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Abstract-Polyols containing three 0 atoms in a suitable steric arrangement form complexes with 
cations in aqueous solution. Suitable steric arrangements are (i) three syn-axial oxygen atoms on a 
6-membered ring, and (ii) three 0 atoms on three consecutive C atoms constituting a clockwise and an 
anti-clockwise gauche arrangement. Complex formation is detected by paper electrophoresis and by 
NMK spectroscopy. Complex formation with diamagnetic cations causes small downfield shifts in the 
NMK spectra. Paramagnetic cations cause large shifts which are interpreted as being due to 
diamagnetic, pseudocontact, and contact interactions. The contact effect appears to be stereospecific: 
it requires planarity of the resonating nucleus, the metal, and the intervening bonds. 

INTRODUCI’ION 

Innumerable co-ordination compounds are known 
in which metal atoms are coordinated to 0 atoms 
of the ligands; in the great majority of these 
compounds, however, the 0 atoms form part of an 
anion (carboxylate or enolate). Metals co-ordinated 
to neutral 0 atoms are found in the newly de- 
veloped crown compounds’ and cryptates;’ these 
are tailor-made compounds in which six or more 0 
atoms surround the metal cation.’ 

It is not generally realized, however, that as few 
as three neutral 0 atoms in a molecule suffice to 
form well-defined and reasonably stable complexes 
with metal cations, even in aqueous solution, pro- 
vided that the three 0 atoms are in a suitable steric 
atrangement.’ The interest in such complexes stems 
from the fact that polyols (sugars, cyclitols, al- 
ditols) and metal cations coexist in aqueous solu- 
tion in biological fluids where complex formation 
could take place. 

Su~~singly, the steric requirements for complex 
formation between polyols and cations are rather 
rigid; so far only two steric arrangements have been 
found’ which give rise to reasonably strong com- 
plexes. The size of the cation is also important. The 
two steric arrangements and their properties will 
briefly be described now; detailed justification of 
the statements will be given subs~uen~y in this 
review. 

One of the steric arrangements suitable for 
complexing with cations is a group of three syn- 
axial 0 atoms on a cyclohexane ring. This arrange- 
ment is uncommon and its only well-studied exam- 
ple is that in cis-inositol (1). There are, of course, 
many cyclohexane derivatives containing three 
equatorial OH groups in position 1, 3, and 5, but 
complexing with cations does not usually provide 
sufficient energy for the chair-chair inversion; cis- 
1,3,5-cyclohexanetriol does not form a complex 
with cations.’ (An exception has been discussed in 
Ret 5.) 

The other steric arrangement suitable for com- 
plex formation with cations is that of three 0 atoms 
on three consecutive C atoms in such a conforma- 
tion that the first and second are gauche clockwise 
and the second and third gauche anti-clockwise or 
oice versa (see formula 2). In accordance with the 
terminology of Cahn, Ingold, and Prelog,* who use 
the symbols M and P to designate the two different 
gauche relationships, it is proposed to refer to this 
steric arrangement as the “M,P arrangement”.’ Its 
most common occurrence is a sequence of an axial, 
an equatorial and an axial OH group on a 
6-membered ring in its chair form (3); most studies 
of complex formation with cations have been car- 
ried out with this system.’ Acyclic polyols can, by 
rotation around C-C bonds, acquire an M,P ar- 
rangement, as discussed in Section 6. 

The triaxial and the M,P arrangements have 
similar geometry: they both consist of three 0 
atoms, at a distance of approximately 2.95 A from 
each other, forming an equilateral triangle. They 
differ, however, in two respects: the relative direc- 
tions of the orbit& containing free electron pairs, 
and their resistance towards bringing the 0 atoms 
closer together. These differences account for their 
different reactivity towards some anions; for exam- 
ple, borate ion forms complexes only at the triaxial 
site whereas the periodate dianion complexes only 
at the ar-eq-ax site. cis-Inositol (1) forms a 
tridentate borate at 01,03,05 but a tridentate 
periodate at 01,02,03. The ax-eq-ax site is more 
selective towards cations; it complexes onl with 
cations with ionic radii larger than ca O-8 3i (the 
optimum being about 1-O A), whereas the triaxial 
site coordinates with cations with ionic radii larger 
than ca O-6A. 

No unequivocal evidence has yet been produced 
to show that complex formation between cations 
and polyols involves an M,P arrangement; how- 
ever, of the many cyclitols and sugars so far 
investigated all that have such an arrangement com- 
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plex well, and ail that have not complex weakly, if 
at all. (Other possible complexing arrangements 
have been discussed in Ref 5) For strong complex- 
ing, the M,P arrangement has to be present in the 
predominant conformation. Complexing of polyols 
with cations yields very little free energy. If the 
confo~ation~ change which provides an M,P ar- 
rangement requires little energy (l-2 kcal/mol) 
complexing will occur but weakly; if it requires 
much energy, complexing will be negligible. 

Complex formation between sugars and metal 
ions has been extensively studied by a variety of 
methods,’ none of which yielded much information 
on the structure or the stability of the complexes. 
Although many crystalline complexes between 
sugars and, cations are known: X-ray crystallog- 
raphy has been of little help so far because, invari- 
ably, the cation is found” to be coordinated in the 
crystal to one or two hydroxyl groups of two or 
three sugar molecules, an ~angement which 
would have little stability in solution. Only in one 
case’Oa (fi-o-mannofuranose, CaCI,, 4Hz0) was the 
cation found to be attached to three oxygen atoms 
of one polyol and these are, indeed. in an h4,P 
arrangement. Recently, however, two methods 
have yielded’ considerable information: elec- 
trophoresis and NMR spectroscopy. 

Elecirophoresis 
J. A. Mills has first shown that many polyols 

move towards the cathode on paper electrophoresis 
in supporting electrolytes containing acetates of 
various metals.” The results were interpreted as a 
partial, reversible combination of the polyols with 
metal cations in solution, the extent of the combina- 
tion depending on the configuration of the polyol 

HO 

C_ti*OH 

HO 

% 
OH 

OH 

and the ionic radius and preferred co-ordination 
geometry of the cation. 

Amongst the polyols tested, cis-inositol (1) 
showed the greatest mobility in solutions of all 
metal acetates tested, moving rapidly in solutions 
containing Ca*“, Si’, and Ba” ions. This is not now 
su~rising since cis-inositol contains four complex- 
ing sites: the triaxial group and three crx-eq-ux 
groups of oxygen atoms. The mobility of epi- 
inositol (4) under these conditions is about one- 
third that of cis-inositol; other compounds having 
an ax-eq-ax arrangement of oxygen atoms in their 
most stable conformation show similar mobiiity; 
cyclitols and sugars which lack such an arrange- 
ment show very little movement.” 

Amongst compounds of similar structures one 
can assume that their complexes with a given cation 
will have similar ionic mobilities, and that the 
mobility will decrease with increasing molecular 
weight and with the presence of bulky substituents, 
such as methyl groups. When allowance is made for 
the molecular weight and for substituents, the 
relative mobilities will show the extent to which the 
individual compounds are present in solution as 
complexes with the cation. This argument is only 
vatid when the extent of complexing is moderate; 



Complexing of polyols with cations 1697 

when it is nearly complete, differences in mobilities 
are no longer observable. In a O-2 M solution of 
calcium acetate, if K is ca 20 for cis-inositol (Sec- 
tion 4), about 66% of the cyclitol is present as the 
complex; hence the above condition is fulfilled. 
Some typical values of ionophoretic mobility com- 
pared to that of cis-inositol, M,, in O-2 M calcium 
acetate are: epi-inositol O-42, allo-inositol 0.44, D 
talose 0.27, L-iditol 0.24, allitol 0.09, myo-inositol 
0.02. 

The metal ions fall into three groups;” (i) Those, 
e.g., Ca”, Sti’, Ba”, La” which, when used as 
electrolytes, produce good mobilities of cis: and 
epi-inositols; these ions have ionic radii larger than 
0.8 A. (ii) There are many cations (Mn”, Fe)+, N?*, 
Co’*, Cu*+, Zn*+. Mg*‘) in whose solutions only 
cis-inositol shows substantial mobility while other 
polyols hardly move at all. It is assumed that these 
cations complex with the triaxial but not with the 
ax-eq-ax site; their ionic radii are between 0.6 and 
0.8 A. (iii) No mobility is observed in solutions of 
Be’+ and Ala+; these ions have radii smaller than 
O-6 A. Li’, although somewhat larger, also belongs 
to this group. 

NMR Spectra 
Diamagnetic cations. Much information is ob- 

tained on polyol-cation complexes by the study of 
their NMR spectra. When, for example, calcium 
chloride is added to a solution of epi-inositol (4) in 
deuterium oxide, a significant change occurs in the 
NMR spectrum.’ All signals move lo lower field, 
that of H3 moving the most. Similar downfield 
shifts occur in the spectra of related compounds 
(e.g., 1,2,3,4,5/O- and 1,2,3,4/5cyclohexanepentols) 
on complex formation. There is no change, how- 
ever, in the coupling constants, indicating that the 
conformation of these molecules does not alter on 
complex formation. In their stable conformations, 
the only three oxygen atoms sufficiently close to 
each other for coordinating with a cation are those 
in the ax-eq-ax sequence; hence it is assumed that 
this is the site of complex formation. The NMR 
spectra of cyclitols which lack this sequence, e.g., 
myo - and neo -inositol, are not changed on addition 
of calcium chloride. The behaviour of cis-inositol 
will be discussed later (section 5). 

These downfield shifts, denoted as “diamagnetic 
shifts”, are caused by the charge of the cation. 
Lanthanum ion causes larger, sodium ion much 
smaller shifts than calcium ion. On the assumption 
that the cation is equidistant from the three 0 
atoms of the ax-eq-ax sequence, the expected 
shifts can be approximately calculated by the 
formula” 

Au = - 2 x lo-‘*E, - IO-“E’, 

where Au is the proton screening constant of an 
X-H bond when it is subjected to an electric field E, 
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and E, is the component of E in the bond direction. 
For epi-inositol and lanthanum ions the calculated 
values are: Hl, O-28; H2, O-43; H3, 0.59; H6, 
-0.18 ppm; the observed values are O-20, 0.25, 
0.55, and 0.05 ppm, respectively.‘2 

Establishment of the equilibrium between 
polyols and cations is fast on the NMR time-scale, 
hence separate spectra for the polyol and its 
complex are not observed, only average spectra. 
Addition of further amounts of a complexing cation 
causes further shifts of the protons; complete con- 
version to the complex is, however, not achieved at 
concentrations which allow the running of NMR 
spectra. Hence the limiting shift cannot be directly 
determined; moreover, at high concentrations, 
weaker complexing with other hydroxyl groups 
causes some additional small shifts. 

The three complexing 0 atoms need not be 
present as OH groups; at least one of them can be 
in an ether or acetal grouping. In the spectrum of 3- 
0-methyl-epi-inositol, calcium ions cause down- 
field shifts similar to, and only slightly less than, 
those in the spectrum of epi-inositol.” Methyl 
glycosides in which the glycosidic group is part of 
an ax-eq-ax sequence, e.g., methyl a-D- 
allopyranoside, also form complexes. 

Stability constants 
Attempts to determine the stability constants of 

the polyol-cation complexes have not been fully 
successful, although several methods have been 
used.15 The activities of the ions cannot be neg- 
lected at the high concentrations required for 
complex formation; but the activities of the com- 
plex cations are not known and therefore concent- 
rations, rather than activities, have been used in 
calculating the “stability constants”. There is also 
some uncertainty regarding the stoichiometry of 
the complexes. Potentiometric determination of 
free metal cations in the solution of complexes has 
shown” the presence of some 1:2 complex in 
addition to the 1: 1 complex, particularly in the case 
of cis-inositol. Nevertheless, approximate stability 
constants, calculated for I : 1 complexes, are useful 
because they allow a comparison of the complexing 
ability of various cations and of various polyols, 
and they enable the calculation of the approximate 
extent of complex formation under given condi- 
tions. 

A practical method” for determining the extent 
of complex formation at an ax-eq-ax site makes 
use of a chemically mobile system in which the 
position of equilibrium can be altered by complex 
formation, and then measured. Such a system was 
found in the anomeric equilibrium of D-allose. 

a-DAllopyranose, in its more stable Cl confor- 
mation (5), contains an ax-eq-ax sequence of OH 
groups (at Cl,C2,C3), but the /3-anomer (6) does 
not. Addition of a complexing cation therefore in- 
creases the proportion of the a-anomer in the 
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equilibrium (which is spontaneously established at 
ambient temperature in a short time). The propor- 
tion of the pyranose (and also of the furanose) 
anomers in aqueous solution can be determined 
from the PMR spectrum; the signals of Hl of the 
four tautomeric forms are well separated from each 
other (Fig 1). At 30” the equilibrium composition is 
13.8% a-pyranose, 77.5% /3-pyranose, 3.4% a- 
furanose, and 5.3% /3-furanose. In a 0.85 M solution 
of calcium chloride the composition is 
37.2 : 54.5 : 4.5 : 3.8 (Fig 1). On the assumption that a 
1: 1 complex is formed and that the proportion of 
the uncomplexed tautomers is not affected by the 
presence of salts, the stability constant of a-& 
allopyranose-CaC& was calculated to be ca 6 mol-’ 
I. 

By using salts of other metals, the complexing 
ability of various cations with an ax-eq-ax sequ- 
ence of OH groups can be determined by this 
method.” Lanthanum(III) was found to form the 
strongest complexes (K ca IO mot-’ I), followed by 
calcium (ca 6), strontium (ca 5), barium (ca 3); 
magnesium and sodium (co 0.1 mol-‘I) form much 
weaker complexes.* Apparently higher charge of 
the cation favours complex formation; amongst 
those with the same charge, an ionic radius of ca 
1-O A seems to be most favourable for complex for- 
mation (Na’, Ca”, La”, respectively). The down- 
field shift of the signal of Hl also increases with 
increasing charge of the cation. 

The PMR spectra of D-allOSe (Fig 1) disclose that 
the signal of HI of the ol-furanose form also 
increases and shifts downfield on addition of metal 
cations. The spectrum of the jz?-furanose form, like 
that of the /3-pyranose form, is not affected. It 
appears that a cis-cis sequence of three 0 atoms 
on a 5-membered ring also constitutes a good 
complexing site for cations. With only little expen- 
diture of energy, the three 0 atoms can form an 
M,P arrangement by becoming quasi-axial, quasi- 
equatorial and quasi-axial, respectively. This is, 
indeed, the steric disposition found”’ in the cryst- 
als of /3-D-mannofuranose, CaCl?, 4H20. The con- 
clusion that a -D-allopyranose and a -D-allofuranose 
form complexes with cations, while the /3-anomers 
do not, is confirmed by paper electrophoresis of the 
corresponding methyl glycosides: only the a- 
anomers migrate towards the cathode.‘* The com- 
plexing ability of the cis-cis arrangement on a 
5-membered ring is only slightly less than that of 
the ax-eq-ax arrangement on a six-membered ring. 

The method using o-allose is not suitable for 
measuring the stability constants of complexes with 
paramagnetic cations. In order to produce substan- 
tial changes in the (r : /3 ratio of the allopyranoses, a 

To illustrate what the stability constants mean: in a 
I M solution of a cation, if K is 10 mol-‘I, 91% of the 
polyol is present as a complex; if K is 1 mol-‘I, 
50%; if K is 0.1 mol-‘I, 9%. 

0-Allose l--In 

5.5 5.0 

Fig 1. Partial PMR spectrum (Hl only) at 1oOMHz of 
Dallose in deuterium oxide (lower curve) and in 0.8~ 
sodium chloride, 0.8~ calcium chloride, and 1.0~ lanth- 

anum chloride (successive curves), all at 31”.’ 

high concentration of cations is required; at such 
concentrations the paramagnetic cations cause so 
much scattering and broadening of the signals that 
the a : /3 ratio cannot be determined accurately. 

NMR spectra 
Paramagnetic cations. When a salt of a 

paramagnetic cation (e.g., europium nitrate, 
praseodymium chloride) is added to an aqueous sol- 
ution of a complexing polyol, large and rather be- 
wildering shifts of the proton signals occur (e.g. Fig 
2), thereby providing a very sensitive method for 
the detection of complex formation; the spectra of 
polyols which lack the required triaxial or M,P 
arrangement are not affected by lanthanide ions. 

epi-Inositol is a convenient substance for study- 
ing these shifts because any proton signal in its 
spectrum is readily recognised wherever it is 
shifted to. Some examples of the shifts caused by 
various lanthanide ions are shown in Table 1. In 
most cases some of the signals are shifted to higher 
and some to lower field. (One should note that, 
since the shifts are given in 6 values, positive 
figures indicate downfield, negative figures upfield, 
shifts). The shifts are obviously not accounted for 
by pseudocontact interactions only because then 
the shift ratios of the protons would be independent 
of the nature of the metal ion’6-which is not even 
approximately true. 

It is now well established that the shifts caused 
by NMR shift reagents” in organic solvents are 
mainly due to pseudocontact effects.“.” There is, 
however, evidence of contact interactions at the 
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4, 40 3s 

Fig 2. The IOOMHz PMR spectrum of methyl B-D- 
hamamelopyranoside in deuterium oxide at W. The 
upper curve shows the spectrum after the addition of 0.22 

equivs of praseodymium chloride.= 

Table 1. Lanthanide ion-induced shifts @pm) in epi- 
inositol in aqueous solution= 

Cation 

La” 
PP’ 
Nd” 

g: 

Yb” 

H1.5 H2.4 H3 H6 

0.20 0.25 0.55 0.05 
- l-05 - 2.05 1.05 - 3.5 

0.30 - 1.10 6.1 - l-65 
- 0.35 160 - 7.2 1.65 

-21 -21 -24 -26 
- 0.20 -2.1 - 4.9 4.5 

nuclei closest (along bonds) to the complexing 
site;“” the contact shift is more evident with the 
fod than with the dpm shift reagents because the 
former are stronger Lewis acids:’ and more evi- 
dent with europium and neodymium than with 
praseodymium and ytterbium.= In the tridentate 
complexes of epi-inositol most of the hydrogen 
atoms are only a few bonds away from the 
tripositive cation which is a much stronger Lewis 
acid than the NMR shift reagents; hence the 
occurrence of contact shifts is not unexpected. 

It is now believedU that the shifts observed in the 
polyol-lanthanide complexes are due to three differ- 
ent interactions: diamagnetic, pseudocontact, and 
contact. (i) The diamagnetic effect, always down- 
field, is caused by the charge of the cation; its value 

should be independent of the nature of the lanth- 
anide ion (except for the slight effect of the 
decrease in ionic radius with increasing atomic 
number). The shifts caused by lanthanum(III) can 
therefore be taken as representing the diamagnetic 
component of the shifts induced by all lanthanides. 

(ii) The shift of the signal of H6 in the spectrum 
of epi-inositol (Table 1) induced by various lanth- 
anide ions has the sign and the relative magnitude 
typical of pseudocontact shifts.” Hence it is 
assumed that in the spectrum of epi-inositol only 
this signal represents the pseudocontact effect. It is 
that of the only hydrogen atom connected to the 
cation through more than four bonds. Typically, the 
shift is downfield in the europium and ytterbium, 
upfield in the praseodymium and neodymium com- 
plexes. At present the magnitude of the pseudocon- 
tact shift cannot be calculated; the direction of the 
principal magnetic axis is not known, nor is it 
known whether the McConnell-Robertson equa- 
tion” is applicable to this tridentate system. 

(iii) It is assumed that contact shift is operative at 
those nuclei whose shift is considerably less than, 
or in the opposite direction to, that of H6. With all 
metals the strongest contact effect is seen at H3. 
For most lanthanides the contact and pseudocon- 
tact shifts are in opposite directions? the excep- 
tions are terbium, dysprosium, and holmium, and 
these are the metals which cause all signals in the 
spectrum of epi-inositol to shift in the same direc- 
tion, namely upfield. The ratio of contact to 
pseudocontact shift is known to be larger for 
europium and neodymium than for ytterbium and 
praseodymium;” and this is seen to be true in the 
present instance if one looks at the ratio of the 
shifts of H3 and H6. It is useful, in fact, that the two 
lanthanide metals most commonly used (because 
they cause the least broadening of the signals) are 
europium and praseodymium, which give the most 
and the least contact shift, respectively. 

The operation of contact shift requires at least a 
partial covalent character of the bond between the 
metal and the 0 atom;X this is more easily estab- 
lished when the 0 atom is bonded to a hydrogen 
atom, rather than to two C atoms. In further sup 
port of the assumption that a strong contact shift is 
operative, it is found that replacement of a 
complexing OH group by a methoxyl group re- 
moves or considerably reduces the contact shift. 
Whereas H3 in epi-inositol shows a very large 
upfield shift on addition of europium nitrate, it 
shifts only slightly, and downfield, in 3-O-methyl- 
epi-inositol. 

A similar picture emerges*’ from the NMR 
spectra of two anhydro-sugars, l&anhydro+-B 
mannopyranose (7) and 1 ,&nhydro-/3-D 
talopyranose (8). In each case there are seven pro- 
ton signals, five of which shift downfield with 
europium and upfield with praseodymium (Table 2). 
that is, predominantly by the pseudocontact 
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Table 2. Lanthanide ion-induced shifts (ppm) in 1,6-anhydro-@-manno (7) and 
-tale-pyranoses (8)= 

Compound Cation Hl H2 H3 H4 HS H6.., H&., 

monno El?’ 1.25 -2,4 - 0.85 0.70 0.70 1.4 3.0 
P?’ -3.05 I.8 1.9 - 1.5 - 1.9 -3.9 -7.6 

ta10 Eu” 2.25 -3.5 - 1.6 0.18 1.15 2.7 5.35 
Yb” 1.45 0.32 - 0.45 0.55 1.1 1.8 3.7 

mechanism. Complexing occurs at 01,02,03, as 
shown by comparison with diastereomers which 
have different configurations of these atoms.‘* The 
hydrogen atom closest to the cation, through space 
but not through bonds, is H6& and this shows the 
greatest pseudocontact shift, as expected. The sign- 
als shifting upfield with europium are those of H2 
and H3, the hydrogen atoms connected through 
only three bonds to the cation; HI, a similar 
number of bonds away, is not linked through a OH 
group and therefore shows little contact effect. 

While all these considerations do not definitely 
prove that contact interactions are operating in this 
system, the assumption of their presence provides a 
self-consistent picture of the induced shifts. If this 
assumption is correct, the induced shifts display a 
stereospecificity of the contact interaction which 
has already been observed by Morishima et al” in 
the spectra of complexes of amines with nickel(Ir) 
acetylacetonate. In epi-inositol both H2 and H3 are 
connected through three bonds to the cation and 
are about equidistant from it; yet the contact in- 
teraction is very strong at H3, weak at H2. It 
appears (and there is substantial theoretical evi- 
dence for it”“) that contact interaction is maximal 
when the bonds intervening between the resonating 
nucleus and the cation form a planar zig-zag ar- 
rangement; the more the bonds depart from planar- 
ity, the weaker will be the interaction. In epi- 
inositol H3 is exactly in the plane, H2 is not. Along 
a planar zig-zag the interaction may be conveyed 
through further bonds; HI in epi-inositol, although 
one bond further away, shows more contact in- 
teraction than H2 because it lies in a planar zig-zag. 
A good example is presented by the two anhydro- 
sugars which differ only in the configuration of H4. 
In the talose derivative (8) this hydrogen atom lies 
in a planar zig-zag and is subject to considerable 
contact effect; in the mannose derivative (7) it is out 
of the zig-zag plane and does not appear to be 
subject to contact effect. In the xylitol-europium 
complex (Section 6) H2 and H4 are close to a 
zig-zag plane and shift upfield, though not as 
strongly as H3 which is exactly in such a plane. 

There are also indications of stereospecific con- 
tact interactions in the “C spectra of cyclic amines 
coordinated to Ni(acac)z,n of bomeol and related 
compounds with Eu(fod),,‘7.‘9 and of anhydro- 
sugars in the presence of lanthanide ions.‘* 

At this point, let us have another look at the 
complexes of cis-inositol (1). Because each OH 
group in this molecule has to pass between two 
other OH groups during ring inversion, this inver- 
sion is slow on the NMR time-scale and the 
coalescence temperature of the signals is above am- 
bient temperature. Hence, although the two chair 
forms of cis-inositol are equivalent, the signals of 
the equatorial H atoms (8 4.03) and of the axial H 
atoms (8 366) are separately observed.’ Europium 
salts shifts both signals upfield, praseodymium 
salts, downfield; in each case that of the equatorial 
H atom shifts to a greater extent. Complexing at the 
ax-eq-ax sites would produce a strong contact 
effect on the axial H atoms; triaxial complexing 
would similarly affect the equatorial H atoms which 
would be in a planar zig-zag arrangement. Com- 
plexing therefore occurs at both types of site; and 
since there are three ax-eq-ax sites for one triaxial 
site, the conclusion probably is that the latter forms 
the stronger complex. 

Like the NMR shift reagents in organic solvents, 
lanthanide cations can be used in aqueous solution 
for the expansion of intractable spectraT9 provided, 
of course, that the compounds form complexes 
with cations in aqueous solution. An example is 
shown in Fig 2. The NMR shift reagents can do 
more than this: information on the spatial arrange- 
ment can be obtained from the shifts on the 
assumption that they are of pseudocontact origin.” 
As we have seen, for polyols this assumption is not 
valid, but here the contact shifts can give spatial 
information. The signal of the hydrogen atom at- 
tached to the central C atom of the M,P arrange- 
ment always shifts strongly upfield with europium; 
those on the outer carbon atoms shift upfield if they 
are anti to the central oxygen atom, and downfield 
if they are gauche to it. Since europium gives the 
largest contact shifts, it is the metal of choice for 
this purpose. An application of this method to 
alditols is discussed in the next Section. 

Alditols 
All the alditols form complexes with cations but 

the extent of complex formation varies considera- 
bly, the electrophoretic mobility of the hexitols in 
calcium acetate ranging from 0.24 for iditol to 0.09 
for allitol.’ By rotation around C-C bonds any 
alditol can acquire an M,P arrangement of OH 
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groups but the energy required will depend on its 
configuration. When three consecutive C atoms 
have the three-threo configuration, the M,P ar- 
rangement (9) has no unfavourable interaction 
other than those inherent in the M,P arrangement; 
the configuration is favourable for complex forma- 
tion. An erythro-three configuration produces an 
M,P arrangement (10) in which there is a gauche 
interaction between two segments of the carbon 
chain; this is somewhat less favourable. An 
erythro-erythro sequence produces an M,P ar- 
rangement (11) in which there is a IJ-parallel in- 
teraction between two segments of the carbon 
chain; this is an unfavourable arrangement, and 
erythro-erythro configurations do not give rise to 
stable metal complexes. Somewhat similar consid- 
erations apply to the terminal OH group when it is 
involved in complex formation (for a full discus- 
sion, see Ref 7). 

The sites of complexing in alditols and their 
conformations in aqueous solution have been deter- 
mined by the use of NMR spectroscopy. The 
spectra of the alditols give little information since 
most of the signals overlap; however, on addition 
of europium nitrate first-order analysis of all or part 
of the spectrum becomes feasible. The spectrum of 
xylitol is shown in Fig 3. The upfield shifts of H2 
and H4, and the stronger upfield shift of H3, 
identify the site of complexing as 02,03,04: the 
conformation of the complex (12) is thereby de- 
fined. However, the spectrum also contains infor- 
mation on the conformation of the uncomplexed al- 
ditol. Under the conditions used in this experiment 
only about 10% of xylitol is present as a metal 
complex; since the spectrum observed is the weigh- 
ted average of those of the complexed and uncom- 
plexed molecules, the coupling constants are essen- 
tially those of uncomplexed xylitol. They are 
incompatible with the planar zig-zag conformation 
of the carbon chain which occurs in the complex, 
and show that the alditol is bent, by rotation around 
the C2-C3 (or the CfC4) bond to avoid the 
interaction of 02 and 04. This is the conformation 
which has been observed for various derivatives of 
alditols in organic solvents.” Similar conclusions 
have been reached for the other alditols. 

The interesting feature of this method is that the 
lanthanide-induced shifts (since they occur only in 
the complex) give information on the conformation 
of the complex, whereas the coupling constants 
give information on the conformation of the un- 
complexed molecule. This instance also serves as a 
reminder that one should not automatically assume 
that complex formation will leave the conformation 
unaltered. 

Applications 
Besides assisting the interpretation of NMR 

spectra, complex formation between polyols and 
cations can have other practical uses. It can assist 

CH,OH 
(b) 

-k OH 

HO 

(al 

‘3.63 ‘3.5 ‘3 ‘2 

Fig 3. The 100 MHz PMR spectrum of (a) xylitol and (b) 
0.3~ xylitol and 0.16~ europium nitrate in deuterium 

oxide at 25”.’ 

in the crystallization and purification of polyols; for 
example, Dgulose has only been obtained crystal- 
line as the complex, a-Dgulopyranose, CaC&, H20, 
in which complexing presumably occurs at 
01,02,03. Polyols can be characterized by their 
electrophoretic mobility in solutions of salts, and 
can be separated on a preparative scale on columns 
of cation-exchange resins containing calcium or 
strontium ions.8 Finally, the outcome of chemical 
reactions which lead to equilibria can be altered by 
addition of a cation which forms a complex with 
one of the products. The potential of this method is 
greatly increased by the fact that complexing of 
polyols with metal ions is much stronger in 
alcoholic than in aqueous solutions.9 When Dallose 
is heated with methanolic hydrogen chloride, the 
predominant product at equilibrium is methyl P-D- 
allopyranoside. When the reaction is carried out in 
the presence of strontium chloride, the a- 
pyranoside becomes the main product at equilib- 
rium, the a-furanoside after a short reaction 
period. Methods have been worked out for the 
synthesis of any of the four methyl allosides in 
good yield by methanolysis in the presence or 
absence of strontium chloride.3’ Syntheses have 
also been worked out, by this method, for some 
other, not readily available, glycosides.” 
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