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ABSTRACT 

Aldoses of the arabino and xylo series with molybdate ions in aqueous acidic medium, form 

tetradentate acyclic complexes which are much weaker than those of the related alditols. The formation 

constants (K,) of these complexes were obtained by two independent methods, potentiometry and UV 

spectrophotometry, which gave values in good agreement. The structures of the complexes with aldoses 
were shown by 13C NMR spectroscopy to involve the l&and in its acyclic form. A study of the 

complexes of carbohydrate derivatives proved that the magnitude of K, was mainly dependent on the 

configuration of the site of chelation. The lower stabilities of the aldose complexes were due to the 

endergonic opening of the pyranose heterocycle in the first step of the complex formation. An 

application to the determination of the equilibrium constant for the ring-opening reaction of aldopyra- 

noses is described. It ultimately allowed the calculation of the proportion of acyclic forms (aldehyde and 

hydrate) in aqueous solutions of the aldoses in the arabino and xylo series. 

INTRODUCTION 

Many carbohydrates form dinuclear anionic molybdate complexes in aqueous 
acidic solution, a characteristic which was applied to the separation of mixtures of 
sugars by paper electrophoresis’. Bilik’s studies 2-h have renewed the interest in 
the chemistry of such complexes by showing that MO(W) catalyzes the C-2 
epimerization of aldoses, a reaction useful for the synthesis of rare sugars7,x which 
was subsequently explained by involvement of a C-l ti C-2 transposition”. Several 
papers’-” have pointed however out that mechanistic interpretation of this 
reaction is hampered by the lack of quantitative data on the formation equilibria of 
aldose complexes. 
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A few structures have been determined by X-ray crystallography” “. Alditols 
form stable acyclic complexes’“.‘h, whereas data obtained by “C, ‘H, and ‘“Mo 

NMR studies demonstrated that aldoses are complexcd in their furanose form (in 
the case of the ly~o’~ series), in their pyranose form (I&‘~.‘” series), or in their 

acyclic form (nylo’” and ~rlrhino’~.” series). 
The formation constants of the molybdate complexes were calculated from 

potentiometric measurements’“~2’. The finding that the sites of chelation were 

similar in alditols and aldoses of the urubino and xylu series raised the question of 

the origin of the large difference between their stabilities (alditol species are much 
more stable). The present work was initiated in order to relate the energetics of 
complex formation to the structures of the ligands (Fig. 1). The molybdate 
complexes of carbohydrate derivatives (diethyl dithioacetal of u-arabinose and 
I-deoxy-l-methylamino-n-glucitol) were studied with regard to their structures and 
stabilities. The demonstration that the main reason for the differences of stability 
was the open chain formation from the cyclic aldoses led to a new method for the 
estimation of the proportion of acyclic forms in aqueous solutions of free aldoses. 

RESULTS 

Determination of the formation constants by the potentiometric method.-At 

pH > 4, all the sugars and polyols H,,L (aldoses and alditols with II L 4) react with 
molybdate according to the general equation: 

2MoO:- +H,,L+?H’~~~(MoO,)~O(H,,_,L)~~-+~H,O (1) 

The formation constant of a molybdate complex is the equilibrium constant of 
reaction (I) and can be determined by the potentiometric method described in 

TABLE I 

Formation constants ’ K, of the molybdatc complexes of carbohydrates 

Sugar Ion Ki ” lor K, ’ 

wArabinose 13.60 I’ 13.20 

wArabinitol 16.35 16.35 

I)-Arabinose diethyl dithioacetal Ih.65 ND 

D-Galactosc 14.25 I’ 14.75 

Gaktitol 17.30 17.30 

r,-Xylose 13.70 I’ 13.60 

Xylitol 16.25 I h.00 
u-Glucose 13.20 Ii 13.30 

2-Deoxy-n-urahitro-hexose 13.40 “ I.i.fiO 

r+Glucitol 16.60 lh.7i 

wMannitol 16.70 Ih.90 

I-Deoxy-I-methylamino-n-glucitol NA 16.8’ 

” Equilibrium constants K 212 for the complexes (2,l.Z)’ ” Ry potentiometry. accuracy iO.10. Data for 

alditols are taken from ref 16. ’ By spectrophotometry, accuracy iO.10. ” Low accuracy. +0.30. ND: 

not determined. NA: not applicable. 
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Arab& site of chelation 

o-Arabinose, R’ = R2 = OH; D-Arabinitol, R’ = H, R2 = OH; 
D-Arabinose diethyl dithioacetal, R’ = R2 = S-C,H,; 
2-Deoxy-D-arubino-hexose, R’ = H, R2 = CH(OH),; 

o-Mannitol, R’ = OH, R2 = CH,OH; 
D-Glucitol, R’ = CH,OH, R2 = OH, 
1-Deoxy-1-methylamino-D-glucitol, R’ = CH,-NH-CH,, R* = OH. 
Galucto site of chelation 

D-Galactose, R = CH(OH),; Galactitol, R = CH,OE. 

Xylo site of chelation 

D-Xylose, R1 = H, R2 = OH; Xylitol, R’ = R* = H; 

D-Glucose, R’ = CH,OH, R2 = OH; D-Glucitol, R’ = CH,OH, R2 = H. 

Fig. 1. Sites of chelation in molybdate complexes, marked in bold characters. Formulae of aldoses are 

shown in acyclic hydrated form. 

previous papers *’ Because of its stoichiometry, the complex is symbolized as . 

(2,1,2) and the formation constant is usually denoted as K,,, (Table I>. In 
energetic diagrams, K2,z is abbreviated as K, for alditols and K; for aldoses. 

When stable molybdate complexes are formed (for alditols? 14.6 < log K,,, < 
17.6 and sugars of the lyxo series’7S2’: 14.5 < log K2i2 < 15.01, a linear relationship 
is observed between the pH of half-titrated solutions of molybdate tpH,,,l and 
loge, (c, and cM are the concentrations of sugar and molybdate respectively): 

PHI/~ = 1/2(log K2,2 + log cM + log cr) 

In the case of aldoses, which form weak molybdate complexes (sugars of the 
arabino and xycylo series: 13.2 < log K,,, < 14.31, the complexation of the molyb- 



2 Moo;- + C2-+ 2H+ ( + [MoO,C]‘- + H,O) 
1 i: 

(3) 

IL 

fH,,I. 

-2P-2H’ 

2 MOO;- + H,,L + 2H’ i+ [(Moo&o(H,,_,L)]‘~+ 3~~0 
2,’ 

Scheme 1. Competitive complexation of molybdate by chloranilate C’ and a carbohydrate H,,L 

date anion competes with its polymerization to an heptamolybdatez2 which occurs 

at pH I 5: 

This interference is revealed by a curvature of the plots of PH,,,~ vs. log cI_ 

which indicates that the potentiometric method has a lower accuracy in the case of 

complexes of such aldoses. Thus, we sought another method for the determination 

of the formation constants that would not present the same drawback. A spec- 

trophotometric method, based on the competitive complexation of molybdate by 

carbohydrates and a colourcd sacrificial ligand. is described hcrafter and is 

illustrated in Scheme 1. 

Deternzinatiot~ of the fomution constunts by the spectrophotometric method.- 

Molybdate ions form a 1 : I complex”.” with the ion of 2,S-dichloro-3,6-dihydroxy- 

2,5-cyclohexadiene-1,4-dione sodium salt (chloranilate C” -, Fig. 2). The complex 

absorbs strongly in the visible and the UV (,4,,,;,, = 340 nm). If the concentrations 

and pH are adjusted so that the carbohydrate complexes are more stable than the 

chloranilate complex, the formation of the molybdate-carbohydrate complexes, 

(eq I), may result in rhe dissociation of the chloranilate complex [MoO,C]“- 

[equilibrium (2) is displaced backwards]. The overall reaction is represented by eq 

.? in Scheme 1. 

Accordingly, when a sugar or polyol is added to a solution of the complex 

[MoO,C]‘-, the UV spectrum gradually changed (Fig. 3), indicating the dissocia- 

tion of the (1,1,2) molybdate-chloranilate complex (curve 3a) to form the colour- 

:,‘;:; z - $y -2- 
0 0 

a b 

Fig. 2. Formulae of chloranilic acid (a) and chloranilate ion (h) 
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0 nm 

Fig. 3. Variations of the UV spectrum of the chloranilate-molybdate complex (Mo:C = 2, C~ = 10K3 
M, path length I = 1 mm) vs. o-mannitol concentration c,_. (a) c,_ = 0, pH 4.6; (b) c,_ = lo-’ M, pH 4.6; 
(c) cL = lo-* M, pH 10 (complete dissociation of all complexes). 

less (2,1,2) molybdate-carbohydrate complex and free chloranilate ions (curve 3~). 
When the reaction was not complete, intermediate spectra were obtained (curve 
3b). The observation of the isosbestic point at 335 nm shows that no other species 
were involved. The larger variations of absorbance occurred at 347 nm (decrease) 
and were used for quantitative work. 

The optimal conditions for the formation of the molybdate-chloranilate com- 
plex were obtained in the following way. A 2 : 1 molybdate-chloranilate ratio was 
chosen in order to increase the initial proportion of complex, since the 
molybdate-carbohydrate ratio is 2 in the carbohydrate complex. A comparison of 
the curves of variation of absorbance vs. pH for the molybdate-chloranilate 
complex, alone or in the presence of a model alditol (o-mannitol was used), 
showed that the maximum decrease of absorbance was observed at about pH 4.7. 
As this value is close to the pK, of acetic acid, we eventually decided to use a 1: 1 
acetate buffer of pH 4.6. 

Under our experimental conditions, we measured the formation constant of the 
molybdate-chloranilate complex: log K,,, = 13.58. This result agrees with litera- 
ture data as determined by spectrophotometry24s25 under slightly different condi- 

tions. 
As only the species containing chloranilate is the only one which absorbs at 

A = 340 nm, the concentrations in the solution at equilibrium are related to the 
values of A, (absorbance of the chloranilate complex), A, (absorbance of uncom- 
plexed chloranilate ion), and A (absorbance of the solution at equilibrium). 



The total concentration of chloranilate species cT is: 

cT = [C?] + [MoO,C*-] 

The proportion a of uncomplexed ion C’- is calculated from the absorbance 
measurements: 

[C’-] = CYC.,. and [MoO,CZP] = (1 - a)cT 

a = (A, - A)/(A, - A,) 

The concentration of free molybdate ion is obtained, using the equilibrium 
constant of reaction (2): 

K = [MoO,C’-] 

I” [MOO;-][C2-][H;]’ 

[MOO:-] = (1 -YY)/~~K,,~[H+]~ 

The concentration of the molybdate-carbohydrate complex stems from a mass 
balance equation, where cM is the analytical concentration of molybdate: 

[(MOOz)~O(H,,_,L)]‘-= (c~ - [M~o,c”~] - [h400:~])/2 

The equilibrium concentration of the ligand is also obtained using a mass 
balance equation, where (1,. is the analytical concentration of carbohydrate: 

FLL] =CI. - [(MoO,LOW,,J]‘- 

A computer treatment, using a laboratory-produced Basic routine programme, 
gave the values of the formation constants K,,> of the molybdate complexes: 

K 

212 

z [(MoO~),O(H,,~,L)]~-- 

[MAO;-]‘[H,,L][H+]’ 

Interestingly, both methods of determination of formation constants of molyb- 
date complexes yield comparable values (Table II, although based on different 
principles. However, for thermodynamic calculations, we favoured the values 
obtained by the spectrophotometric method, which are more suitable for the 
aldoses complexes of lower stabilities. It appears clearly that aldoses of the mruhino 
and xv10 series definitely form molybdate complexes less stable than those of the 
~JXO*’ and ribo (14.3 < log Kzir < 14.6) series. 

Structures of the site,s of’ chelation by “C NMR spectroscopy.-The study was 
limited to aldoses that are complexed in hydrated acyclic form, according to Bilik’s 
work’“3’“. They belong to the arabirzo series (r,-arabinose, v-galactosc, and 2-dc- 
oxy-u-arubino-hexose) and .uylo series (n-xylose and o-glucose). The site of chela- 
tion of 2-deoxy-D-arahino-hexose places this compound within the umhino series. 

Other compounds used as references are the corresponding alditols and deriva- 
tives substituted at C-l. 
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The identification of the sites of chelation of the ligands is based on the 
deshielding effect on carbons that bear the chelating hydroxyl groups. Free alditols 
and their molybdate complexes were studied in previous workI and relevant 

TABLE II 

13C NMR chemical shifts for molybdate complexes of sugars and homologous alditols 

Carbon C-l c-2 c-3 c-4 c-5 C-6 

D-Arabinitol a 

free ligand 6 65.3 
complex A I 6 65.1 

complex A, 6 66.1 

D-Arabinose 

complex A’, 6 92.0 

complex A’* 6 90.3 

o-Arabinose diethyl dithioacetal ’ 

free ligand 6 54.4 
complex T, 6 54.3 

complex T, 6 55.1 

2-Deoxy-o-arabino-hexose 

complex D, s 90.8 

complex D, 6 92.1 

o-Glucitol (erythro complexes) a 

free ligand 

complex G, 

complex G, 

64.1 75.0 71.7 73.2 

64.8 75.2 83.8 83.7 

64.5 76.1 78.9 92.2 

o-Mannitol a 

free ligand 

complex M, 

complex M, 

Galactitol a 
free ligand 

complex 

o-Galactose 

complex G, 

complex G, 

Xylitol ’ 

free ligand 

complex 

D-)o’lOSC 

complex 

D-Glucitol (three complex) 

complex G, 6 

D-Glucose 
,d complex G, 6 

65.8 74.2 71.6 71.6 

65.4 13.3 83.3 83.8 

65.9 74.1 80.3 92.3 

65.5 71.5 72.1 72.1 

65.5 83.3 83.7 91.8 

92.0 81.6 91.4 82.9 

90.2 84.2 82.5 b 90.5 h 

64.8 74.0 72.8 74.0 

77.1 84.3 83.4 86.6 

92.2 70.7 

84.5 74.3 

73.2 65.0 

92.9 71.3 

84.7 74.1 

74.2 65.8 

93.1 71.7 

83.8 74.1 

71.5 65.5 

79.4 64.7 

82.5 63.8 

78.2 64.3 

64.8 

64.1 

99.3 86.5 80.9 85.5 63.2 

17.2 84.2 83.1 85.7 72.1 65.3 

99.7 86.8 80.8 85.1 71.2 64.4 

12.4 72.6 73.1 65.1 

84.1 84.0 92.9 71.7 

79.9 92.4 83.1 74.1 

84.5 ’ 82.1 91.5 70.3 

81.1h 91.2 82.5 72.8 

71.9 71.0 71.9 63.1 

84.4 83.3 91.5 69.8 

80.7 91.6 81.9 72.6 

43.0 80.0 86.4 

40.5 82.0 92.4 

a From ref 16. b Assignments of ref 18 reversed. c CH, at 14.3 ppm and CH, at 25-26 ppm (ref 27). 

d From ref 20. 
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chemical shifts of alditols are reported in Table II. The assignments of ‘%Z 
resonances in the spectra of complexed aldoses are generally in good agreement 

with literature datatxX2”, except for some revised assignments that are marked (“) in 
Table II. The low proportions of complexes of aldoses are unfavourable to 2D 
experiments, but assignments are made easily by comparison with the known 

spectra” of homologous alditol complexes. 
In Table II, the spectra of the o-arabinose and o-galactose complexes are 

compared to those of o-arabinitol and galactitol. Both aldoses are hydrated and 

the anomeric carbon is not involved in chelation, as the C-l signals appear at 6 
91 & 1 ppm. Complexation with molybdate induces variations d6 of the chemical 

shifts of the carbons involved in the site of chelation, that present characteristic 
deshielding patterns. The existence of two isomeric complexes of o-arabinitol in 

equilibrium was discussed elsewhere’“. Within a pair of complexes, the opposite 
patterns were attributed to the chelation of molybdate by the ligand at the same 
site in reversed orientations. 

D-Arabinose gives a mixture of two complexes in low yields (A, 5%~ and AZ 5%) 
of erythro type at the urubino site” (HO-2,3,4,5X Revised assignments arc given in 
Table II, taking into account the analogy with the site of chelation of o-arabinitol. 

For ligands involving an aruhino site, the major complex (subscript 1) is that in 
which the more deshielded carbon atom is C-4 (pentoses) or C-S (hexoses). For the 

minor complex (subscript 2), the more deshielded carbon atom is respectively C-3 
or C-4. 

rl-Galactose also affords a mixture of two erythro type complexes (G, 7%~ and 
G, 4%). The presence of two unshifted C-6 signals at, respectively, 63.8 and 64.3 

ppm shows that the CH,OH group is not chelated. Hence the site of chelation in 
D-galactose is the same (HO-2,3,4,5) as in galactitol. The existence of two com- 
plexes of galactose in equilibrium is due to the molecular asymmetry which does 

not exist in galactitol. As in other erythro complexes, the deshielding patterns show 

a very deshielded carbon (A8 = 20 ppm) that is not the same in both isomers: C-3 
in G,, C-4 in G,. Accordingly, we reversed literature assignments” for C-3 and 
C-4 in complex G,. 

For 2-deoxy-o-arubino-hexose, two complexes were detected. Data in Table II 
show that they are analogous to the foregoing arubino complexes. The site of 

chelation was assigned to HO-3,4,5,6. A recent paper” reported a circular dichro- 

ism study that concluded either to complexation in the pyranose or the acyclic 
form. The present data strongly supports the conclusion that 2-deoxy-I)-arubina- 
hexose is indeed complexed in its acyclic form, 

A model compound was examined in order to check the structural factors that 
might influence the stabilities of the complexes. We chose the diethyl dithioacetal 
of o-arabinose, that possesses the same urubino site of chelation (HO-2,3.4,5) as 
o-arabinose and D-arabinitol. Data in Table II show that the expected pair of 

urubino complexes were obtained, on the basis of their characteristic deshielding 
patterns. 
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In the xylo series, only one complex was detected for o-xylose. By comparison 
with the spectrum of the xylitol complex which was recently entirely assigned16, we 
could assign unambiguously the spectrum of the D-xylose complex. Our data agree 
with the recent assignment’” of the site of chelation to the threo HO-1,2,3,4 
system including one hydroxyl group of the hydrated carbonyl function. The major 
complex of o-glucose is homologouszO to the D-xylose complex and both species 
are expected to possess the same structure, in agreement with their comparable 
formation constants. 

DISCUSSION 

The relationship between the configurations of the sites of chelation and the 

stabilities of the complexes.-In the arabino series, considering first acyclic ligands, 
NMR data prove without doubt that the sites of chelation are homologous arabino 

systems in the diethyl dithioacetal of D-arabinose (log K,,, = 16.65), o-arabinitol 

(log Z& = 16.351, and o-mannitol (log K,,, = 16.70). The higher stability for 
mannitol vs. arabinitol may be attributed to the existence of two equivalent sites 
(HO-1,2,3,4 or HO-3,4,5,6) in o-mannitol. The more important result is that the 
values of the formation constants are very close for alditols and the acyclic diethyl 
dithioacetal. It confirms that carbohydrates with similar structures form complexes 
of equivalent stabilities, regardless of the nature of substituents surrounding the 
site of chelation. 

The comparison with o-glucitol is not so obvious. This alditol possesses several 
possible sites of chelation and accordingly forms four complexes”: two of the 
“xylitol or threo type”, G, and G,, and two of “arabinitol or erythro type”, G, and 
G,. Their stabilities must be analogous because of their comparable proportions 
(G, 32%, G, 26%, G, and G, 21% each) at equilibrium. Thus, it is estimated that 
the erythro complexes of D-glucitol (HO-3,4,5,6) are probably almost as stable as 
those of o-mannitol. The slightly lower value found for the overall formation 
constant of the D-glucitol complexes (log Kz12 = 16.60) is probably due to the 
presence of threo complexes that are weaker, as is the xylitol complex (log Kz12 = 

16.25). 
Although the nature of the site of chelation for 1-deoxy-1-methylamino-D-gluci- 

to1 could not be proven by NMR, the prevailing complexes probably involve the 
arabino system (HO-3,4,5,6) analogous to those of D-glucitol, D-arabinitol, and 
o-mannitol. Accordingly, its formation constant has a comparable value (log K,,, 

= 16.85). 
Therefore, one can assume that the formation constant of the molybdate 

complex of any acyclic carbohydrate chelating at an arabino site cannot noticeably 
differ from 16.7, the mean value of log K2,2 for the above compounds. Since the 
sites of chelation are of the same type for D-arabinose and Zdeoxy-D-arabino- 

hexose, the lower log K,,, values found for the complexes of these aldoses 
obviously reflect the low proportion of acyclic form in the solutions of the 

uncomplexed sugars. 
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log K = -AG0/2.3RT Aldose 
acyclic form 

Alditol 

Molybdate complexes (2,1,2)’ 

Scheme 2. Energy diagram. 

Jn the xylo series, the aldoses D-xylose and D-glucose form complexes involving 
the same xylo site of chelation, HO-1,2,3,4, as for xylitol or r>-glucitol (in complex 
G,). The same relationship holds in the g~~ulacto series for I>-galactose and 
galactitol. In both cases, the lower stabilities of the aldose complexes (K,‘) 
compared to the alditol complexes (K,) cannot be attributed to a peculiar type of 
chelation, but to the fact that the sugars are mainly in their pyranose form when 
the complexes formation occurs. 

Determination of the proportion of’ the acyclic form of aldosrs.-Because free 
aldoses exist mainly in pyranose (a and p) forms2’, they must open lo an acyclic 

form before chelating the dimolybdate group, and the energetic cost of this 
unfavourable step decreases the overall formation constant of their complexes (k’,! 

is lower than K,). 
The proposed two-step mechanism is illustrated in Scheme 2. The energy levels 

were expressed in log K, units, as the variations of free energy &” are related to 
the equilibrium constants K, by: 

AC” = -2.3RT log K, 

We made the reasonable assumption that comparable variations of free energy 
were involved in the complexation of the acyclic form of an aldose and in that of a 
related acyclic molecule (alditol or derivative). The variation of free energy in the 
complexation of an aldopyranose is the sum of the free energy changes in both 
steps, first the opening reaction, and secondly the complexation of the acyclic 

ligand. 
Once transformed in equations relating the log K values, the experimental 

formation constant K; for an aldose can be expressed by the equations: 

log K,’ = log K, + log K,,,, or log K; = log K, - log K, 

in which K,, and K, are the opposite equilibrium constants for the reaction: 
K 

cyclic form(s) + acyclic form(s) 

Values of the free energy of cyclization dG” (Table III) were calculated by: 

AC”,= -2.3RT log K, 
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TABLE III 

Cyclization constants a K, and proportion of acyclic form of aldoses in aqueous solution 

Aldose A log K, K, 

o-Arabinose 3.15 1412 

o-Calactose 3.05 1122 

2-Deoxy-o-arabino-hexose 2.75 562 

D-Xylose 2.40 251 

o-ClucOSe 3.45 2818 

AC,0 Acyclic 

(kJ mall’) form (%) 

- 18.0 0.07 

- 17.4 0.09 

- 15.7 0.18 

- 13.7 0.40 

- 19.7 0.04 

Aldehyde 

form (%I 

0.03 b 

0.02 h 

0.008 ’ 

0.02 b 

0.002 b 

a Equilibrium constants for the reaction: pyranoses @ acyclic form(s) (T, 25°C; KCI, 0.1 Ml. ’ at 31°C 

from ref 29. ’ at 44°C from ref 29. The reference compound (100% acyclic form) for each aldose is the 

corresponding alditol, except for 2-deoxy-o-arabino-hexose for which o-arabinitol was used. 

The proportions POP of acyclic form(s) of free aldoses, in %, were calculated 
from the values of K, (Table III): 

K, = [cyclic form(s)] /[acyclic form(s)] 

Pop = lOO/(l + K,) 

Comparison of our results with literature data requires some comments. Few 
methods allow the determination of the proportion of acyclic forms of carbohy- 
drates which could be useful for mechanistic studies of the mutarotation reaction. 
A review” covering literature up to 1983 pointed out that no method was 
completely satisfactory, and that they all relied on questionable assumptions. At 
this time, the most reliable techniquez9 estimated the carbonyl content of numer- 
ous sugars by using the circular dichroism band at 280 nm. The corresponding data 
are displayed in Table III for comparison. 

The polarographic method was used for the determination of the aldehyde 
forms of b-glucose, 0.0026% (ref 30) and D-xylose, 0.04% (ref 31). Other experi- 
ments in unbuffered solution indicated 0.3% for D-xylose and 0.04% for D-glucose31, 
in close agreement with our results. A reason for the discrepancies is probably that 
our method (like that of Ikeda et a1.31) allowed the calculation of the overall 
proportion of the acyclic form (aldehyde and hydrate), whereas other techniques29130 
only detected the carbonyl species. 

Recently, the equilibrium tautomeric composition of several sugars has been 
determined with high accuracy, using new, powerful “C NMR techniques applied 
to [l-13C]-enriched aldoses. The C-l signals are usually found at 6 = 205 ppm for 
the aldehyde and S = 91 ppm for the hydrate. Applied to b-glucose, this technique 
indicated3* 0.0077% of hydrate and 0.0024% of aldehyde at 37°C. In the case of 
D-ribose, the proportion of aldehyde was estimated33 to be close to 0.05%. For 
n-talose34, another sugar of the ribo series, the proportions of acyclic forms 
(hydrate and aldehyde) were 0.03% each. In the case of D-idose35, the proportions 
of hydrate and aldehyde are, respectively, 0.5 and 0.1%. The corresponding value 
of K, is 166. It seems that D-idose, like b-xylose, gives rather large proportions of 
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acyclic forms. 

The present method is limited to aldoses that do not complex with molybdate 

ions in the cyclic form, and thus cannot be employed for aldoses of the 1~x0 series, 

that are complexed in the furanose form”, or of the ribo series, probably 

complexed in their pyranose formIs. Owing to its simplicity (no r3C enrichment of 

sugars), it gives results in good agreement with other methods. Nevertheless, 

contrary to the NMR methods that yield specific values for each acyclic form. it 

affords average values (for the mixture of forms at equilibrium) that arc of interest 

when the overall properties of a solution of sugar are investigated. 

In conclusion, it is demonstrated that the difference in stabilities of aldose and 

alditol complexes is mainly related to the chain-opening of the aldopyranoses. 

Thermodynamic calculations were performed and showed that the proportions of 

acyclic forms obtained following this assumption were in agreement with those 

obtained by more specific techniques. 

EXPERIMENTAL 

All chemicals were of analytical-reagent grade. Water was de-ionised in a 

Millipore apparatus. 

Potentiometric method.-Formation constants were determined by potentio- 

metry , 2’ based on the determination of the half-equivalence pH,/, values in 

acidimetric (HCl) titrations of disodium molybdate solutions (cMo = 5 X 10-j MI 

that contained various amounts of ligand (aldose, alditol or derivatives species). 

Measurements were made at constant ionic strength (KCI, 0.1 M; T, 25°C) with a 

Hanna pHmeter and a combined glass electrode. 

Spectrophotometric method-A stock solution of the molybdate-chloranilate 

complex in acetate buffer (pH = 4.6) was prepared by mixing in the following 

order: NaOH (0.1 M), chloranilic acid (Fluka, puriss, 5.0 X IO-’ MI, AcOH (0.2 

M), disodium molybdatc dihydrate (U.C.B. reagent, 10 MI and diluting with 

purified water. The solution could be kept protected from light for one month at 

room temperature. 

Aldoses were added in solid form (200-mg increments) to SO mL of the above 

solution. Alditols were added to 100 mL as aliquots (0.1 mL) of aqueous solutions 

with a Gilson micropipette. 

After waiting 5 min for temperature equilibration, absorbance was measured at 

A = 347 nm using a Kontron Uvikon 860 spectrophotometer equipped with l-mm 

quartz cells. The temperature was fixed at 25.0 + 0.3”C by a water bath and a 

pump. 
‘.‘C NMR spectrometry.-All spectra were recorded with a Bruker AM 360 

spectrometer equipped with a 5mm multinuclear probe. Solutions containing the 

carbohydrate (0.5 mmol) and disodium molybdate dihydrate (1.5 mmol) in D,O 

(0.5 mL) were acidified with coned HCl (0.75 mmol). 
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