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Deuterium-Protium Fractionation in Solutions of Methoxide lon in Mix-
tures of Methanol and Dimethyl Sulphoxide

By Lars Baltzer and Nils-Ake Bergman,* Department of Organic Chemistry, University of Goteborg and Chalmers
University of Technology, S-412 96 Goéteborg, Sweden

The fractionation factor of the methoxide ion ($,y,) T has been determined in mixtures of methanol and dimethyl

sulphoxide (DMSO).

By using 'H n.m.r. data of very high precision it has been possible to use solutions of three

different atom fractions of deuterium making the usual assumption about the chemical shift of the counterion (Na+t)

unnecessary. ¢oy. has been found to decrease from 0.74 (MeOH) to 0.38 (75 mol % DMSO).

The variation of

dowme is discussed in terms of increasing symmetry in the hydrogen bonds to the methoxide ion as the desolvation of

the methoxide ion proceeds.

SOLVENT isotope effects on rate and equilibria are con-
veniently interpreted in terms of the fractionation factor
theory.1 A particularly important class of reactants in
a number of reactions are the lyonium and lyate ions in
water and alcohols. Focusing on the methoxide-
catalysed reactions the fractionation factor of the
methoxide ion, ¢ome, has been of importance in under-
standing the role of solvating molecules on the rate of
reactions in methanol.® It continuously plays an
important role in the interpretation of solvent isotope
effects in terms of solvation of transition states in
methanol and it may be of help in understanding more
quantitatively the role of hydrogen-bonding in meth-
oxide-catalysed reactions in mixtures of methanol and
DMSO.

The fractionation factor of the methoxide ion in
methanol is generally accepted to be slightly above 0.70
at room temperature. It was determined by Gold and
Grist 7 to be 0.74 but certain assumptions that were not
without objections had to be made,? and in a recent study
Jones et al. in attempting to remove the necessity of these
assumptions redetermined ¢ome in methanol ® to be 0.7
although a loss in precision had to be endured.

The fractionation factor theory was developed by
Gold ! and Kresge 2 in terms of the isotopic exchange
equilibrium between specific hydrogen positions and the
bulk of the solvent, the equilibrium constant, ¢;, being
defined as ([D]/[H]):/([D]/[H])bux, the ratio of ratios of
deuterium to protium concentrations in the sth position
and in bulk solvent. The magnitude of ¢ is determined
by the difference in potential well of the hydrogen in the
bulk and that in the hydrogen-bonded or covalently
bonded position. Consequently, ¢ in itself can provide
information about the environment of a hydrogen
position. The determination of fractionation factors
is conveniently done by a standard n.m.r. method.10-11
In short, confining the discussion to solutes with non-
exchangeable hydrogens, the chemical shift A of the
hydroxy-protons of a hydroxylic solvent relative to
some standard, is the weighted average of all kinds of
exchangeable protons in the solution. Addition of a
solute gives rise to a certain fraction of protons with the

1 Strictly speaking the fractionation factor is that of the
hydrogens in the solvation shell of the methoxide ion.

characteristics of the solvation shell of the solute, and
A is shifted accordingly.

The complete formula describing the dependence of the
chemical shift (A) on the concentration of a solute with
non-exchangeable protons in methanol is (1) where

A= a{glsi + Aor @)

a = [CH,ONa]/[CH;0H] and §; = &, — Aom, 8 being
the chemical shift of the proton in the sth position of the
solvation shell, and Aog is the shift of unperturbed bulk
protons. The symbol v denotes the number of hydrogens
in the solvation shell. The corresponding formula,
valid for low values of 4, is (2). In (2) a = [CH;

A= aigvlgisi + Aom 2

ONa]/[CH,OL] (L denoting H or D). @; is related to
the fractionation factor ¢; according to equation (3).

Qi= (1 —x + x$) 3)

(For a complete derivation of the above formulae see
ref. 9.)

What one is actually studying is the chemical shift, A,
as a function of 4 and the aim is to determine the slope
dA/da. From measurements in solutions of varying
degree of deuteriation it is in principle possible to gain
information about ¢;. The difficulty encountered here
is that addition of a solute gives rise to a number of
different hydrogen positions, whereas the number of
experimentally obtainable observables is limited. Care-
ful balancing is required between the experimental
limitations and the choice of chemical model. More
thorough discussions on this dilemma are to be found in
refs. 7—9. Gold and Grist 7 assumed that the only
fractionating species in solution was the methoxide ion
and that the influence on the chemical shift of the sodium
ion (3na+ 3 p.p.m./mole fraction) 7 could be taken as that
determined from a low temperature freezing-out experi-
ment,'2 all other contributions being neglected. From
the above discussion, then, it is clear that they needed to
determine two unknowns, 8ome and ¢ome, Which was
done from two series of experiments, one in completely
protiated methanol and one in predominantly deuteriated
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methanol. From four series of experiments, Jones et
al. determined these two constants and, in addition, the
resultant chemical shift, 8, of all protons in non-
fractionating positions. Apart from the two series of
Gold and Grist,” two more could be produced by adding
tritiated methanol to solutions that were otherwise
analogous to those of the first two series and determining
the slope dA/da by means of tritium n.m.r. In the latter
investigation, a discrepancy was found between §, and
3na+ 7 which was attributed to a contribution by the
second solvation shell of the methoxide ion. The
underlying assumption was that the only fractionating
species in the solution was the methoxide ion.

The use of tritium n.m.r. is not required if 'H n.m.r.
data of very high precision can be obtained. This is of
some importance today since powerful spectrometers
with superconducting magnets are now fairly frequent
whereas tritium n.m.r. is reserved for specialized labor-
atories.

We present here an investigation of the fractionation
factor of the methoxide ion in methanol and in mixtures
of methanol and DMSO. Through use of a Bruker
WH 270 n.m.r. spectrometer data of sufficiently high
precision are obtained to permit the use of slopes
dA/da determined in these solvents at three different
atom fractions of deuterium, thereby facilitating the
determination of the same constants as in the foregoing
investigation.® The determination of at least three
constants, 8,, Some, and doue is essential to the determin-
ation in DMSO mixtures since chemical models of species
in mixed solvents are very uncertain. ¢ome in these
mixtures provides information about the solvation of the
methoxide ion and permits the use of kinetic solvent
isotope effects in mixed media. The use of kinetic
solvent isotope effects on methoxide-catalysed reactions
in mixtures of methanol and DMSO may be of interest in
quantitative studies of the solvation of such reactions
since these isotope effects are due to hydrogen-bonding
types of interactions. It would be of great interest to
the discussion of rate enhancements in dipolar aprotic
solvents if the effects of hydrogen bonding could be
separated from other effects. It should be pointed out
at this point that although the major part of the rate
enhancement is generally attributed to the destabiliz-
ation of the methoxide ion,13 the difference in rate
increase between methoxide-catalysed reactions involv-
ing different substrates may be considerable due to
differences in solvation of different transition states.4-15

EXPERIMENTAL

The solvents of listed quality were purchased from the
following manufacturers and used without further purific-
ation: methanol, anhydrous, H,0 < 0.019%, w/w, May and
Baker; dimethyl sulphoxide, H,O < 0.019% w/w, Riedel de
Haén AG; methan[?H]ol, 99.7 atom 9%, D and ultra high
purity 99.9 atom 9%, D, Ciba-Geigy; [*Hg]dimethyl sulph-
oxide, 99.5 atom 9%, D, Ciba-Geigy. Methanol was analysed
by Karl Fischer titration and exhibited 0.0129, w/w water.

Special care was taken to clean and dry all glassware

J.C.S. Perkin II

used. Whenever possible transfer of solutions was carried
out using pipettes with disposable plastic tips. Solutions
were prepared and weighed in gas-tight vials and all work
with the solutions took place under dry nitrogen.

Sodium methoxide was prepared from freshly cut, cleaned
sodium metal (puriss, 99.59% Kistner). Stock solutions,
ca. 0.25M, were prepared immediately before use. The
stock solutions were carefully titrated against dried potas-
sium hydrogen phthalate, diluted by weight and the base
concentrations calculated using accessible density data !¢
under the reasonable assumption that the small isotope
effect on molar volume is independent of base concen-
tration. The upper limits of the base concentrations used
in 25, 50, and 75 mol 9%, DMSO were 0.2, 0.1, and 0.05M,
respectively.

The n.m.r. spectra were recorded on a Bruker WH 270
Fourier transform spectrometer. Field locking signals were
provided by [2H]DMSO, methan{?H]Jol, or [*HgJacetone,
the latter solvent being in the inner tube when coaxial
n.m.r. tubes had to be used. The probe was thermostatted
to 25 °C. To achieve maximum resolution the spectral
width was set to 1 000 Hz which in connection with an 8K
computer memory capacity used for the real part of the
spectrum provided a theoretical resolution of 0.12 Hz,
corresponding to 0.0004 p.p.m. The aim was that no
spectrum should be passed until two consecutive deter-
minations gave chemical shifts differing by no more than
0.12 Hz. This could not be altogether fulfilled, probably
because of the temperature instability of the probe, but
the large majority nevertheless met this requirement. In
view of the temperature dependence of the hydroxylic
signal this appears to be a good demonstration of the
thermostatting capacity of the n.m.r. spectrometer. A
positive shift is downfield to conform to the commonly used
8 scale. It should be noted that refs. 7 and 9 use the <
convention. That means that there will be a difference in
sign between the values given there and in the present
investigation.

In 75 mol 9% DMSO in methanol the isotopic exchange
reaction at the methyl groups of the DMSO molecule is very
fast 17 when catalysed by the methoxide ion.* In order
to minimize deviations in atom fraction of deuterium in the
solution a DMSO mixture was prepared of roughly the same
isotopic composition as the methanol and the spectra were
recorded within 2 h of the preparation of the base solution.
In spite of a systematic variation of the time between mixing
and the recording of the spectrum within the time limit of
2 h no systematic deviation could be detected in the plots.

RESULTS

Parameters obtained from plots of chemical shift of the
hydroxylic methanol protons versus a = [CH,ONa]/[CH,-
Ol.], are presented in Table 1.+ For the methanolic runs
values for comparison are provided by the literature. The
slope in light methanol, +24.40 p.p.m./a (Table 1, for sign
see Experimental section) is somewhat less in the present
paper than in those reported earlier, —25.41 7 and —25.0,°
the literature values being in good mutual agreement when
it is taken into consideration that the latter value refers to
a plot of shift versus a whereas the former refers to the use

* Assuming no kinetic isotope effect a half-life of 120 min may
be estimated for the reaction at highest base concentration
(0.05M).

t No deviations from linearity could be detected over the
concentration ranges (see Experimental section) used.
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of mole fractions. In the predominantly deuteriated system
the atom fractions of deuterium do not agree between the
different investigations but qualitatively the results are
analogous to those in the light system. The reason that
our slopes are slightly less than the others is not understood
by us but the possibility that it should arise from a difference
in water content is ruled out by the following argument.
To six solutions constituting a run in methanol of deuterium
content ¥ = 0.995 ca. 19, (w/w) water was added and the

TABLE 1

Parameters from least-squares analysis of plots of chemical
shift (A) versus a = [CH;ONa]/[CH;OL]. The methyl
protons of methanol have been used as an internal

reference. Error limits are standard deviations of the
mean
Atom Number
fraction (dA/da) Intercept of
(p.p-m. a™®) (p.p-m.) experiments
Methanol
0 24.40 + 0.24  1.535 4 0.002 15
0.502—0.512 28.91 + 0.15  1.527 4 0.001 24
0.995—0.999  34.78 + 0.26  1.518 4 0.002 15
25 mol 9%, DMSO-75 mol 9%, methanol
0 24.68 4+ 0.19  1.154 4 0.002 16
0.500—0.508  28.65 + 0.19  1.150 4 0.001 23
0.997 34.19 4+ 0.20 1.153 4 0.001 11
50 mol 9, DMSO-50 mol 9, methanol
0 23.20 4+ 0.19  0.972 4 0.002 8
0.500 25.67 + 0.23  0.973 4 0.002 8
0.997 30.38 + 0.18  0.976 + 0.002 8
75 mol 9%, DMSO-25 mol %, methanol
0 20.35 + 0.08  0.895 4 0.001 8
0.502 22.27 4+ 0.27  0.907 4+ 0.002 7
0.995 27.24 4 0.22 0.903 4+ 0.002 5

parameters of the linear dependence of shift on a were
evaluated in the usual way. When due allowance for
difference in base concentration and deuterium content
had been made no significant difference in slope could be
detected between the run with added water and that with-
out, although the limits of error were considerably larger
in the former case (4-0.6 units). The small effects on the
slope and intercept by added water make it unlikely that
fortuitous water is the cause of the discrepancy. The
intercepts (Table 1), corresponding to the chemical shifts in
pure methanol are in good agreement with those reported in
ref. 7 if the temperature difference is taken into account.
The solvent isotope effect on the chemical shifts is repro-
duced.

Evaluation of ¢oye is done by a modification of the pro-
cedure suggested in ref. 9. Under the assumption that the
only fractionating species in the solution is the methoxide
ion, dA/da is given by equation (4) where §, is the sum of

dAfda = 8 + Qomedome (4)

shifts of all protons in non-fractionating positions and 3oy,
is the corresponding sum for fractionating positions.

For different values of x, the atom fraction of deuterium
in the solution,  [equation (3)] assumes different magni-
tudes and a plot of dA/da versus Q yields a straight line with
slope 3oye and the intercept §,. In practice, different
values of ¢ are tested and the one giving a straight line is
taken as the correct one. Three isotopic compositions are
employed, 0, 50, and 99 atom 9%, D. The plots for different
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solvent compositions are shown in Figure 1. The resulting
fractionation factors are given in Table 2 and the para-
meters Sgpe and 3, in Table 3. In the case of methanol the
fractionation factor of this paper reproduces very nicely the
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FIGURE 1 Determination of the fractionation factor of the
methoxide ion according to the formula dA/de = §, +
Qomedome. The symbols refer to the following solvent com-
positions: X, methanol; <, xpuso = 0.25; O, #puso = 0.50;

O, #pmso = 0.75

widely accepted one of ref. 7, 0.74, a value which is strongly
supported by solvent isotope effects on rates and equilibria
involving the methoxide ion in methanol. ¢gy is given in
ref. 9 as 0.7 and that value is thus also in line with the cited
chemical evidence. It should be pointed out that the
graphical procedure is extremely sensitive to small changes

TABLE 2

Fractionation factor of the methoxide ion in mixtures of
methanol and DMSO

XDpMso a® b?
0 0.74 + 0.06 0.73
0.25 0.70 + 0.07 0.72
0.50 0.52 + 0.08 0.76
0.75 0.38 + 0.05 0.75

¢ According to the general treatment. See text. By
assuming normal distribution of dA/da given in Table 1 a
probability of a particular ¢ can be obtained as the product of
the probabilities of dA/da calculated at the three isotopic
Q values. The two ¢ values defining the area that is roughly
2/3 of the total integrated area of the so obtained probability
function are given as the limits of error in ¢, in analogy with
the definition of the standard deviation. @ With the assump-
tion that 3y,+ has the experimental value 7 in methanol and
is otherwise zero.
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in the experimentally determined parameters of Table 1.
Nevertheless it is reassuring to find such a good correspond-
ence to the literature data in methanol and it lends support
to our belief that the general procedure is correct and that
the method is practicable in methanol-DMSO mixtures.
In such systems literature reports are, to our knowledge,
missing and comparisons can therefore not be made.
Returning to the question of the sensitivity of the deter-
minations to experimental errors, the graphical method
seems safer, the lower the value of ¢goye, as in mixtures of
methanol and DMSO of increasing DMSO content.

TABLE 3
Chemical shifts of protons in the solvation shell of sodium
methoxide
#pMso Soxe ® (p.p-m. a7 3 ? (p-p.m. a™)
0 29.7 —5.3
0.25 22.3 2.4
0.50 7.8 15.4
0.75 4.3 16.1

s The sum of shifts of all protons in fractionating positions.
® The sum of shifts of all protons in non-fractionating positions.

Our results (Table 3) do not accord with those of ref. 9.
For a discussion of this see below. Preparation of a series
of base solutions by weight from a stock solution requires
that the titration is done with care. Any error in the
concentration of the stock solution appears as roughly the
same relative error in the slope of shift versus a. Such a
relative error will give rise to a systematic error in the slope
which will not be discovered unless more than one stock
solution is used for the same solvent system. It is therefore
comforting to find that our results in methanol and 25 mol
% DMSO, where at least two different stock solutions have
been used for each isotopic composition, show such good
precision.

A consequence of diluting by weight is that the mole
fraction of DMSO will not as a rule be exactly what it is
intended to be and corrections will have to be made. For
this purpose the chemical shift of pure methanol in DMSO as
a function of the DMSO content has been determined
(Figure 2) and the chemical shifts in the solutions of deviat-
ing DMSO fraction have been corrected to one referring to
the desired mole fraction. The underlying assumption is
here that there is no salt effect on the solvent effect on the
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FiGURE 2 Chemical shift of hydroxylic protons in methanol
relative to that of the methyl protons of methanol as a function

of DMSO content
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chemical shift. It is unlikely that any serious error should
arise in this way unless the deviation is so large that in the
deuteriated solutions a significantly different ¢op, exists
in which case the simple correction will not be sufficient.

DISCUSSION

The choice of chemical model needs careful consider-
ation and, possibly, independent experimental evidence
to support it as illustrated by the present investigation.
The introduction outlines how a balance must be reached
between the amount of information which one wants to
extract and the experimental limitations. The experi-
mental information available are the plots of hydroxy
proton chemical shifts versus some measure of the base
concentration in solutions of different isotopic composi-
tion. Three compositions, 0, 50, and 99 atom 9,
deuterium, and 'H n.m.r. data of high precision make it
possible to determine three unknowns. We are thus
restricted to a model where only the first solvation shell
of the methoxide ion fractionates. This seems a fairly
reasonable model particularly in view of the value for
éyar = 0.98 (H,0; 25 °C) estimated from electro-
chemical measurements.#1® Using the value for 8y,+ 7
together with ¢y,+ does not affect the magnitude of
dome since the correction lies well within the experi-
mental uncertainty of dA/da. In view of this we prefer
to treat its solvation shell as if it were non-fractionating.

The choice of models may have a dramatic influence on
the value of ¢oye even if all the models seem to be reason-
able from a chemical point of view. The method used in
the present paper gives rise to the values of ¢oye in Table
2, column a, whereas a chemical model with 8, taken as
dya+ In methanol and 8, = 0 in the DMSO mixtures
yields the values in Table 2, column b. The second
model is not unreasonable since §, is in fact very close to
3ya+ in methanol and may be estimated to be close to
zero in DMSO mixtures from the following argument.
The protons that contribute to §, are probably from the
solvation shell of the sodium ion and the second shell
of the methoxide ion. Taking Gutman’s donor
number ® as a measure of solute-solvent interaction one
would expect an extreme specific solvation of the sodium
by DMSO. Under those circumstances DMSO would be
expected to shut out the methanol from the close environ-
ment of the sodium ion, making the chemical shift
independent of the concentration of sodium ions. In
25—75 mol ¢, DMSO a second solvation shell would be
completely different from one in pure hydroxylic solvents,
that could affect chemical shifts by structure-making or
-breaking types of behaviour. In these mixtures there
are no solvent isotope effects on the chemical shift of
methanol solutions (Table 1) and it seems natural to
interpret this as if no strong hydrogen bonds exist, such
bonds being essential to the existence of a second solv-
ation shell. From these considerations, too, a value of
3, = 0 in mixtures of DMSO and methanol appears
quite conceivable. As the fractionation factors of the
methoxide ion in these media are not easily predicted,
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clearly independent evidence is required to choose
between the models. An extreme specific solvation of
the sodium ion could probably be detected by using
2Na n.m.r. in determining the ‘iso-solvation point *.20
In a separate investigation such a determination has been
carried out,?! and the sodium ion turned out to be to only
a very small, if any, degree specifically solvated by
DMSO, settling the matter conclusively and giving
preference to the results in Table 2, column a. This
demonstrates the improvement of the procedure in
allowing determinations of fractionation factors in
systems where chemical shifts of counterions are not
known. The method is of course limited to solutions
where only one site gives rise to fractionation.

Turning to the fractionation factors of the methoxide
ion we may compare our value of ¢ox. in methanol with
the literature values. It agrees very well with that
determined by Gold and Grist, 0.74,7 although their work
was carried out at a slightly higher temperature (33.5 °C)
and it also agrees with the value 0.7 reported by Jones
et al.® On addition of DMSO ¢ope drops dramatically
(Table 2, column a) and reaches a value of 0.38 in 75
mol %, DMSO in methanol. The drop of fractionation
factors seems to be a common type of behaviour 22 for
hydrogen-bonded complexes on transfer from hydroxylic
solvents to dipolar aprotic ones. A rough extrapolation
of the present data to pure DMSO would give a fraction-
ation factor in the neighbourhood of 0.3. Fractionation
factors for homoconjugate complexes of p-nitrophenol
and 3,5-dinitrobenzoic acid and some other com-
pounds 22 are reported to be of about the same magnitude
suggesting that in the limit when xpyso tends to unity
the methoxide ion exists as the monosolvate. Recently
it has been suggested that the gas-phase fractionation
factor for the proton-bound dimer of methoxide ion is of
the order of 0.2.2 Kreevoy and Liang ?* suggest that
the reason for the drop on going to dipolar aprotic
solvents of the fractionation factor of homoconjugate
complexes is a simultaneous desolvation of both anionic
fragments resulting in a more symmetric hydrogen bond.
A direct application of that model to the present system
seems unnatural and we suggest that the gradual desolv-
ation of the ion leads to more symmetric hydrogen
bonds for those methanol molecules that are still in a
hydrogen-bonded position, maybe through an inductive
effect. Under the assumption that the trisolvate is a
correct representation of the true nature of the solvated
methoxide ion in methanol ¢ values can be assigned to the
different solvates if the supposition is made that the
magnitude of the isotopic free energy difference on
transfer of a hydrogen from bulk solvent is linearly
related to the number of solvating methanol molecules
of the primary solvation shell of the methoxide ion.
The trisolvate gives ¢ome 0.74 and according to the
extrapolation above the monosolvate gives ¢ome 0.3.
A hypothetical fractionation factor ¢ome 0.47 may then be
assigned to the disolvate. Such a value is exhibited by a
solution with roughly 60 mol 9%, DMSO and is consistent
with the view that the methoxide ion is desolvated
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roughly linearly with the mole fraction of DMSO. The
opposite has been suggested.?

The difficulty in comparing the different ¢ values of
this work is that they refer to different solvents. It is
obvious that the fractionation depends on the difference
in nature between the solvating and bulk positions for the
hydrogen and both are changed by addition of an aprotic
solvent. Relating the ¢ values of this work to some
common standard state is possible in principle but in
practice the accuracy obtainable is not overwhelming
compared to the precision in ¢. We estimate, however,
that the correction that should be applied to the experi-
mental ¢ values for difference in bulk is rather small.
From the commonly accepted knowledge that hydrogen
bonds between DMSO and methanol are stronger than
between methanol and methanol it follows that the
measured ¢ values (Table 2, column a) represent the
upper limit to the ‘ true’ ones that are hypothetically
measured relative to methanol as the standard state. It
may however be an oversimplification since this model
does not account for the difference in librational fre-
quencies, between methanol and methanol-DMSO.

The parameters of Table 3 deserve some comment.
Comparing the values of the methanolic ‘run’ with
those of the literature we find that our 8, is very close
to the value of 8y,+ used by Gold and Grist,” although
they neglected any contribution from the second solv-
ation shell of the methoxide ion. The present results
thus suggest that the second solvation shell of the
methoxide ion does not contribute very much to 3§
This is in accord with the idea that methanol is not a very
strongly structured solvent, at least not compared to
water where the concept of a second solvation shell
around the solutes is well founded. It has also been
suggested that in methanol the solvent clusters pre-
dominantly exist as tetramers.?® A trisolvated meth-
oxide ion is probably not too dissimilar to such a four-
membered cluster and the presence of solvated sodium
methoxide may therefore be of little importance to the
structure of liquid methanol. The importance of the
second shell is stressed by Jones et al.? who obtained a
value of —4 p.p.m./a for §, (for sign see Experimental
section), the difference, —7 p.p.m./a, between their
value and 8y,+ being assigned to such a shell. In our
opinion —7 seems too big compared to that of the inner
shell, —22. The present work yields +29.7 (for sign
see Experimental section) for the methoxide ion, in good
agreement with ref. 7.

In DMSO the situation is complex. On going from
methanol to 75 mol 9%, DMSO 8¢y, decreases from +29.7
to 4+4.3 a trend that is readily understood in terms of
desolvation of the methoxide ion. Although it is
difficult to tell about solution structure in mixed solvents
it is possible that structures such as (I)—(V) could
account for the observed shifts.

In methanol the chemical shift of the solvation-shell
protons of the methoxide ion is quite different from that
of the bulk protons, due to hydrogen bonding, of course.
On adding DMSO, a stronger hydrogen bond acceptor



318

than methanol, the bulk protons experience stronger
hydrogen-bonding and their chemical shift tends to be
more like that of the solvation shell of the methoxide
ion. The bulk solvent changes characteristics from
those that would be expected from structure (I) to those
of structure (II) which is closer to structure (III). This
in addition to desolvation would explain the decrease in
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The corresponding change for §; is more difficult to
rationalize. From —5.3 to +16.1 units the change is
drastic on going into 75 mol % DMSO. From #Na
n.m.r. experiments 2! it is evident that the composition
of the primary solvation shell of the sodium ion resembles
that of the bulk solvent. Consequently, the change is
even more drastic than the numbers indicate, since the
effect of added solutes on the chemical shift would again
be expected to decrease as the solutes are desolvated with
respect to methanol.

The chemical shift of the solvation-shell protons of
the sodium ion in methanol is fairly similar to that of bulk
protons as the sodium ion is rather poorly solvated in
methanol (IV). As the DMSO content is increased the
sodium ion appears in an environment such asin (V). A
possible anisotropy effect of the S=O group (see below)
makes it reasonable that the chemical shift of the
hydroxy-protons in (V) should be very different from that
in (II), giving rise to the great sensitivity of the chemical
shift to added solute (Table 3).

The intercepts of plots of chemical shift versus a
(Table 1) represent the chemical shift of the hydroxylic
solvent—co-solvent in the absence of solute and is
interesting in its own right. Chemical shifts of hydroxy-
lic solvent protons have been used to study solute-
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solvent interactions but what we attempt here is also to
draw some conclusions from the solvent isotope effect
on the chemical shift of the hydroxylic protons in
methanol and in DMSO mixtures. In pure methanol
there is a solvent isotope effect on that shift (Table 1).
The conclusion is inescapable that it depends on some
hydrogen-bonding type of interaction between light and
heavy methanol. In 25 mol % DMSO the isotope effect
is gone and the intercepts are nearly identical, meaning
that on the average much fewer methanol molecules are
engaged in hydrogen bonding to each other, or, alter-
natively, that all methanol molecules are hydrogen
bonded to DMSO molecules. It is interesting to note
that at a relative abundance DMSO : methanol of 1:3
hydrogen bonding between methanol molecules is negli-
gible and this seems to indicate that DMSO accepts
hydrogen bonds from at least two methanol molecules at
the same time.

The chemical shift of methanol hydroxylic protons in
mixtures with DMSO experiences a dramatic change as
compared with pure methanol (Figure 2). The major
part of this change takes place on increasing the molar
ratio of DMSO to 0.5. The direction of this change is in
contrast to the generally accepted view that hydrogens
in strong hydrogen bonds (II) resonate at a lower field
than hydrogens in weaker hydrogen bonds (I). It is
known, however, that a change to lower field in certain
cases could be compensated by an anisotropy effect from
a neighbouring group.?® It is possible that the S=0O
group in the present case could play such a role.

It seems reasonable to assume that after the molar
ratio has reached unity the magnetic environment of the
hydroxylic protons does not change since all methanol
molecules are tied up with DMSO. The implication
is that structures in solution where two DMSO molecules
are hydrogen-bonded to the same methanol molecule,
do not exist to any appreciable extent. Slightly above
50 mol % DMSO the n.m.r. spectrum of methanol
changes from two singlets to one doublet and one quartet
in a manner that is seen also in absolutely dry methanol.
Small amounts of water are capable of promoting fast
hydrogen exchange between methanol molecules. This
effect which is not observed at a little above the equi-
molar ratio indicates that all hydroxylic species in the
solution must be hydrogen-bonded to DMSO molecules
so strongly that they hardly encounter other hydroxylic
solvent molecules.
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the n.m.r. spectra and some preliminary measurements by
Miss I. Ohlsson are gratefully acknowledged. We thank
Professor L. Melander for many useful suggestions and for
his interest in this work. Financial support from the
Swedish Natural Science Research Council is gratefully

acknowledged.
1/466 Received, 23vd March, 1981]

REFERENCES

1 V. Gold, Trans. Faraday Soc., 1960, 58, 255.
2 A. J. Kresge, Pure Appl. Chem., 1964, 8, 243.



1982

3 L. Melander and W. H. Saunders, Jr., ‘* Reaction Rates of
Isotopic Molecules,” Wiley, New York, 1980, ch. 7.

4 W. J. Albery in ‘ Proton-transfer Reactions,” eds. E. F.
Caldin and V. Gold, Chapman and Hall, London, 1975.

5 R. L. Schowen, Prog. Phys. Org. Chem., 1972, 9, 275.

¢ V. Gold and K. P. Morris, J. Chem. Soc., Perkin Trans. 2,
1980, 1421.

? V. Gold and S. Grist, J. Chem. Soc. B, 1971, 1665.

8 V. Gold and M. A. Kessick, Disc. Faraday Soc., 1965, 89,
84.

? J. M. A. Al-Rawi, J. P. Bloxsidge, J. A. Elvidge, J. R. Jones,
and R. A. More O’Ferrall, J. Chem. Soc., Perkin Tvans. 2, 1979,
1593.

10 A. J. Kresge and A. L. Allred, J. Am. Chem. Soc., 1963, 85,
1541.

11V, Gold, Proc. Chem. Soc., 1963, 141.

12 R. N. Butler and M. C. R. Symons, Trans. Faraday Soc.,
1965, 65, 2559.

13 A. J. Parker, Chem. Rev., 1969, 69, 1.

4 D. J. Cram, B. Rickborn, C. A. Kingsbury, and P. Haber-
field, J. Am. Chem. Soc., 1961, 83, 3678.

15 B. Anhede, L. Baltzer, and N.-A. Bergman, Acta Chem.
Scand., Ser. A, 1982, 36, 39.

319

16 G. F. Freeguard, R. B. Moodie, and D. J. G. Smith, J. Appl.
Chem., 1965, 15, 179..

17 A. Albagli, R. Stewart, and J. R. Jones, J. Chem. Soc. B,
1970, 1509.

18 P, Salomaa and V. Aalto, Acta Chem. Scand., 1966, 20,
2035.

19 C. Reichardt, ‘Solvent Effects in Organic Chemistry,’
Verlag Chemie, Weinheim-New York, 1979, p. 17.

20 A. I. Popov in ‘ Solute-Solvent Interactions’, eds. J. F.
Coetzee and C. D. Ritchie, Marcel Dekker, New York-—-Basel,
1976, vol. 2, ch. 13.

21 L. Baltzer, N.-A. Bergman, and T. Drakenberg, Acta Chem.
Scand. Sev., A, 1981, 85, 759.

22 M. M. Kreevoy and T. M. Liang, J. Am. Chem. Soc., 1980,
102, 3315.

2 M. R. Ellenberger, W. E. Farneth, and D. A. Dixon, J.
Phys. Chem., 1981, 85, 4.

24 E. Tommila and M. Savolainen, Acta Chem. Scand., 1966,
20, 946.

% F. Franks and D. J. G. Ives, Chem. Soc. Quart. Rev., 1966,
20, 1.

26 E. D. Becker, ‘ High Resolution N.M.R.’, Academic Press,
New York, 1980, 2nd. edn., ch. 12.





