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ABSTRACT

The rate of protium—deuterium exchange, catalyzed by deuterated Raney
nickel, on all carbon atoms of four inositols, 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. Corrclations between the rate of exchange
and the configuration, the conformation, and the site of O-methylation 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 (see, however. ref. 3); the
method has been used mainly for the complete exchange of all such hydrogen
atoms>*~*. The work of Perlin and co-workers*™® and of Stcvens’ 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 glycosides, the methoxyl group hinders the exchange
reaction of the hydrogen atom in the adjacent position, the extent of this hindrance
depending, in a way not yet fully understood, on their steric relationship.

It appeared to us possible that carbohydrate derivatives could be so chosen
that they are predominantly deuterated in only one or two positions by this
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mcthod. We therefore undertook the study of the effect of steric relations and of
methoxyl substituents on the rate of exchange As modcl compounds. we chose the
inositols, so as to avoid. at this stage, the effects of 4 hetero-atom in the ring.
Morcover. inositol mcthy! cthers were available to represent most of the possible
steric arrangements of a methoxyl group and two neighboring hvdroxyl groups.

The extent of deuterium exchange was measured by cvaluating the nom.r.
spectra. both "H and '*C-n.m.r. spectra being used for this purpose. The former
are. in principle. more accurate, because the proton signal completely disappears
when the proton is replaced by deuterium. The "*C signal becomes much smaller
and broadens to a triplet®, 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
arisc with *C-n.m.T. spectra. Spectra for both nuclei were also recorded in order
to provide cross-checks of our results; this proved to be a wise precaution. The 'H-
and '*C-n.m.r. spectra of all of the inositols” and inositol methy! ethers™
in this study had already been assigned.
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Fig. 1. The exchange of the hydrogen atoms of myo-inositol at 60)°

Inositols

The reaction of four inositols was monitored until at least one hydrogen atom
of each was almost completely replaced by deuterium. It was soon realized that the
reaction was inconvenicntly fast in boiling deuterium oxide, and we therefore con-
ducted the measurements at 60°. Even at that temperature, the exchange of unhin-
dered hydrogen atoms is rapid: 50% 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 myeo-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 substituent (H-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 differcnt hydrogen atoms in the same
molecule. Nevertheless, it is interesting to observe that the hydrogen atoms of
seyllo-inositol (1) exchange more rapidly than does H-5 of myo-inositol, which has
exactly the sume 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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changing hydragen atom therefore retards the exchange of a stower one. The reac-
tion does not end. of course. when all of the hydrogen atoms at a site have been re-
placed by deuterium; it continues at the same rate, but is no jonger observed,
deuterium being replaced by deuterium.

The results for myo-inositol were obtained by observing the 'H-n.m.r. spec-
trum, in which the signals are all well separated. When the V'C-n.m 1 spectra were
obtained. it was found that the signal assigned'' to C-4 and C-6 (at 3 72.1) rapidly
diminished during the reaction. whereas that assigned to C-1and C-3 (at 8 73.4) re-
mained almost constant Obviously, the assignment tor this '*Clnomeur. spectrum''.
one of the carliest in carbohydrate chemistry, was wrong: the values given for C-1.3
and C-4.6 have to be interchanged” This is yet another example of the proposi-
tion'-* that the Koch Stuart exchange-reaction is a valuable aid to the assignment
of *C-n.m.1.-spectral signuls.

The rates of deuterium exchange of epi-inositol (3) present a similar picture.
Again, the equatorial hvdrogen atoms, H-2 and H-4, exchange most rapidly (hali-
time. ~3 min), the axial ones slower (H-1 and H-5, - 13 H-3, ~25 min}. and the
syr-axial, H-6 atom is the slowest (~30 min). In this casc. however, although there
are two syn-axial hydroxyi groups, the retardation caused by them s slight. An
explanation is not apparent; possibly. in solution. there s a hydrogen bond be-
tween the two axial hydroxyl groups (although there is none in the crystal of the
compound'?), the hydrogen atom of which serves as a point of attachment o the
catalyst surface.

The ecquatorial H-1 and H-6 atoms of chwro-inositol (4) exchange more
rapidly than the others (half-time, ~18 min). All of the other hvdrogen atoms ot
the molcecule are sym-axial with an oxygen atom. but they all exchange taster (H-3
and H-4, half-time 40; H-2 and H-5, 70 min) than the syn-axial H-4 and H-6 of
myo-inositol. As the axial O-1 and -6 atoms of chiro-inositol have only one
equatorial oxygen neighbor, they can bend outwards towards the other side and
thus interfere less with adsorption on the catalyst surface. [t appears that the full
extent of steric hindrance by a ayn-axial hydroxyvl group is only shown when it s
bolstered by two cis hydroxyl groups, as it is in myo-inositol (2).

Because steric hindrance appears to have such o strong cffect on the ex-
change reaction. 1.3.5/2 4-cyclohexanepentol (§) was investigated, in order to as-
certam whether a hydroxyl group on the neighboring carbon «tom has any effect on
the reaction. From the *C-n.m.r. spectrum. it was found that H-1 and H-5. the two
hyvdrogen atoms adjacent to the methylene group, exchange twice as fast as the
other ring-hydrogen atoms. Adsorption on the catalyst surface 1s therefore some-
what hindered by a neighbaoring hydroxyl group.

A similar cifcet was expected in the reaction of D-1,3 42 5-cyclohexanepen-
tol (6): this compound has an axial and an cquatorial ring-hydrogen atom adjacent
to the methylene group. Surprisingly. the equatorial H-5 atom exchanged more
slowly than the equatorial H-4 which s not adjacent to the methyvlene group. even
slower than the axial hydrogen atoms. After reaction for 15 min at 807, =00 of
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H-4 had been exchanged, but only ~45% of H-5, and ~60% of the other hydrogen
atoms, as determined from the "H-n.m.r. spectrum'®.

The protium—deuterium exchange over Raney nickel is accompanied by two
other recactions; 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'2~*°
The signal of scyllo-inositol can be detected in the spectrum of myo-inositol after
only 15 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, Lo 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 scyllo- (1), chiro-
(4), and neo- (1,2,3/4,5.6) inositols were scen, in addition to thosc 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 syn-
axial hydroxyl groups, and are therefore less stable; their signals were not detected
in the spectrum. If there was any epi-inositol present, its proportion was less than
2%. Balza 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-
nation”. In the "*C-n.m.r. spectrum of myo-inositol treated for 3 days. small signals
appeared at & ~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 1,2,3/
4,5 isomer. None of these isomers have syn-axial hydroxyl groups.

Inositol methyl ethers

To cvaluate the retarding effect of O-methylation, 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 are six possible gecometrical arrangecments of a methoxyl group
situated between two neighboring hydroxyl groups on a six-membered ring in a
chair conformation. The methyl ethers were so chosen as to represent five 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
ol the other cases, that O-methylation in this instance would cause a small decrease
in the rate of cxchange of the hydrogen atoms on the neighboring carbon atoms.
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TABLE]

EXTEN! OF PROTTUM-DF UTERIUM EXCHANGE (7 £5) A1 VARIOUS POSITIONS OF INOSTTOE ML THY ] THERS,
A1 Q95T

Inosirol FPime (1) H-1 H-2 H-3 H-4 7N H-6

2-Methyt-seviio-{1a) (1 o 25 Bt A R R
D-1-0-Methyl-myo- (2a) 10 — 10 S0 wdo IS
2.0-Methylmiyo- (2b) 023 40 — a0 0 o0 0
J-(2-Methyl-epi- (3a) 1 =45 =05 — AN US il
D-1-(J-Methyl-chiro- (4a) } - 33 3 =70 v o7
{-2-€)-Methyl furo- (4by 8 0 - 0 BN SQN 100

D-3-O-Methyl-curo- (4¢) 10 100 < i ] S 24 0 100

The extent of the retardation caused by ()-methylation will depend on the
proximity of the methyl group {in the predominant, rotameric orientation of the
methoxyl group) to the hydrogen atom to be exchanged. In 2-0O-methyl-nmyo-in-
ositol (2b), the methoxyl group is axial. and the neighboring hydroxyl groups are
equatorial (denoted as Type D by Angyal and Odier'). and in none ot the rotam-
ers is the methyl group close to H-1 or H-3. There 1s. therefore, only u shght retar-
dution m their exchuange by deuterium (sce Table I, compared 10 unsubstituted
myo-inositol. in which H-1., H-3, and H-5 exchange with deuterium at ncarly 1den-
tical rates.

O-Methyl-scvllo-inositol (1a) is an example of an equatonal methoxyl group
between two equatorial hydroxyl groups (T'vpe A). Methylation here causes con-
siderable retardation of the exchange of H-2 and H-6. Another example of this
Type is 3-O-methyl-chiro-inositol (4¢); here, H-2 and H-4. already impeded by a
svi-axial oxygen atom, are further hindered by the methvl group, and are hardly
affected, even by treatment {or 10 h. Tt has been suggested that, in this gcometrical
arrangement, the methyl group assumes only those rotameric orientations in whrch
itis gauche to only one of the ring-carbon atoms'™; but 1s retarding effect on the
exchange reaction imphies that the rotamer having the methyi group gunche 1o both
neighboring. ring-carbon atoms 1~ an mmportant contributor to the orientational
equilibrium (sce discussion in ref. 10 ). In this rotamer. the methid group i< close
to the neighboring hydrogen atoms.

In two geometrical arrangements (Types B and E). there are ane axial and
one equaltorial hydroxyl group on the neighboring carbon atoms The preponder-
ant rotamer then is the one in which the methyl group 1 close to the neighboring.
cquatorial hydrogen atom. and the exchange of this atom s lundered. Thus, m 1-
O-methyl-mvyo-inositol (2a). the reaction of the cquatorial H-2 atom (very fast in
the ynmethylated compound) is considerably impeded. Similarly. in 2-O-methy -
chiro-inositol (4b). the equatorial H-1 is practicallv unaliered. even after 8 h; by
contrast, H-6. also equatonal, s exchanged to the extent of ~007 wn [S min In
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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-O-methyl-chiro-inositol (4b) resulted in ex-
tensive (>>50%) isomerization to 1-O-methyl-myo-inositol (2a), but H-1 (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 hydroxyl group (Type E), the steric effect is much smaller. The methyl group
in 1-O-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 '*C-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-O-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 1 is not particularly illuminating. Because the
signals of C-1,5 and C-2,4 coincide in the *C spectrum, and those of H-1,5 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-1 and H-5; that is, the exchange of H-2 and H-4
is slower for this methyl ether than for the parent epi-inositol.

It is interesting to compare the effect of O-methylation on the exchange reac-
tion with that on the n.m.r. spectra'®. O-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 considerable extent, the signals of the neighboring carbon atoms uptield, or those
of the hydrogen atoms downtield, 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.

DISCUSSION

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 20:1 is required. Such a ratio
is found in myo-inositol between the cquatorial H-2 and the syn-axial H-4 and H-6
atorns: 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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metabolism, it may be uscful to have a sample of mvo-inositol in which the various
posttions are labelled by deuterium at three different levels.

Among the compounds here discussed. [-2-O-methvl-cliro-inositol (4b)
(quebrachitol™, a natural product) is the only one in which selective deuteration
can he achieved: after 15 min. ~90% of H-6 had exchunged. but there was very lit-
tle replacement of any other hydrogen atoms. A different specificity s achieved
after a long period ot heating (see Table 1), when H 4, H-5. and H-6 arce almost
completely replaced but none of the other hydrogen atoms arc,

Qur experiments allowed us to draw some conclusions as to the favored
geometrical arrangements ol the reaction. It occurs on the surface of the nickel
catalyst, and the site of the molecule thercof at which the substrate 1s preferentially
adsorbed is the site at which the reaction will be the tastest. For rapid exchange . a
hydrogen atom must be geminal to a {ree hvdroxyl group: these are. theretore. two
points of attachment to the catalyst surface. But, a~ Balza and Perlin had already
pointed out”, for rapid exchange. another nearby hvdioxyl group s required: hy-
drogen atoms geminal to isolated hydroxyl groups exchange very slowly. QOur ex-
perience with 1.3.4/2 5-cyclohexanepentol (6) indicated that this ~second hydroxyi
group should be gauche to both the hvdrogen atom und the geminal hvdroxyl
group: the three hydrogen atoms then form a close-knit site for adsorption. Tn pen-
tol 6. H-5 has a4 hydroxyl neighbor in gauche retation which is, however, vnnperi-
planar to the geminal hydroxyl group. and exchange is sfow An ¢quatorial hydroxyl
group on the neighboring carbon atom is. therefore. more ctfective in promoting
exchange than an axial one.

A neighboring mcthoxyl group does not tunction as a site of adsorption. but
may hinder it by its bulk, especially in some configurations. Scale models show
that. when it is effected by @ hydrogen atom. a geminal hvdroxyl group. and a
neighboring hydroxyl group, adsorption onto a planar catalyst surface is less im-
peded sterically by an axial than by an equatorial methoxyl gioup on the other.
neighboring carbon atom.

To summarize, we have obscrved the following characteristies of the rate of
the Rancy-nickcl-catalyzed exchange-reaction We confirmed that (/) equatorial
hydrogen atoms exchange more rapidly than do axial ones. and (2) @ sya-axial hy-
droxyl group retards the exchange. and a svr-axial methoxyl group even more. (3)
For rapid exchange. an equatortal hydroxyl group is required on a neighbonmng car-
hon atom. (4) A neighboring methoxyl group retards the reaction. the extent of the
retardation depending on the relative configurations. An cquatoria! methoxyl
group retards more than an axial one; an cquatorial hydroxyl group on the other
side of the methoxy! group mcreasces the rctardation (byv altering the favored

*Quebrachitol i not available commercially. The authors would be pleased o provade small guantities
to mterested workers
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rotameric orientation of the methoxyl group). The greatest retardation is observed
when the hydrogen atom to be exchanged and the neighboring methoxyl group are
both equatorial.

EXPERIMENTAL

Materials — myo-Inositol was a commercial product (Staley); the other iso-
mers and the methyl ethers were synthesized as previously described, or were iso-
lated from natural sources'®™'®. Raney 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 et al.* 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. We found this precaution
unnccessary; good spectra were obtained without it.

N.m.r. spectra were recorded with a Cameca 250 spectrometer in Grenoble,
and with a Jeol JNM-FX-100 spcctrometer 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 deuterated 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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