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ABSTRACT 

The rate of protium-deuterium exchange. catalyzed by deuterated Raney 
nickel, on all carbon atoms of four inaritols, was measured. The rate of exchange 
is lowered by methylation of an adjacent hydroxyl group; this effect was studied on 
seven isomeric, inositol methyl ethers. Correlations bctwccn the rate of exchange 
and the configuration, the conformation, and the site of 0methylation of the in- 
ositols have been established. 

INTRODUCTION 

A convenient method for the introduction into carbohydrates of deuterium 
atoms bonded to carbon atoms has been described by Koch and Stuart’,‘. It con- 
sists of heating an appropriate carbohydrate derivative with deuterated Raney 
nickel in deuterium oxide. In most cases, only hydrogen atoms bonded to carbon 
atoms having a free hydroxyl group undergo exchange (set-, however. ref. 3); the 
method has been used mainly for the complete exchange of all such hydrogen 
atoms*.4mh. The work of Perlin and co-worker&’ and of Stcvcns’ demonstrated 
that various hydrogen atoms are exchanged at different rates under these condi- 
tions. In particular, equatorial hydrogen atoms exchange faster than axial ones, 
and a hydrogen atom syn-axial with an oxygen atom in a pyranose ring exchanges 
particularly slowly. In methyl glycosidcs, the methoxyl group hinders the exchange 
reaction of the hydrogen atom in the adjacent position, the cxtcnt of this hindrance 

depending, in a way not yet fully understood, on their steric relationship. 
It appeared to us possible that carbohydrate derivatives could hc so chosen 

thal they are predominantly deuterated in only one or two positions by this 



method. WC thcrcforc undertook the study of the ettect 01 sterlc rrlat~ons and 01 

methoxyl suhvtituents on the rate of exchange As model compounds. we chose the 

inositols. so as to avoid. at this stage. tht- effects 01 a heterc+atom in the rings 

Morcovcr. inositol methyl ethers were available to represent most ot the possible 

steric arrangemcnls of a mrthoxql group and two neighboring h?;dz-oxyl groups. 
The extent of deuterium exchange was mrasurcd by evaluating the r1.m.r. 

spectra. both ‘H and ‘3C-n.n~.r. spectra king used for this purpose. The former 

arc. III principle. more accurate, because the proton signal complctcly disappears 

when the proton is replaced by deuterium. The ‘?c‘ signal brc~x~~~ much smaller 

and broadens to a tripk+‘. but does not disappear completely. In some instances. 

however, the proton signals are not completely separated in the spectrum. even at 

250 MHz, and therefore. the integrations are not reliable: this difficulty does not 

arise with “C-n.m.r. spectra. Sprctra for both nuclei \verc also rec~~rdcd in order 

to provide cross-chrcks of our results: this proved to he a wise precaution. The ‘H- 

and “C-n.m.r. spectra of all of the inositols” and inositol methyl ether\‘” mv<)lvrcl 

in this study had already been assigned. 
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The reaction of four inositols was monitored until at least one hydrogen alom 
of each was almost completely replaced by deuterium. It was soon realized that the 
reaction was inconveniently fast in boiling dcutcrium oxide, and we therefore con- 

ducted the measurements at 60”. Even at that temperature, the exchange of unhin- 
dered hydrogen atoms is rapid: SO% of the hydrogen atoms of scyllo-inositol (1). 

all of which are equivalent, were replaced in -10 min. and, after 1 h, the exchange 
was practically complete. 

The exchange of the hydrogen atoms of myo-inositol (2) is shown in Fig. 1. 
It demonstrates clearly the characteristic behavior of hydrogen atoms on six-mem- 
bered rings: equatorial hydrogen atoms (H-2) are rapidly exchanged (half-time, 
-10 min); axial ones (H-1.3,5), somewhat more slowly (-30 min); and those syn- 
axial with a bulky subsCituen( (M-4,6), very slowly (-300 min). 

Caution should be used in drawing conclusions about deuterium exchange 
from a comparison of different compounds. Because the catalyst is stored under a 
liquid (deuterium oxide), it cannot be weighed accurately, and its amount may vary 
considerably from one experiment to another; its reactivity is affected by age; and, 
as the reaction is heterogeneous, its rate will depend on the rate of stirring, which 
is not rigorously controlled. From each experiment, reliable comparisons can be 
drawn only between the rate of exchange of different hydrogen atoms in the same 
molecule. Nevertheless, it is interesting to observe that the hydrogen atoms of 
.~cylfo-inositol (1) exchange more rapidly than does H-5 of myo-inositol, which has 
exactly the same environment. 

The reaction occurs on the surface of the catalyst. When a better adsorption 
site (equatorial H) is available, only a small proportion of the molecules will be ad- 
sorbed at the site containing the axial hydrogen atom. The presence of a rapidly ex- 
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H-4 had been exchanged, but only -45% of H-S. and -60% of the other hydrogen 
atoms, as determined from the ‘II-n.m.r. spectrum”. 

The protiurn-deuterium exchange over Raney nickel is accompanied by two 
other reactions; fortunately, they are both much slower than the exchange, and, 
after the short runs described here, only very small signals of other compounds 
were apparent in the n.m.r. spectra. One of these reactions is epimerization’,‘~‘.‘. 
The signal of scyllo-inositol can be detected in the spectrum of myo-inositol after 
only IS min of exchange; this signal, of course, is particularly noticeable because it 
represents six H or C atoms. It is therefore essential, in the preparation of labelled 
compounds by this method, to recrystallize the product. 

When myo-inositol was heated with the catalyst in water for 3 days, a compli- 
cated “C-n.m.r. spectrum was obtained in which the signals of scyllrr- (L), chiro- 
(4). and neo- (I ,2,3/4,5.h) inositols were seen, in addition to those of myo-inositol, 
in the approx. ratios of -12:7: 1:25. This corresponds approximately to the ther- 
modynamic equilibrium ” The other four diastereomeric inositols each have ~yn- 
axial hydroxyl groups, and are thcreforc less stable; their signals wcrc not detected 
in the spectrum. If there was any epi-inositol present, its proportion was less than 
2%. Ralza and Perlin’ suggested that the epimerization is not controlled by the 
thermodynamic stability of the products. Certainly. epimerization is rapid at those 
positions where deuterium exchange occurs rapidly; but, after prolonged reaction, 
as our results. as well as those of Wu et al.‘. show, thermodynamic equilibrium is 
reached. 

The other concurrent reaction, even slower than epimerization, is deoxyge- 
nation7. In the ‘“C-n.m.r. spectrum of myo-inositol treated for 3 days. small signals 
appeared at 6 -35; these are the signals of the methylene groups of cyclo- 
hexanepentols. Because the ‘“C-n m.r. spectra of all of the diastereomers are 
known”, it was possible to recognize those of the 1,3..5/2,4. the 1,2,4/3,5, and the 
1.2,3,5/4 isomers, each in a proportion of -3%) and a lesser amount of the 1.2.Y 
45 isomer. None of these isomers have syn-axial hydroxyl groups. 

Inositol methyl ethers 

TO evaluate the retarding effect of 0methylation, the catalyzed deuteration 
of inositol methyl ethers was studied. For these, the rate of exchange was not 
measured; only one or two runs, of a length chosen in anticipation of giving the de- 
sired information, were conducted with each isomer. The results are shown in 
Table I. 

There arc six possible gcomctrical arrangements of a methoxyl group 
situated between two neighboring hydroxyl groups on a six-membered ring in a 

chair conformation. FIhe methyl ethers were so chosen as to represenl live of them; 
the sixth. having an axial methoxyl group situated between axial hydroxyl groups, is 
not available in the monocyclic inositol system. but it can be predicted, on the basis 
ot the other cases, that 0-methylation in this instance would cause a small decrease 
in the rate of exchange of the hydrogen atoms on the neighboring carbon atoms. 
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both cases, the neighboring, axial hydrogen atoms (H-6 and H-3, respectively), al- 
ready hindered by syn-axial oxygen atoms, exchange very slowly. 

Very long treatment (20 h) of 2-0-methyl-chiro-inositol (4b) resulted in ex- 
tensive (>50%) isomcrization to l-0methyl-myo-inositol (2a), but H-l (and its 
equivalent, H-2 of the myo isomer) were still not fully exchanged. 

When the methoxyl group is axial, and lies between an axial and an equato- 
rial hydronyl group (Type E), the steric effect is much smaller. The methyl group 
in 1-0-methyl-chiro-inositol (4a) retards the exchange of H-6 only moderately, and 
that of H-2, hardly at all. Another effect is, however, noticed here; namely, that a 
syn-axial methoxyl group hinders exchange more than a syn-axial hydroxyl group: 
H-3 and H-5 are exchanged very slowly. The ‘3C-n.m.r. spectrum of this partially 
deuterated sample provided us with the full assignment of the spectrum, which was 
previously uncertain”. 

When the methoxyl group is equatorial, and situated between two axial hy- 
droxyl groups (Type C), as it is in 3-0-methyl-epi-inositol (3a), a moderate retarda- 
tion of the exchange would be expected, because the methyl group, in two equiva- 
lent rotamers, is close to each of the neighboring hydrogen atoms for half the time 
only. Our experiment shown in Table I is not particularly illuminating. Because the 
signals of C-1,5 and C-2,4 coincide in the ‘“C spectrum, and those of H-l ,.5 are hid- 

den by the methyl signal in the ‘H spectrum, we have been unable to obtain quan- 
titative data on this exchange. We could only establish that H-2 and H-4 exchange 
faster than H-6, but slower than H-l and H-5; that is, the exchange of H-Z and H-4 
is slower for this methyl ether than for the parent epi-inositol. 

It is interesting to compare the effect of 0-methylation on the exchange reac- 
tion with that on the n.m.r. spectra I” 0-Methylation causes a shift in the signals 
of the neighboring carbon atoms and of the hydrogen atoms attached to them. 
Both phenomena are caused by the proximity of the newly introduced methyl 
group to the hydrogen atoms on the neighboring carbon atoms, and the magnitude 
of the two effects runs in close parallel. In those cases where methylation shifts, to 
a consider&k extent, the signals of the neighboring carbon atanS upfield, or those 
of the hydrogen atoms downfield, there is also a considerable retardation of the ex- 
change reaction. If the shifts are small, there is little effect on the exchange reac- 
tion. 

DlSCUSSlON 

We set ourselves the goal of finding conditions under which some hydrogen 
atoms exchange to the extent of at least 90% while others exchange (10%. To 
achieve this, a ratio of the reaction rates of at least 2O:l is required. Such a ratio 
is found in myo-inositol between the equatorial H-2 and the syn-axial H-4 and H-6 
atoms: after reaction for 1 h, 94% of H-2, but only 6% of H-4 and H-6, had ex- 
changed. The other hydrogen atoms, however, have intermediate rates, and had 
exchanged to the extent of -75%. For the study of reaction mechanisms, or of 
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rotameric orientation of the methoxyl group). The greatest retardation is observed 
when the hydrogen atom to be exchanged and the neighborrng methoxyl group are 
both equatorial. 

EXPERIMENTAL 

Mutrrials ~ myo-Inositol was a commercial product (Staley); Ihe other iso- 
mcrs and the methyl ethers were synthesized as previously described. or were iso- 
lated from natural sourceslh-‘s. Ra ney nickel, prepared from nickel-aluminum 
alloy (Prolabo) by the usual method’“. was washed with deuterium oxide (4 vol.), 
and stored under the same solvent. About 1 mL of the wet catalyst was used for 
each 100 mg of substrate. Perlin ef u/.~ recommended that the product of the 
deuterium exchange be treated with an ion-exchange resin (in order to remove 
traces of nickel). before recording of the n.m.r. spectra. WC found this precaution 
unnecessary; good spectra were obtained without it. 

N.m.r. spectra were recorded with a Cameca 2SO spectrometer in Grenoble, 
and with a Jeol JNM-FX-100 spcctromctcr in Sydney. “C-Chemical shifts are 
downfield from external tetramcthylsilane; 1,4-dioxane (8, 67.4) was used as the 
internal standard. In order to measure the loss of protons during the reaction in in- 
ositols (where all of the hydrogen atoms exchange), a standard was required for the 

integrations, and 2-(hydroxymethyl)-2-methyl-1,3-propanediol was used for this 
purpose, as all of the hydrogen atoms of this compound, except those of the methyl 
group, are exchanged for deuterium by the reaction over Raney nickel. A weighed 
amount of this dcuterated product was added to each run, and its methyl signal was 
used as a standard. For the inositol monomethyl ethers, their methoxyl group and 
the proton geminal to it were used as standards. 
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