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PREDICTING CIRCULAR-DICHROIShl SPECTRA OF 
PYRANOID hIONOSACCHARIDES* 

ABSTRACT 

Fragment spectra we presented that may bz summed algchraically to predict 

the vacuum-ultraviolet. clrculsr-dichroism spectra of certain pjranoid mono- 

saccharides. It is shwn that a limited number of thebe fragment spectra can be used 

to calculate n larger number of arcular-dichroism spectra that had been measured 

przvlously. Furrhermore, the circular-dichroism spectra of a number of other mono- 

saccharide. whai-e spectra ha\e not yet been measured, can bz predicted. 

INTRODIJCTION 

O~ICZ of the goals of our research lnta the vacuum-ultraviolet. circular dichroistn 

(c.d.) of monosaccharides 15 the formulation of empirwl rules to r&rs the con- 

formation of mono-. oligo-. and poly-saccharides to thejr: measurements. Such rules 

have ken de\elopzd by a number of~oorkers for the optical rotation of sugars at the 

sodium D line (see, for Instance, refs. l-4). As a first attempt to relate carbohydrate 

configuration to this s!nple-\\avelengh measurement, Hudson’ debeloped his ‘* Rules 

of Isorotation”. Subjequently, Whiffen’. Breirster3. and Lemlcux and hlartin’ 

dewloped simple. empirical rules that are g~nerallq appllcsble. 

Kauzmann et al.’ habe shwn that optical ncuvlty arises from the Interaction 

of a group ikith the rest of the molecule. Ifsn empirical approach is to be consistent 

with their theoretical basis, it mubt consider all possible interactions between the 

various groups that make up the molecule. One might consider only contributions 

from r?ll i\ays of pairin? the groups in the molecule (the principle of pairivise inrer- 

action) as one simplifyin g approximation. As a second approkimntion, one might 

consider only interactions betv.een @roups that nre physically near one another (the 

near-neighbor approtimation). The general rules developed prri iously for predicting 

optical rotation at the sodium D line are consistent \iith the principle of paiwise 
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interactIons in the near-neighbor approximation. They may be used to predict 
reliably rhe sign and ma,titude of the optical rotation for pyranoid sugars at the 
sodium D I~ne. 

C.d. bandscan now be mesured for unsubstituted, cyclic sugars by using modem 
kaacuum-ultraviolet msfrumentatlonb. These measurements are more useful than 
measurements at the sodium D I~ne because they contain much more information. 
One day to ublize this informatlon IS to develop a set of rules analogous to those of 
WhiFfen. Brewster. or Lemieux and hlanin. that ~111 relate these measurements to the 
conformations of the sugars. 

Recently, lie have measured the c.d. of a- and jI-D-glucopyranose, Q- and B-D- 

galactopyrano92. ,r-D-xylopyranose, three pyranoid ketoses, and twelve methyl 
aldopyranosides in aqueous solution”. We compared the spectra of structurally 
related monosaccharides using c.d. dit%rence spectra. According to the principle of 
pairwise interaction, these d.il%rence spectra reflect the changes in group interactions 
htt\reen the t\\ 3 molecules compared. The similarities betnsrn the difference spectra 
for pyranoses and merh!yI pyranosides having identical changes in near-neighbor 
group-interactions suggests that a catalog of “fragment” cd. spectra might be 
compiled. The idea is that such fragment spec~a could be summed algebraically IO 
give a good prediction of the c.d. spectrum of a sugar of given cotiguration and 
conl‘ormatlon. This report takes the initial steps toHard producing such a catalog of 
fragment spectra, nlth the hope that it will be useful for purposes of identification of 
sugers. determimn,o configuration. and Investigating conformation and solLent 
interaction. 

hlost asqmmctric molecules exhibit cd. hands. not because the chromopbores 
themselbes are intrinsically dijsymmetric. but beausc they interact with the rzm&der 
of the molecule. According to the painrise principle, an asymmetric molecule may be 
divided into symmetric4 groups so that the opiical aclikity is given as the sum of 
pail wise interactions between these groups. Ii is conrenient to divide monosac- 

charides into the chrcmophoric functional-groups H$OH, -CH,OH, -&HOC?H-, 

and &HOMe. 

It lvill be assumed that the minor conformers present in aqueous solution may 
be overlooked. and each monosaccharide discussed here is in its pyranose ring- 
form ir: the ‘C, conformation for bo(h D and L families. Likewise, it is assumed 
that comparisons are posstble, even though bond lengths and bond angles may vary 
somewhat. Then, for sugars thst diKer only at a single configurational center, c.d. 
difference spectra should reveal the changes in the interactions, involving the groups 
attached to this center. uith other groups in the molwule. 

Fragment spectra. - The key to compiling a catalog of fragment spectra is to 
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realize that the xyloses and xyiosides become symmetwal if the functiona.! group on 

the anomerk carbon atom is replaced by hydrogen. Thus the c.d. spectrum that we 
have measured for each of these compounds is completely attributable to the presence 
of the functional group on the anomeric carbon atom, and results from the inter- 

actions of this soup with the other groups in the molecule. This conclusion does not 

necessarily mean that the anomeric group is the chromophore. however. These c.d. 

spectra are thus difference spectra ehemsehes, and are aljo fragment spectra of the 
type that we seek. The c.d. spectra oft+ and j?-D-uylose and methyl rz- and /?-D-xyloside 

are presented in Fig. I as the lxuic fragment spectra in this cablog. 

Fig. 1. Basic c.d. iragment spectra: (0) z-o-uyloie; (h) 8-D-\>loje; (c) melhbl z-D-\>los~de. tiind 

(d) methyl /3-o-qloslde. 
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Fig. 2 presents fra,gment spectra for changes at the anomcric carbon atom. These 
are the average of very similar difkence spectra that result for both D-xylose and 
D-glucose pairs. Figs. 2a and 2b show the change in c.d. that results on changing a 
pywnose to a methyl pyranoside for the Q and /3 ptir~, respectively. Fig. 2c shows the 
cbsnge in c.d. attributed to a change from the /I fo a configuration at C-l for 
pyranoses, whereas Fig. 2d gives the same change for pyranosides. In all cases, these 
c.d. fragment spectra are only valid when the 3hydroxyl group is equatorial. The cd. 
fragmeot spectra ,U;ien in Fig. 2 are really redundant. Many combinations of four 
fra_gnent spectra chosen from the eight presented in Figs. 1 and 2 may be used as an 
independent set of basic fragment specua. For instance, one could choose the 

Fig. 3 C.d. irsgnent spccrrz for changes nt the anomerx carbon clam: (u) jr-pyfaflose to methyl 

z-p)rranosidz: (t) B-plrmose to merbyl B-pjr;lnojidc; (c) @ 10 z for pjmojej; ad (d) fi LO a for 
merhyl p~ranosid~s. Each is the avenge Tcr tbo or Lhrca sugar pti~. 
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spectrum in Fig. la and convert that into the spectra in Figs. I b, Ic. and id by using 

the fragment spectra presented in Figs . 23, 2b, and 2c. All eight are presented here so 
that selection may be made as convenient. 

Very similar changes in ihe c.d. are objened when a hydroxymethyl group is 
added at C-5 of 3 pyracose or pyranoside having an equatorial 4hydroxyl group. 
Fig. 33 ghcs the fra_gment spectrum that is an average of the difference spectra for 
(,Z-D-glUCOSe - r-D-uylosej, (8-D-giUCOse-j3-D-Xylow). (a-D-nlunnu-heptuiose - Q-D- 
tagatose), (methyl a-D-glucoside-methyl a-D-\yloslde), and (methyl p-D-glucoside - 
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Fig. 3. C.d. rrsveot spectra. (~1) nddltioo of a hydrolymethyl group at C-S with J-hydrouyl group 
equoronal. average far fi~c sugar p31rs; (6) Chydroxyl group equator14 to ax~zl, one sugar pair; 
(c) ad&lion of A h>&rouymelhyl group nr C-5 Huh +hydrouyl group LKILII for ,x sugrlrs, average for 
two pairs of sugars; and (d) addWon of a hydroxymethyl group nr C-5 ullh rhe Chydrox>l group 
a?~~al for jl sugars, akcnge r0r wo ps1i-5 0r sdgan. 
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methyl B-D-Xyioside). The fragment spectrum corresponding to the change in tbs 

itSj*drouyf group of a xylose or xyloside from equatorial to avial is given in Fig. 36. 

This fragment spectrum is the result of only one measured pair, (methyl B-L- 

arabinoside-methyl a-D-uyioside). The fra_ment spectra fob- the addition of a 

S-bydroxymethyl group to an L-arabinose or methyl L-arabinoside (4-hydroxyl group 

FIB. 4. Cd iragmnt spectra based on a srngle pair of srlgxs: (uj odditron of an equatorisl hydrony- 
methyl and a~ axial hydrosyl group to C-f when I-hydroxyi group is equatorial; (b) addition of an 
equz&wicJ hydroxtmethyl group at C-l vlith an ax~nl hydroxjl group at C-I and an equatotial 
1-hydroX)‘l group; (c) equatorial to av~al hydroxyl group at C-7 with an equatorial 3-hydroxyl group 
plus an equstonzl hydrovymPihyl and an awl hydroryl group at C-l; (d) equatorial to awti 
h_Jdroxll group at C-2 (or removal of an cquatorkl hydroxyl group at C-2) with an rqutorial 
3-h~drokgl group nod an avial mstho\yl group at C-l ; and (e) addition oia hydrorryl group to C-6 
v. hen the -l-hydrouyi group IS equ~tonal. 
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axial) is given for the a and j? anomers in Figs. 3c and d, respectively. These two 
fragment SpeCtra are an average for (D-galaCtOse- L-arahinose) and (methyl D- 
galactoside - methyl L-arabinoside). 

Other fragment spectra for which only one example has been measured are 
given in Fig. 4. The fra_gment spectrum in Fig. 4a represents the contribution of an 

equatorial hydroxymethyl and an Gal hydroxyl group on the anomeric carbon atoin 
when the ?-hydro\;yl group is equarorial. The conrriburion of an equaiorial hydrouy- 
methyl group on the anomeric carbon atom when there is an aGal hydroxyl group on 

C-l and an equatorial hydroxyl group on C-2 is given in Fig. 4b. Fig. 4c shows the 

change in contribution of a 2-hydrosyi group when it is changed from equatorial to 
a.Gal, provided thar the 3-hydrouyl group is equatorial and the anomeric carbon atom 
has an equatorial hydroxymethyl group and an axial hydro\yl group attached. The 
fragment spectrum from a 2-hydroxyl group that is changed from equatorial to axial 
is identical to the fragment spectrum resulting from removal of this group. provided 
that the 3-hydroxyl group is equatorial and the anomeric carbon atom hss an aGal 
methoxyl group. This fragment spectrum is git:en in Fig. 4d. Fig. & shows the 
contribution of the hydrolyl group of a 5hydro\ymethyl group when the -I-hgdroxyl 
group is equarorial. 

Reproducitlg meawred c.d. speL!ra. - Thej< fragment spectra will only be 

valuable if they can bc used to predict the c.d. spectra of monosaccharides. As a tirsr 
step in testing their rziiability, it will be shown that a limited number of fragment 
spectra may be used to compute the c.d. spectra of a larger number of compounds for 
which the spectra have already been measured. 

Starting out wit? the four basic fragment spectra (the spectra of SL- and P-D- 

\) lose and the spectra of methyl z- and p-o-xyloside) and adding to each the fragment 
spectrum for the hydroxymethyl group from Fig. 3s. it should be possib!e to predict 
fairly accurately the spectra of four new sugars. Fig. 5 demonstrates that the predicted 
spectra of a!-D-@UCOSC, P-D-glucose, methyl I%-D-glucoside, and methyl B-D-glucoside 

closely match the measured spectra. With five fragment spectra. the spectra of eight 
different monosaccharides may be calculated. 

Although the fragment spectrum of Fig. 3a is due to the presence of the 
hydroxymethyl group, the hydro\ymeLhyl group is not belicwd to be the chromophore 
giving rise to this rotational strength. In previous \vorkb, me assigned the lonp- 
wavelength shoulder beginning at about I95 nm in ‘z- and p-D-glucose to the ewitation 
of nonbonding electrons on the oxygen alom of the pyranose ring. As ry- and /I-D- 
xylose also have such an oxygen acorn, they must 3150 exhibit such a rransition. 
However, in these two sugars, the band is probably of low intensity. blue-shifted, and 
buried under the obvious 170-m band. We consider that the addition of a hydroly- 
methyl group tends to shield the ring oxygen-atom from the hydrogen-bonding solvent, 
red-shifting this band by at least IO nm. The intensity of the band is probably 
increased because the ring oxygen-atom has more asymmetric. pairwise interactions. 
The shorter-wavelength bands at about 170 nm are nAped to those hydrolyl groups 
having some contriburion from other ring-oxygen bands. The shorter-wavelength 



16 W. C. JOHMON, Jl-. 

+ 

L.c t 

4 _ faf 
I I I 

t4 fbl 

p-D-qlucose 

T 
t2 ‘\ 1 ,\’ -* \ 

l . 
l . 

\ 
\ 

______:*,_ L 
.,‘--.‘2, 

-. .\ 
0 

-_ 

170 190 

-2 
1 I I 

170 150 

X fnm) 

FIN. 5. hlcasurcd (-), cals~~lslsd (- -). and irapmnt c----j cd. specln: (u) z-~-glucose: 

fh) fi-D-,olucosc: fc) methyl a-D-glusn>jlde: and (d) mrlh>l fi-D-gluioside. 

contrihu~ion of the hydroxymerhyl fragment spectrum in Fig. 3a is probably a 

b>droxyl-group conrribution. 

In the case of the methyl p>ranosides. \ve consider that the merhosyl group 

already shields the ring-oxygen atom from the hydrogen-bonding solvent. For both 

the z and /3 anomers, the band attributable to this chromophore is observed as a 

low-intensity (and negative) band beginnin, 0 about 195 nm. The next two bands, 

objened at about I71 nm and below 16s nm, are awgned to the methovyi group. The 

local enblronment of this group changes to its mirror image on proceeding from the SI 

to the j3 anomcr. and ihis mirror-image chan_ee is consistent with the change in sis 

of these Tao bands observed in a number of instances. We \vouId also expect intensity 

from tbe hydrohyl groups at wavelengths shoner than 175 nm. as \\as the case for 

the pymnoses. Addition of the h>drouqme:hyl group to C-S of both anomers of 

meihj I D-xyloslde does not shrft the ring-ou}gen band, but enhances its intensity. The 

intensity ascribed to the hydroxyl groups in the shorter-wavelength part of this 
fragment spectrum is aljo enhanced. 

In order to calculate the c.d. specrra of ,r-D-gatactcse. p-D-zaiactose, methyl 

a-D-galactosrde. and methyl P-D-galactoside, it is necessary to knob\ the spectra of the 

corresponding arabinosides. Oniy the spectrum of methyl /3-r-arabinoside (tihich 

corresponds to the spectrum of methyl x-D-galaCtOsi~~e) has been measured. Howeiw, 

it should be possible to calculate rhe other three c.d. spectra by using the fragment 

spectra developed here. The fra_gnent spectrum in Fig. 3b gives the c.d. change 

expected when the 4-h>droxyl group in a \;>lose or xyloside is changed from 

equatorial to axial. This fragmenr spectrum 13 consistent with our assi_gnment of the 
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transitions due to noubonding electrons on the hydroxyl group to transitions at 
wawlengths shorter than 175 nm. By usin g this frapent spectrum, it is possible to 
calculate the c.d. of p-L-arabinose. a-t_-arahinose. and methyl a-L-arabinojlde from 

the spectra of the corresponding xyloses and xylojides. It is also possible to calculate 
the spectra of these three arabinose derivauves from the measured spectrum of the 
/?-L-srabinoside by using the fragment syecrra in Fig. 2. Spectra calculated by both 
methods are presented in Fig. 6. They are very similar. 
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Ftg. 6. Prcdicred (- - ). and liamcn! (----) c.d. spectra- P-L-arsbinose calwlated irom (u) ,X-D- 

qlose, and (b) methyl #?-L-arabinose; x-c-wabinose calculated from (c) /?-D-K)‘lOSe. and IB) rlieragc 
calculated fl-L-amblnoje; merhyl ,x-L-arabmoslde cslsul~kd from (~1 mzrhyl /I-o-x~los~de. and 
(/) methyl /3-L-w3bincw&. 

It is now possible to calculate the spectra of the four ,oalactosc dcribalives by 
using the two fragment spectra presented in Fig . 3c and 3d. One might expect the 
fragment spectrum due to a 5-hydroxymethyl group when rhe 4-hydroxbl group is 
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axial to be independent of the configuration or substitution at tbe anomeric carbon 
atom, 3s it was for the glucose derivatives. This is not so, however. Although the 
fragment spectra are bnkally independent of whether the substitution on the 
aaomeric carbon atom is 3 hydroxyl cr 3 metboxyl group, it does depend on whether 
the configurration is z or /?. We have: postulated that solvent interaction with the 
hernincetal or acetal group depends on whether this group is a or & and that this 

soknt intcrclction may affect the distribution of rotamers for the rxocyciic Shydroxy- 
methyl group. The arguments for this idea have been presented pr~viously~. The cd. 
spectra of ;I-D-g~actose, /II-D-gakxtose, methyl a-D-gslactoSide, and methyl /3-o- 

gzlactoside, calculated from the spectra of ihe corresponding r-arabinose derivatives, 
are compzued with the measured spectra in Fig. 7. 
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Fig. 7. hlraswed f---). s&uhed (- -). nod rrzzgmen~ f----) c.d. sp~ztra: (a) 
(h) 8-D-~d3CtOsC; fc) msihyl n-D-galacf0jrde; znd (ci) meth)I /I-wgalsctostds. 

We have measured the c.d. cpcctra of other sugars, but they are ti\ially 
calculated from these fragment spectra. 

Predicri~rg cd. spectra of mgars noi J*er measured. - By using the fra,went 

spectra in Fogs. l-4, it is porjiblc to predict the c.d. spectra for quite 3 number of 
sugars whose spectra have not yet been measured. A few examples of the kinds of 
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predictions that may be made are presented in Fi g. 8. For instance, the fragment 
spectrum in Fig. 3b might bc utilized to predict the spectra of @_-fructose or #I-L- 

psicose. Fig. 8a shows the predicted spectrum of&~-fructose. which is ~iculntcd by 

adding the fragment spectrum in Fig. 3b to the fragment spectrum in Fig. -la. 

The fra_gment spectrum in FIN. 3a that corresponds to th+ addition of a hydrouy- 
methyl group at C-5 when the hydroxyl group is equatorial may be used to predict a 

number of c.d. spectra. For instance, that of a-D-gko-heptulose can be calculated by 
adding tbis fragment spectrum to the fragment spectrum in Fis. 3a. The result is 

shown in Fig. 8h. 
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Fig. 8. Prehcted ( - -L and ~ragmenl (----) c.d. spectra: (a) 8.L-irucrosz; (h) sr-D-&l-o-heptulo~; 
(r) methyl a-D-lyxoslde; and (6) mcrhyl 8-L.ribosidc. 

The effect of changing an equatorial 3hydroxyl group to &al when the 
3-hydroxyl group is equatorizl and a methoxyl group is a-attached to the anomeric 
carbon atom is given by the fragment spectrum presented in Fig. Ad. When combined 
with the spectrum of methyl a-D-xylosidc, the cd. speclrum for methyl r-D-lyuoside 
may he predicted, as presenred in Fig. 8c. The spectra of methyl a-D-Lailoside and 
methyl p-L-riboside may be predicted similarly. The spectrum of methyl fi-t.-riboside 
is giben in Fig. 8d. 

hlvly orher c.d. spectra may also be predicted in this way. It will be interesting 
to see how these predictions compare with the actual cd. spectra when they are 
measured. 



20 W. C. JOHNSON, Jr. 

ACKNOWLEDGMENT 

This work was supported by National Science Foundation gant number 
PCIL171OI 53sA03. 

REFERENCES 

I C. S. HLWSON. J. Am. Ct’wm. Sue.. 31 (1903) 66-86; ibid.. 47 (1923 268-280. 
2 D. H. N’HIFFEN, Chrm. 1n.L (London). (19%) 96-t-968. 
3 J. H. ~REUSTER, J. .-i/n. Chem.. Sot.. 81 (1959) 5175-5183; rbid. 5483-5193; rbid. S-193-5500. 
4 R. U. LEXIIEUY AND J. C. h!l\RITN. Curbohydr. Rrs.. I? (1970) 139-161. 
5 W K<.v.zM~%N. F. B. CLOUGH. 4ND I. TGBIU, Twtzhedron. 13 (1961) 57-103. 
6 R. Ci, N~uohr AND W. C JOHMO;ZI. JR., 1. Am. Chem. Sot., 9S (1376) 42904295; ibrd., 32964301. 


