-D-lyxoside spectra. Provided the rota-

tional strengths associated with the Cl(D) and 1C(D) conformers are

temperature independent it may be possible to quantitate this con-

formational equilibrium by CD measurements at various temperatures,

e.g., see Moscowitz et al. (135). In addition, since the magnitude of

the anomeric effect is roughly inversely proportional to the dielectric

constant of the solution (136, however see 58 for interpretation)
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organic solvents13 should stabilize the Cl(D) conformer relative to

the 1C(D) conformer (provided specific solvation effects are not

operative). In this case it may be possible to obtain the CD spectrum

of the C 1(D) conformer and, therefore, to see if the "unexpected"

similarity is indeed a result of the conformational heterogeneity in

aqueous solution.

Comparison of Anomer CD Spectra

An anomeric pair of sugars, as opposed to the homomorphic

pairs just considered, does not differ in the nature of the substituents

attached to the pyranoid ring. The members of an anomeric pair

differ only in the configuration about the C(1) carbon atom, they are

C(1) epimers. Figure 28 shows the difference CD spectra of three

pairs of aldopyranose anomers while Figure 29 shows the difference

spectra of the analogous methyl aldopyranoside anomeric pairs. In

each case the CD spectrum of the anomer having the E3 or L

configuration at C(1) has been subtracted from the CD spectrum of

the anomer having the a or D configuration at C(1). Since the ring

conformation of all 12 of these sugars is Cl(D) the f3 anomers have

13 The sugar must, of course, be soluble in the solvent and the
solvent must be transparent in the vacuum ultraviolet. Trimethyl
phosphate is a possibility, see also Moye's article on non-aqueous
solvents for carbohydrates (137).
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the C(1) -O(1) bond oriented equatorially while the a anomers have

this bond oriented axially.

These difference spectra explicitly show the changes in CD that

accompany an inversion of the anomeric carbon atom configuration

(anomerization). The aldopyranose difference spectra of Figure 28

show that the p to a anomerization of D-glucose, D-xylose and

D-galactose results in a positive contribution to their respective CD

spectra. In addition, the similarity of the a-D-glucose minus

P-D-glucose and the a-D-xylose minus 13-D-xylose spectra indicates

that the anomerization of sugars belonging to the same homomorphic

series must result in parallel changes in those molecular properties

that are important determinants of the CD, e. g. , conformation,

geometry and electronic structure.

The methyl aldopyranoside difference spectra of Figure 29 show

that the 3 to a anomerization of methyl D-glucoside, methyl

D-xyloside and methyl D-galactoside results in a positive contribution

to their CD spectra in the energy region below 169 nm and a negative

contribution at higher energies. As before, we again note that the

anomerization of sugars belonging to the same homomorphic series

produces parallel changes in their CD (compare the methyl

a-D-glucoside minus methyl I3-D-glucoside spectrum to the methyl

a-D-xyloside minus methyl I3-D-xyloside spectrum). Once the

appropriate spectra have been measured it will be interesting to see if
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the anomerization of hexose (hexoside) and pentose (pentoside) sugars

belonging to other homomorphic series (i.e., non xylo) also results

in parallel CD changes. We would not expect this to be the case for

sugar solutions that are heterogeneous with respect to ring conforma-

tion, e.g., the a-D-manno minus P-D-manno spectrum should be

different from the a-D-lyxo minus 13-D-lyxo spectrum.

An interesting observation is obtained from a comparison of

aldopyranose and methyl aldopyranoside difference CD spectra. That

is, at least in a qualitative sense, the CD changes accompanying the

anomerization of aldopyranose sugars have an overall similarity to

the CD changes which accompany the anomerization of the analogous

methyl aldopyranoside sugars. In particular: (1) The magnitudes of

the CD change follow the same order in these two classes of mono-

saccharide, viz., D-galacto > D-gluco > D-xylo. (2) In both classes

the D-galacto difference spectra are larger than and red shifted from

the D-gluco and D-xylo difference spectra. (3) In the low energy

region of the difference spectra even the magnitudes of the analogous

CD changes are similar (ordinate scales in Figure 28 and Figure 29

are different and the spectra of Figure 29 should be blue shifted

2 to 3 nm before comparison to account for the different solvents,

D20 and H20).

A similar relationship was previously observed in the homo-

morphic difference CD spectra of sugars belonging to the xylo series.
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That is, the CD spectra of both a and P-D-xylose change in the same

way as the CD spectra of the corresponding methyl xyloside anomers

upon the introduction of a C(5) hydroxymethyl group. In addition, the

next discussion section will show that configurational inversion at the

pyranoid C(2) and C(4) carbon atoms (C(2) and C(4) epimerization)

also results in CD changes which are similar in the aldopyranose and

methyl aldopyranoside sugars.

In our initial report of the vacuum UV CD spectra of aldopyran-

ose sugars at anomeric equilibrium we suggested that although the

methyl aldopyranoside sugars appeared to be a favorable class of

compounds for further study (since their C(1) configuration is fixed)

an investigation in this direction would probably lead to results which

would be quite different from those obtained with the free sugars.

This statement was based on some preliminary CD results which

indicated that the introduction of the acetal linkage resulted in spectral

properties that were quite different from those of the analogous free

sugar herniacetals. Although the anomeric aldopyranose CD spectra

which we have measured are, in most cases, significantly different

from the CD spectra of the analogous methyl aldopyranoside anomers,

the similarities mentioned above suggest that these two classes of

monosaccharide are not as spectroscopically distinct as we originally

imagined. Indeed, since the structural alterations we have investi-

gated, viz. , hydroxymethyl addition, anomerization and epimerization,
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are similarly manifested in the CD of these two classes of monosac-

charide it appears probable that their low energy absorption bands are

the same. 14

Comparing our difference CD spectra to Hudson's compilation of

difference sodium D line optical rotations we again notice a disagree-

ment. However this is not surprising in view of what was said

earlier, Hudson found that the 13 to a anomeric transformation is,

without exception, accompanied by a (positive) increase in the molar

rotation (50, 54). For a particular class of monosaccharide (e.g. ,

free sugars, methyl glycosides, ethyl glycosides, fully acetylated

sugars, etc. ) the increase is relatively uniform in magnitude and,

except for C(2), independent of the configuration about the remaining

asymmetrically substituted carbon atoms in the molecule. The change

in molar rotation accompanying the anomerization of a methyl aldo-

pyrano side sugar is a little more than twice as large as the change in

rotation which accompanies the anomerization of an aldopyranose

sugar. As discussed earlier, Hudson interpreted these findings in

terms of the superposition principle and suggested that the "partial

rotation" of the anomeric carbon atom depends only on its configuration

14If the low energy transitions, or the groups in which these
transitions are "localized," were different in these two classes of
monosaccharide there would be no reason for the above structural
perturbations to result in CD changes that are similar in both types of
compound.
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and the type of substituents directly attached to it. This treatment,

as well as those based on a nearest neighbor interpretation of the

principle of pairwise interaction (54-57) are not capable of explaining

the observed differences between, e.g., the a-D-glucose minus

P-D-glucose spectrum and the a-D-galactose minus P-D-galactose

spectrum.

Under the pairwise approximation the rotational strength

associated with a particular transition can be empirically expressed

as a sum of partial contributions, each of which involves the pairwise

interaction of two groups. Since the members of an anomeric pair of

sugars differ only in the orientation of the C(1) hydroxyl (methoxyl)

group the majority of pairwise interactions (those not involving this

group as one member of the pair) are identical in the two anomers.

These repeated interactions do not contribute to the difference CD

spectrum. At this level of approximation the CD changes that

accompany the p to a anomerization of a sugar are due to the differ-

ences in the unique interactions, i.e., (8) where C(1)-a-OH symbol-

izes an axial anomeric hydroxyl, C(1) -(3 -OH symbolizes an equatorial

[(C(1) -a -OH: i) - (C(1)- (3 -OH: i)] (8)

i=group(i)
iiC(1)-OH

anomeric hydroxyl group, i symbolizes group i and the colon
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between the groups symbolizes the "interaction" which is dependent on

the nature and orientation of the groups involved. Expression (8) is

a complicated way of saying that the pairwise interaction between,

for example, the C(2) equatorial hydroxyl group of D-glucose and the

anomeric hydroxyl group of D-glucose should depend on the orienta-

tion of the latter group (a or p ). The summation sign in (8) suggests

that this is also true for the pairwise interaction between any other

group and the anomeric hydroxyl group. This approximate treatment

suggests that the differences between the three curves of Figure 28

(or Figure 29) are due to the obvious structural differences between

these sugars, i. e. , at least one of the i group contributing to the

sum in (8) is different for each of the three sugars.

A comparison of NMR data for these pairs of anomers shows

that, for each pair, the p to a anomerization results in pronounced

changes in the 13C chemical shift of carbon atoms C(1), C(2), C(3)

and C(5) (and also the C(7) methoxyl carbon atom in the methyl aldo-

pyranosides) (29). In addition, the H chemical shifts of hydroxyl and

carbinol protons attached to these carbon atoms are significantly

altered. For each anomeric pair the f3 to a transformation is

accompanied by increased shielding at each of these carbon atoms and

their appended hydroxyl protons and by decreased shielding at each

appended carbinol proton. The changes are general and several other

anomeric pairs of aldopyranoses and methyl aldopyranosides show
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the same trends.

These differences in chemical shift have been interpreted as

reflecting changes in the 13C electron densities, in the polarization of

C-H bonds and in the polarization of C-O-H bonds (29, 30).

Specifically, the change from an equatorial to an axial orientation of

the anomeric hydroxyl or methoxyl group results in an electron density

increase at each carbon nucleus except C(4) and C(6). The largest

increases occur at C(1) and C(5). The C-H and C-O-H bonds involv-

ing these carbon atoms undergo changes in polarization. The former

bonds become more polarized in the a anomer and their bonding

electron clouds have been depicted as being preferentially displaced

towards carbon (30, 138). The latter bonds are presumably less

polarized in the a anomers because the carbon nucleus is less posi-

tive (29). This would explain the greater shielding of the hydroxyl

protons at these loci in the a anomers, viz. , they would also be less

positive, and is consistent with other data which suggest that an

equatorial hydroxyl group is effectively more polar than its axial

counterpart (111, p. 177).

These NMR data indicate that configurational inversion

appreciably alters saccharide electronic structure. This may be a

reflection of widespread differences in molecular geometry between

the anomeric or epimeric forms of a sugar. That is, the change from

an equatorial to an axial orientation of a particular hydroxyl or
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methoxyl group may lead to the alteration of bond angles, bond lengths

and favored rotamer conformations throughout a major portion of the

molecule. This is certainly true in the solid state. If this is also the

case in solution, or for that matter even if the changes in molecular

properties occurring coincident with configurational isomerization are

limited to electron distribution and bond polarization, it appears

likely that the pairwise contribution of any two groups to the CD may

be mediated by the configuration about the anomeric or epimeric cen-

ter. This would suggest that the pairwise approximation may be par-

ticularly tenuous when applied to anomeric or epimeric sugars and

that interpretation of the difference CD spectra in terms of unique and

repeated interactions may be totally inconsistent with reality for these

pairs of sugars.

Comparison of E imer CD Spectra

The members of an epimeric pair of monosaccharides differ

from each other only in the configuration of one asymmetrically sub-

stituted carbon atom of the pyranoid ring. Thus, the anomeric sugars

considered previously represent a special case of epimeric isomerism.

Figure 30 presents the difference CD spectra of two pairs of C(4)

epimeric aldopyranoses and a pair of C(3) epimeric ketopyranoses (in

the ketose sugars C(1) is the exocyclic hydroxymethyl group carbon

atom, C(2) is the anomeric carbon atom and C(3), therefore,
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corresponds to the aldose C(2) carbon atom). Figure 31 shows the

difference CD spectra of the analogous methyl aldopyranoside C(4) and

C(2) epimers. Figure 32 shows the difference CD spectra of three

pairs of methyl aldopentopyranoside epimers. Two of these latter

three pairs of sugars contain one member that is conformationally

heterogeneous.

These difference spectra were calculated by subtracting the CD

spectrum of the member of the isomeric pair having the epimeric

hydroxyl group oriented equatorially from the CD spectrum of the

member of the pair having this hydroxyl group oriented axially. These

difference spectra explicitly show the changes in CD which accompany

an inversion of configuration at the pyranoid C(2), C(3) and C(4) loci

(aldose numbering convention).

In several of the hexose and hexoside sugar pairs the locus of

the epimerization is adjacent to the pyranoid carbon atom bearing the

exocyclic hydroxymethyl group. The isomerization should, there-

fore, affect the conformational preference of this group. In line with

previous discussion, the favored conformation of the C(5) hydroxy-

methyl group should be predominantly gauche-trans in the D-manno

and D-gluco sugars and a mixture of gauche-trans and trans-gauche

in the D-galacto sugars (Figure 20). Similarly, the favored con-

formation of the C(2) hydroxymethyl group should be predominantly

gauche-trans in a-D-sorbose and a mixture of this conformation and
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the trans gauche conformation in the C(3) axial epimer of sorbose,

a-D-tagatose (Figure 22 and 34).

Since, in several of the epimeric pairs studied, the distribution

of hydroxymethyl group conformations is strongly dependent on the

configuration at the epimeric center, this -CH2OH group will make a

nonidentical contribution to the individual epimer CD spectra (e.g.,

the CH2OH group makes a positive contribution to gluco CD spectra

and a negative contribution to galacto CD spectra). In addition, all

pairwise interactions involving groups attached to the epimeric center

will be different for the two isomers. Under the pairwise approxi-

mation only these unique interactions contribute to the difference CD

spectra. 15

A glance at the a-D-galactose minus a-D-glucose and the

P-D-galactose minus P-D-glucose spectra (Figure 30) indicates that

the inversion of C(4) configuration from D to L (equatorial to axial in

C 1(D) ) results in large negative changes in the CD. This is true

irrespective of the configuration about the anomeric center, i.e.,

both the a and p difference curves are negative and of a similar

magnitude. It is apparent, however, that C(1) configuration does

15 The widespread changes in 13C chemical shift observed upon
epimerization suggest that this isomerization may alter the details of
ring geometry, e.g., ring dihedral angles. If this is the case the
pairwise interaction between all groups may be (significantly?) differ-
ent for the two members of an epimeric pair.
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influence the particularities of the CD change. This is consistent with

our previous observation that C(1) configuration also influences the

changes in CD that occur upon the introduction of a hydroxymethyl

group to C(5) of a pyranose ring, i.e. , compare xylo family homo-

morphic difference spectra.

The remaining difference spectrum in Figure 30 (a-D-tagatose

minus a-D-sorbose) shows the changes in CD which occur coincident

with D to L configurational inversion (equatorial to axial in Cl(D) ) at

the ketopyranose C(3) locus (comparable to C(2) epimerization in the

aldopyranoses and methyl aldopyranosides). It is evident that this

isomerization and its concominant effects on the exocyclic hydroxy-

methyl conformation result in a positive contribution to the CD.

A comparison of the structures of a-D-tagatose and

ci-D-galactose shown in Figure 33 reveals an interesting steric rela-

tionship (similar to the one previously observed between a-D-sorbose

and a-D-glucose) which may, in part, account for the opposite signs

of the a-D-tagatose minus a-D-sorbose and the D-galactose minus

D-glucose epimeric difference CD spectra.

To begin with, we expect the distribution of exocyclic hydroxy-

methyl group conformations to be substantially the same (or more

correctly, enantiomorphic) in a-D-tagatose and a or I3-D-galactose

(Figure 34). This should be at least approximately true since the

major structural determinant of this conformational distribution, viz.,
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a-D-galactose a-D-tagatose

Figure 33. Newman projection of a-D-galactose and a-D-tagatose in
the Cl(D) conformation.
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Figure 34. Favored staggered conformations of the exocyclic
hydroxymethyl group in D-galactose and a-D-tagatose.
View down the C(6)-C(5) bond in galactose and down the
C(1)-C(2) bond in tagatose.
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the adjacent hydroxyl orientation, is identical for these sugars. If,

as before, the anomeric C(1) -O(1) bond (C(2)-0(2) in tagatose) is

removed from our initial consideration (replace these bonds with C-H

bonds) one sees that the remaining sugar "fragments" are enantio-

morphic (Figure 33). This is also true for the glucose-sorbose pairs

of sugars (Figure 23). Thus for each of these aldose-ketose pairs

the "fragment" contribution to the CD should be equal and opposite. 16

If we arbitrarily assign a value of A as the fragment contribution to

the CD spectrum of a-D-sorbose, the fragment contribution to

D-glucose CD is -A. Similarly, if we let B represent the fragment

contribution to a-D-tagatose CD then -B represents the fragment

contribution to D-galactose CD. In this terminology the a-D-tagatose

minus a-D-sorbose spectrum is given, in part, by B-A and the

D-galactose minus D-glucose spectrum by -B+A or -(B-A). Although

this simple treatment is clearly approximate at best, it is consistent

with the oppositely signed tagatose minus sorbose and galactose minus

glucose epimeric difference spectra.

Replacing the anomeric C(1) -O(1) and C(2) -O(2) bonds in these

compounds destroys the over all enantiomorphism of the aldose-

ketose pairs. However, to the extent the pairwise approximation is

valid, replacing the anomeric hydroxyl group should not alter the

16 The fragment contribution is the sum of all pairwise interac-
tions not involving the anomeric hydroxyl group.
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enantiomorphic nature of the pairwise interactions involving other

groups. It should only result in the addition of several pairwise

interactions which are not enantiomorphic. This is clearly reflected

in the CD spectra of these compounds, i. e. , neither the sorbose,

glucose spectra nor the tagatose, galactose spectra are even remotely

related as mirror images. The substantial deviations from

enantiomorphy observed in these spectra suggest that the additional,

non enantiomorphic pairwise interactions introduced upon replacing

the anomeric hydroxyl group are of considerable importance in deter-

mining the characteristics of the CD in this region. On the other hand

these substantial deviations may reflect the invalidity of the pairwise

approximation.

The methyl aldohexopyranoside difference CD spectra of Figure

31 show that the C(4) epimerization of a or p-D-glucoside results in

large negative changes in the CD. This is consistent with the differ-

ence ORD study of Listwosky et al. (75). The CD changes observed in

these spectra are the result of both the epimerization and the change

in favored hydroxymethyl conformation produced by the epimerization.

The effects of epimerization alone on the CD of the a anomer can be

seen from the P-L-arabinoside minus a-D-xyloside spectrum of Fig-

ure 32. These sugars are, of course, the methyl pentoside homo-

morphs of a-D-galactoside and a-D-glucoside respectively and they

do not contain an exocyclic hydroxymethyl group. The CD changes
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associated with the epimerization are, for the most part, negative and

limited to the higher energy region of the spectrum. Thus it appears

that both the epimerization itself and the epimerization induced change

in hydroxymethyl conformation result in negative contributions of

rotational strength.

A comparison of the CD changes that accompany C(4) epimeri-

zation of the anomeric glucoses (Figure 30) to those that accompany

the epimerization of the anomeric methyl glucos ides reveals obvious

similarities in both magnitudes and shapes. The fact that this inver-

sion of C(4) configuration is reflected almost identically in the differ-

ence spectra of both the hemiacetal and the acetal sugars suggests

either that these chromophoric groups are essentially identical in

their spectroscopic properties (e. g. , polarization and transition

energy) or that the transitions associated with these chromophores are

located at energies beyond the region of our measurements.

The remaining two methyl aldohexopyranoside difference CD

spectra of Figure 31 reflect the CD changes that occur upon C(2)

epimerization of a-D-glucoside and those that occur upon removal of

the C(2) (equatorial) hydroxyl group from a-D-glucoside. The sign of

the C(2) epimeric difference spectra (a-D-mannoside minus

a-D-glucoside) is consistent with that expected from a consideration

of the difference ORD spectra to 190 nm (75), Comparing this differ-

ence spectrum to that of the analogous ketopyranose epimers (i.e.,
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a-D-tagatose minus a-D-sorbose in Figure 30) reveals that this C(2)

epimerization (or C(3) epimerization in the ketose numbering conven-

tion) results in CD changes which are positive in both cases. The

similarities between these two difference spectra are not as pro-

nounced as those between the methyl aldopyranoside and aldopyranose

C(4) epimers discussed above. However, one would not expect them

to be. Although the C(2) epimerization should result in several simi-

lar changes in the pairwise interactions involving the groups attached

to the ketose and methyl aldopyranoside epimeric centers it also has

disparate effects in the two classes of sugars. In the ketose pair of

sugars this epimerization should have a direct influence on the confor-

mation of the adjacent hydroxymethyl group (Figures 22 and 34). In

the methyl aldopyranosides the locus of the epimerization is on the

opposite side of the ring from the position occupied by the hydroxy-

methyl group and its influence on the conformational distribution of

this group is probably minimal. On the other hand, C(2) epimeriza-

tion in the methyl aldopyranoside sugars probably influences the con-

formation of the anomeric methoxyl group (Figure 24). Although

conformation I of Figure 24 must be favored in both a-D-mannoside

and a-D-glucoside, conformation III probably makes a larger contri-

bution to this conformational distribution in the mannoside than in the

glucoside. Lemieux et al. (59) suggest that this is the case for methyl

2-deoxypyranosides and, at least sterically, sugars containing an
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axial C(2) hydroxyl group (as in the mannoside) should not be too

different from the homomorphic 2-deoxy sugar.

The difference spectrum of an additional pair of C(2) epimers is

shown in Figure 32. Ideally this a-D-lyxoside minus a-D-xyloside

spectrum would be expected to be similar to the a-D-mannoside minus

a-D-glucoside spectrum since the former pair are the methyl

pentoside homomorphs of the latter pair. However, as previously

noted, a-D-lyxoside exists as a mixture of the two ring conformers in

aqueous solution and this may have a pronounced effect on its CD

spectrum. The CD changes that occur upon C(2) epimerization are,

however, positive as would be expected.
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