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A SYMMETRY RULE FOR THE CIRCULAR DICHROISM OF 

REDUCING SUGARS, AND THE PROPQRTION OF 

CARBONYL FORMS IN AQUEOUS SOtUTlONS ‘THEREOF* 

From the circular dichroism spectra of 23 aldoses and IO ketoses in aqueous 

solution, a symmetry rule was derived relating the sign of the n - n* band of the 
carbonyl form to the 2;‘solute configuration of the sugar. The sign is positive when 

the configuration of the adjacent chiral center is (S), and it is negative wher, the 
configuration is CR). The rule also holds for al&lt_~clo- and k&u-sugar peracetates. and 
for 7”lactones substituted with oxygen-containing groups. 

The magnitude of a mean, molar, dichroic-extinction coefficient for the pure 

carbonyl forms of aldoses and ketoses was estimated from published cd. data on the 
al&b_&- and h-efo-sugar pcracctatcs and related compounds, which permitted 
estimation of the proportion of the carbonyl form in the equilibrium mixture for each 
sugar. wGlucose had the smallest carbonyl concentration, 0.002”io at 20”, in 
agreement Jvith an eariicr, polawgraphic value. The relationship between carbonyi 
convent and sugar structure and configuration is discussed. 

INTRODUCTION 

It was reported more than 40 years ago’ *’ that fully acetylated al&h&w.ugars 
exhibit circular dichroism (c.d.) bands at about 290 nm, the frequency of the I?- n:* 

transition of the carbonyt chromophore. The failure to observe this band in the 

o.r.4.’ and earlier c.d.‘:-6 spectra of the unsubstituted aldoses in aqueous solutio:l 
has generally been taken as evidence that the proportion of the aldehydo form is very 
\r???!! - _ !r! kc imqw nbsorptisn spectra the n - n* band, if present, is masked” by 

:!x tail uF ;L moderately strong band near 210 nm. 

*T&z Ci%las Dichroism of Reducing Sugars. Part I, 
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Recent itori has shown the presence of a weak. carbonyl, c.d. band in aqueous 

solutions of o-glyceraldehyde”. a ldopentosesq, and ketohesoses’*j. We no\i report 

simdar c.d. bands in the spectra of the aldohevoses and some of their derivatives. 

recorded with a more sensitive circular dichrometer. and the c.d. spectra are then 

used as a basis for estimating the relative proportions of the csrhonyl forms of the 

reducing sugars in aqueous solution. 

RESULTS AND DlSCCf+SlON 

The correlation of the sign of the n - rt-. circular dichroism band pith absolute 

configuration, first observed for the pentosesjy, has no\+ been extended to all of the 

reducing sugars listrd In Table I and may be expressed as a s~/~rnielr.t* rule. The sign 

of the II - IT* circrrlar dirirrolsnl baud qf a reducing .rugar IS positn.e when I/M cor~fi- 

grrrarron at rhe adjacetlf rlrirol cerrrer IS (S). awl rt 15 twgarrre whet1 ihe cur$gwalrorr IS 

( R). 
The rule also holds for the ahfehwio- and Lefo-sugar peracetates, as reported by 

Lo\\ I-y and M’olfrom and their co\rorkers’ ‘. and for the 2-alko\v-;-lactones. Thus, 

the (R) isomer of pantolnctone (I.-l-dihydroiy-3,3-dimethylbutano-y-lactone) gave 

d& -l.S6M_‘.cm-’ at 2% nm in acetonitrile solution ‘O. and the same sign 

correlation \l:as earlier found to hold for the aldono-y-lactones’ “” and their 
derivatives ’ 3. For the y-lactones. lllcguro and co-workers’ 3 iiere able to st,oiv that 

the sign-determining effect of the alpha subjrituent out\\etghs that of thi rtng 

geometry and also any effects ot’ other ring subjtituents. If the S-membered. lactone 

ring is regarded as planar. the sign of the n - rs’ band IS determIned by application to 

these compounds of the octant rule ortgtnally developed for substituted cyclo- 

heuanones”, as \sell as the more elaborate, sector rule developed from the octant 

rule by Klyne and his colleagues” for lactones substituted wtth slh~l groups and 
c>cloalkane rings. 

Calculation of the pcrcenta_pe concentration of the carbon’1 form of a sugar In 

aqueous solution from the observed c.d. spectrum required evaluation of the molar, 

dtchrotc-evttnctton coefficient for the pure carhonyi form. d.zco. at the hand maxtmum. 

Until now, there had been practically no information on the proportion of the 

aldehydo form of aldoses in equilibrium in aqueous solution, except that it \tas too 
low to be detected b> u.v’. or n.m.r. spectroscopy. The only quantitative figure \c’e~ 

that of 0.0026?6 for o-glucose at 35’, determined by polarography “. (Earlier, much 

higher, polarographic values’ ’ were sholrn to have been calculated on the basis of a 

wrong assumption’ “). However, solutions of ketoses contatn higher proporttons of 

the keto forms: the absorption thereof is clearly \isible in U.V. spectra of aqueous 

solutions, but quantitative evaluation is difficulr because the peak constitutes only a 

shoulder on the strong band near 210 nm. 

In the absence of a direct method for determining AE‘O for each sugar, a medal. 

absolute value for aldoses and ketoses was estimnced from the following dato.(a)deCo 

values for (S)-3-methyl-3-pcntanone and (S)-4-methyl-2-hcxanone in methanol, and 
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for (S)-2-mcthylbutanal and (S)-3-methylpentsnal In heptane, \vere calculated from 

the o.r.d. cur\es”-I3 \vlth the relatlonshlp”” Ll& = A/30.x3 as +0.2. -0.2. io.2, 

snd -0 3. respectively. (h) JEW” values in chloroform solution for the peracctates of 

aldel~l~d~-L-ar~binose -D-&WtO% -~-glucose. 6-deouy-alci~~~~~~u-~-~alactose. and 
kero-D-fructose i\ere - 1.80, -2.35. - 1.00. i 2.15, and i 1.00, respxtively’.‘. 

(c) Direct compariwn of deco ~nlues for h~dro~~bic!.clo[‘.‘.I]heptanone~ 1~1th those 

for the corresponding O-acervlatsd compound.; was complicated by the occurrence of 

bisignate n - II*. c.d. bands’ ‘.2-‘. The LIE’O values from the monosignatc spectra of 

(I R. 2s. ~S)-3-sceto~y-l.5,S-trimethylblcyclo[ 2.2.I]3-heptanone in methanol and in 

cyclohexane were - 0.9 and - I .2, respectively. and, from the monosignnte spectrum 

of the corresponding alcohol in cyclohrxane. was- ’ 1 -#-O.-I. (d) The ratios of the total 

n - ri*, c.d.-band ureas !n methane! IO those In hydrocarbon solvents. for both mwo- 

snd bkgnare spectra of the hydroly- and acstoxy-bicyclo[2.2. I]hept~nones w\th 

I- , 2-. and 3-bond separations of the o\y and csrbonyl groups”.“. confirmed the 

expected increase’ 3 ( 15-3596) in Arc0 lvith increasing solvent-polarity. So far. no 

.AL~O ~alucs for h>dro;yhciones in aqueous solution appear to have been recorded, 
but. judging from ihe solkent effect on 4~‘~ of o-pa~tolactone2J, they could be 

rkpected IO be jimlIar to those obralncd in alcohol. chloroform. and sczronitrilc 

solutions. (e) In the hydro~y-jli-sndrojt3n-I I-ones, O-scetylatio? of the 3,x-hydroxyl 

group at 5-bond separation irom the carbonql group caused an Increase in dcCo 

front $ 0.25 to +O 26. and the appearance of a peak band at 325 nm in I+diowne 

solution”. .Acet~lnilon of hjdroxyl groups ~11 8- and 9-bond separations in steroid 

ketones’ 5 caused only ncgliglble change3 In It -co for both endocyclic and exocyclic 

hetone groups. 
On the ForegoIng s\ldrnce, the absolute mngnltudes of LIE~O for the acyclic aldojes 

and heroses in aqueous solullon \\ould appear to be similar. \!lth a probable, mean 

value near uniry. On [his njsumptiun and the relationship $iving ?,a of carbonyl 

form = 4ex 100/4~‘~. the approximate proportion of the carbon11 form of each 

sugar \\as estimated as sho\rn in the la>t column of Table I The kolue thus obtained 

for D-glucose. viz., 0.0029 i,, m’r~1s in sntlsfactory agreement \tith the esrller. polaro- 

graphic val~e’~. Direct evaluation of 4~‘~ for reducing sugars from the combined 

c-d. and n.m r. spectraz6 is feasible. 

The vsrration of d; uith remperature withln famllie> of diastereomers (see 

Figs. I to -I) indicated that the carbonyl contents of the aqueous solutions of the 

sugars generally increase with increasing temperature In most cases, the increase is 

about fourfold on raising the temperature from 30 IO 60’. a smaller increase occurs 

with solutions of those sugars rhat contain considerable proportions of furanoses in 

equilibrium, presumably because the furanose content also Increases with IncreasIng 

temperature. 

The figures in Table I show that the proportion of rhe aldehydo form in the 

solutions of aldohesoses lanes by at least a factor of 3. The variatioos in these 

equilibria are due mainly to the different free-energies of the pyranose forms of the 

various sugars. These ha\e been estimated by a simple method”, and the present 
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. 
results are in accordance with these estimates. Thus, D-gkcose, which has the most 
stable pyranose forms, shows the lowest carbonyi content-of all sugars examined; 
D-idose, which has the least stable, pyranose forms, shoivs a high carbonyl content. 
It is noteworthy that a-Idose. in contrast to the common aldoheuoses. gives a positive 

TABLE i 

ClRCUL4R DICHROIS~i AhP ESTlVATED PROPORTION OF CARBONYL FOR% OF 

REDLJC~~G SUGARS Ru ,\QiJrobS SoLbTlO?. AT ‘o- 

S&V? A& 
x 103 

1 A Ipha-wrbon Essrrrnated 
;ilm, confYguraflotl rarborr)P 

(?L) 

D-.tiabiflosz +0.333 25s S 0.03 
L-L>;TOSS - 0.255 290 R 0.03 
o-Ribose - 0.469 135 R 0 05 
D-Xj’lOSe -0.1.56 233 R 0.02 

D-AilOX -0.109 2S3 R 0.0 I 
D-AiIrO>C t 0.360 365 S 0.04 
D-GklClOse -0.170 187 R 0.0’ 
D-GlUCOSe -0.0~2’ ?YS R 0 OO? 
D-fdose + I.82 ‘88 S 0.2 
D-frlannose +0.0535 29’ S 0.005 
D-TAlOse I- 0.336 255 s 0.03 

D-p~~cFfa-D-glc~a-Hep~ose 
D-pl?,cFro-D-gafacro-Heplose 
D-gi~crro-I.-g~lacra-Heptose 
j-Theo-D-flucoie 
j,6-DI-O-methyl-D-~lucJse 
3,6-Anh~dro-D-giusosr’ 

-0.19j 
-0.138 
+ 3.106 
- 0.0s 
- 9.57% 
- 0.4s 

290 
2S6 
286 
295 
289 
275 

0.3’ 
0.0 1 
0.0’ 
0.005 

0 05 

D-r/rrFG-?-PenlUlOje 
D-~rl.lCfOS~ 

D-PSisoSe 

L-Sorbose 
D-Tagalose 

D-u/ff@3-HeplulO& 

Turanose 

+ 56. I 
+ h.72d 
- 3 30 
+2 16= 
+ c-7 

- 77.4’ 
-f- I O.OJ 

I-Dcou)-D-iructose 
I-Dcox)-L-sorbox 
I -Deo\y-L-pslcose 
7-Dco~~-D-arabr,ro-hexosc 
2-Deoay-D-!,_~a-he~o;r 
6-Deo~--~-g~l~fose 
~-D~oA~-D-~~LIcos~ 
6-Deoicy-L-mannose 
2,6-Dideo~)-D-r/bu-he~o~~ 

272 
273 
265 
273 
280 
279 
253 

27-l 
775 
271 
2.5s 
290 
290’ 
237 
790’ 
7-90 

S 
S 
R 
S 
S 
R. R 
S 

8 
0.7 
0.3 
0.2 
06 
3 

+135 
+ 52. I 

-I- IO4 
-00776 
- 0.285 
i-0 01 I I’ 
-0.0182 
- 0.05,’ 
+o 2s 

S 
S 
S 

;: 

S 
R 
R 
Sh 

I-l 
5 

IO 
0.005 
0.03 
0.007 
0.002 
0.006 
003 

‘Bised on an carmalcd. m=xrmUm, molar, drchroic-cxiiroctron coe3icrcnr of lrnrr) for Ihe pure 
carbonyl form (see IC~I). “Compare the polarographls ~aluc 0.00169; at 25. (ref. !6). ‘AI 25.. 
“PiSVIOU~l~ reporlcd ns + IO (rei. 4) and +8.93 (rsi. 5) DI an unspecukd temperature. cPrebIou4) 
reponed as -3.73 for the D isomer (rei. 4). ‘“Corlose” (ref. 35). fiPrzviously reported 3s + l7- 31 an 
unspecilkd temperalure (ref. I). “Befa-carbon conIigur3lloo. ‘At 27-30’. 
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Fly 3. Temperalure dcpendcnsc of the carbon::1 circular dlchroism or he~ol~e\oses rn aqueous 
solution. (D-Fruclosz Cl. D-pSlSOSC 7. L-jorbose 0, and D-lag3lose L.) 

Fig. 4. Temperarurz dependence oi the sarbonyl circular dlchrolsm oi I-dcoxj-2-hexuloscj in aqucotis 
solution. ( I-Deou) -D-Trucioje Cl. I -dcoy. -L-pjlcose L. 1 -dcot# -L-iorbosc iJ ) 

Schiff reaction for aldehydes’*. To a lesser extent (bcciiuse the free-enerm differences 

are smaller). rhe equilibrium is also aRkted by the relatil,e stabilities of the acyclic 

forms”‘. The free-energies of the zxycl~c forms have not been estimated, but It is 

hnown that rhe most stable OIXS are those which are in the zigzag confornlatlon. 

When 1.3~parallel interactions force the chain into a sickle form, gauche C-C inter- 

actions are present, and the free eoer,~ is higher. hlannose and galactose have the 

most favored conformations in the acyclic form: allose has the least favored (two 
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go&e C-C rntcractions) and, hence, its aldebydo content is low, although the 
pyranose forms are less favored thin those of galactose. 

Because o-_rulose has not bet been obtained crysralllne. and IS, rheretore, not 

readily isolated in the pure state, the homomorphous D-g/_lcero-D-g/r/o-heptose was 

investipated instead. This seems to he jushfied by the comparison of the data on 
~ealactose with those OF the two galucra-heptoses; addition or an extra carbon atom 

outside the ring is seen not to alter the proportlon of the carbonyl form. It IJ inrerestrng 

that. of the two homomorphous heptoses. D-g!r’cero-D-~aiacro-heptose shows the 

higher aldehydc content. Its acyclic form has nogauclw C-C interctction, whereas that 

of D-gl~,~ero-L-gulucfo-heptose has one. 

5.6-Di-C-methyl-D-_elucose, which gives a positike Schiff test, can afford no 

pyranose forms: hence, In solutlon, the aldehydo form has to compete only with the 
(much less stable) furanose forms, and occurs in a much higher proportion than in 
aqueous solutions of o-glucose. IF the reasonable assumption is made that :hc ratio 

of aidehydo to furanose forms IS the same in solutions of 5.6-di-U-methyl-o-glucose 

as in those of I>-glucose. then the latter contains about 0.3% of furanose forms in 
equilibrium. Because this proportion is too small to be observed by n.m.r. spectro- 
scopy, it has not been previously estimated. 

The pyrarlose forms of 3.6-anhydro-o-@ucose are highly strained’; hence, here 

aeain, the nldehqdo form has IO compete only with the furanose forms. and so It 

occurs in a higher proportion than in solutions of D-glucose. Fischer and Zach” 
recorded that this compound p_ives a red color with the SchifT reagent. Hakiorth CI 
a/.-” assumed that, in solution. the compound IS mainly ID the furanose forms. 
accompanied by a small proportion of tile aldehydo form. The n.m.r. spectrum in 
aqueous solution shows only the t\va furanose forms. in approuimntcly equal 

amounts: aH-I at 6 5.46 lvith J, ,? 4 Hz and BH-1 at (5 5.42 with .I,,, + I Hz; there is 

too little of the aldehydo form (see Table I) for it to be derecred in the spectrum. In 

contrast to S.6-di-O-methyl-D-glucose. the aldehydo form IS not strain-free, because 
it contains a five-membered ring bearing three, consecutive cis-substituents; hence, 

an aqueous solution of 3.6-anhydro-D-glucose contains much less aldehydo form at 
equilibrium than does that of 5,6-di-O-methyl-D-glucose. 

Among thz aldopzntoses, D-xylO5e. habing the most stable pyrano>e forms, 

shows the lowest. and D-ribose. having the least stable pyranose forms, the highest, 
proportion of carbonyl form. Aqueous solutions of all the aldopzntoses contain more 

aldehyde at equilibrium than do ihose of the homomorphous aldoheuoses. As the 
solutions also conrain ~1 higher proportion of furanose forms than rhaae of the 

aldohexoses3 ‘, it appears that thew pyranose forms are less stable. Apparently, ring 
closure through a primary hpdroxyl group yields a less stable acetal than one through 
a secondary hydroxyl group. [A recent example is the behavior of dlhydrostreprose, 
5deoxy-3-C-(hydroxymerhyl)-L-lyxose, which appears to form glycosidrs by ring 
closure throllgb the secondary 0H-4, rather than the primary O!-I-3’ groupie]. 
D-Erythrose, which can only form furanose forms (and those through a primary 
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hqdroxyl group), would be e\pectcd to contain a much higher proportion of the 

nc~clrc form at eqlulibnum. 

The solutions of the Moses are seen to contain a higher proportion of csrhonyl 

forms than rhose of the aidoses. L-Sorbose (r-_i_r/u-hexulose), having the most stable 

pyranose formsJs, contaIni, the least of the ncycl~c form. The beha\:or of D-psicose 

(D-r/ho-heiulose) 15 somewhat puzzling: its pyranose forms ha\e sjw-a\ial hjdroxyl 

groups. and hence a larger proportion of the kefo form would habe been expected. 
D-//rreo-~-Peotulose, u hich can only form furanoses. and rhose only through the 

prlmarj hgdroxy! group on C-5. shows a \ery high ketone content. D-drtW-% 

Hrptulose” 1x1s ;L higher ketone content than the homomorphous D-psicose, because 

its side-chain 1s bulkier. 

The aldehydo forms of sugars art? extensively hydrated in aqueous sc)lution”0’3 ‘. 

It is, therefore. to be expected that the aldehgdo forms hewn reported are accom- 

panied in cquilibrrum hy IO-20 times larger amounts of the aldehpdro! form; DO 

method is jet known for its qunntltoti\e determination in the equilihrium mi_\turc. 

The keto forms of the hetoses appear to form no substantial amounts of hydrates’“. 

ESPERIhUZNTAL 

The c.d. spectra \\erc recorded in Vancouver wirh a JASCO JZO circular 

dichrometer tirted with a thermostatted sample-compartment maintained within 

+O.l’ by an eaternal, circulating bath. Equrlrbroted solutions (0.3 to 1~) were 

prepared in distilled \\arer (redistilled from potassium permanganate) and the pH of 

the sugar solutions Ia) in rhe range 5 .:! to 7.0. Specific rotations were measured with 

2 PE-I-II automatic polarimeter. for solutions in rhsrmostnttrd sample-tubes. 

The carbonyl content of aqueous solutions of D-fructose did not spprnr Lo 

change during muwrotatlou. The c.d. band was fully developed in the first spectral 

scan, recorded 3 min after contact hetwecn the crystalline sugar and l\ater at 25.0”. 

and remained constant oler the next 96 h whrle the solution (pH 6.30) murarotated 

from - 105’ toward the equilibrium value of -93’ during the first hour. The c.d. 

spectrum of the equillbrarrd 4utlon wds unchanged on purging with oxygen, and 

after storage for several days In laborator! light. 

? hc A& valces previously reported for D-glyceraldeh]de and D-erythrose”.’ 

are probably too large. 
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