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An electrospray mass spectrometry protocol has been developed for the rapid screening of metal ion binding
affinities, and it has been applied to the study of the alkali metal ion binding characteristics of neutral
monomeric and macrocyclic steroid derivatives. It is shown that experiments involving competition between a
range of metal ions and a single host can yield useful information on relative binding affinities; these results
correlate well with synthetic templating results in solution. The reverse experiment, in which several hosts
compete for the same ion, does not give reliable results (a) because unbound hosts remain uncharged and are

not detected in the spectrometer and (b) because different hosts display radically different inherent detectabilities.

Electrospray ionisation has become a dominant technique in
mass spectrometry in the last half decade. As ions are gener-
ated directly from aqueous solution with only mild heating,
electrospray ionisation mass spectrometry (ESI-MS) is suit-
able for the study of intermolecular processes and as a detec-
tion system for liquid chromatography.! The conditions can
approach physiological, so the technique is ideal for the study
of proteins: the mass spectrometry of polypeptides with
molecular weights of up to 100 kDa is now almost routine.?"
Recent examples include studies of enzyme-substrate,
antibody-antigen, drug-receptor and substrate-receptor*~’
interactions. ESI-MS has also found application in the field of
supramolecular chemistry for the investigation of synthetic
host-guest®° and host-metal ion systems.'°~3 In many cases,
qualitative agreement is observed between binding character-
istics found using ESI-MS and by more conventional solution
phase binding studies. As ESI-MS requires only very little
material and allows rapid analysis, it has the potential to be a
very powerful technique for the analysis of binding inter-
actions.

However, the method is associated with many variables, the
importance of which are still unclear. Recently, many results
have been accepted without the background processes being
fully understood. For example, aggregate ions are seen in
small quantities in many ESI spectra, particularly at high
analyte concentrations. The observation of expected complex-
es is quite frequently accompanied by stoichiometrically non-
sensical adducts, which must surely limit the conclusions that
can be drawn from such experiments. The environment in
which a molecule finds itself when being analysed in the mass
spectrometer is so different from that in solution that the
mechanism by which ions are generated deserves careful scru-
tiny. As the generation of ions involves only brief and minimal
heating, the preservation of intermolecular interactions in the
spectrometer is not in itself an implausible suggestion;
however, it is not clear that this preservation fits current
models of the ESI ionisation process. As the generated ions
are stripped of solvent by electrostatic forces and evaporation
processes, highly desolvated ions are generated, but it is diffi-
cult to see why this process should so readily remove non-
covalently associated solvent molecules whilst leaving other
non-covalent associations intact.
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Smith et al’s studies have gone some way towards clarifying
the conditions under which specific binding can be character-
ised by ESI-MS.11# In particular, it is proposed that structur-
ally modified receptors should be shown to fail to aggregate in
order to demonstrate that a specific binding interaction is
responsible for the formation of an adduct. In the area of
metal ion binding, Leize et al. have found a direct correlation
between solvation energy and ESI-MS response for the alkali
metal ions in aqueous solution.!> Factors such as solvation
energy must therefore be taken into consideration when quan-
titative information is extracted from mass spectra. For
instance, the association of two enzyme subunits generates a
product that differs in molecular weight and surface character-
istics from the separate halves, so the mass spectral response
cannot be assumed to be the same for each component. Such
discrepancies have been found to be less marked in metal ion
binding experiments;'* here the ion makes only a minor con-
tribution to the total mass of the complex and, if effectively
bound, has only little exposure to the solvent. A molecular
mechanics study of 18-crown-6—metal ion complexes showed
that the solvation energy of the complex was virtually inde-
pendent of the metal ion present.!® As good agreement was
observed between binding affinities deduced from mass spec-
tral data and binding constants measured by other methods in
this and other cases,!” the assumption that complexes of a
given host with a variety of ions give the same mass spectral
response intensity appears to be justified. This remains to be
proven experimentally.

Following our observations in thermodynamic cyclisation
reactions carried out in the presence of metal ions as tem-
plates,'® we wished to screen the metal ion binding ability of
the steroid derivatives concerned. Initial trial ESI mass
spectra showed that in all cases, with no added metal salts, the
main ion observed for the steroid monomers and oligomers
was the (M + Na)* ion. This is the result of contamination
with sodium ions from the solvent, the glass bottles and tubes
employed and probably also from the spectrometer chamber
itself. Some other ions were also occasionally seen [e.g.
M +K)*, M +NH,)*] but an (M + H)" ion was never
observed. Before engaging in a study of the metal ion binding
characteristics of these molecules, it was necessary to clarify
some of the ESI-MS variables and to develop a protocol that
would allow meaningful data to be obtained from mass
spectra in a reliable fashion.

In this paper we show that in metal ion binding studies, a
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competition experiment in which several hosts compete for the
same ion does not deliver meaningful information. However,
reliable relative binding data can be obtained if several ions
compete for a given host, and we show that this approach can
deliver a large amount of useful data in a relatively short time.
This paper does not address the more fundamental issues of
the exact nature of the ionisation process and how that affects
the quantification of solution phase behaviour using ESI-MS.

Results and Discussion
Initial explorations

The first question to be addressed was whether the intensity of
the mass spectral peak was directly proportional to the
amount (or the concentration) of material added for these
molecules. To investigate this, samples at concentrations
between 2 uM and 50 pM were injected into the spectrometer.
The results for the MEM monomer 5 and the MEM trimer 5c¢
are shown graphically in Fig. 1(a) and 1(b). Both sets of data
show good linearity in the examined concentration range, but
there is a considerable difference in the scales of the two
graphs: the response for the monomer 5, (M + Na)* = 623,1
is roughly 120 times more intense than the response for the
trimer 5S¢, (M + Na)* = 1727. It is not clear whether this dif-
ference is the result of variation in instrument sensitivity for
the different mass ranges, or due to different quantities (ion
current) of the ions being produced, perhaps due to radically
different solvation energies.

Intermolecular binding experiments are complicated by the
fact that the majority of ions and molecules that enter the
spectrometer chamber do not reach the detector. In particular,
in a metal ion binding study, any uncharged host molecule
that has no metal ion attached is not observed at all. Thus, in
a competition experiment in which two molecules compete for
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Fig. 1 Dependence of the mass spectral signal intensity on the con-
centration of analyte: (¢) MEM monomer 5 and (b)) MEM trimer 5¢

+ The convention adopted throughout this paper is that (M + X)*
represents the adduct ion, {(M + X)*} denotes the intensity of the
peak for the (M + X)* adduct in the mass spectrometer and
[(M + X)*] denotes the concentration of the adduct.
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the same ion, the strong binding of the metal ion by one of the
hosts may cause a large adduct peak to be detected, but may
not reduce the free metal ion concentration sufficiently to
prevent the simultaneous observation of a large adduct peak
for a weaker binding host. This can even be the case when
there is a substoichiometric quantity of metal ions, as
unbound hosts remain uncharged and are not detected. Thus,
the intensity of the peak will only show how much better the
host molecule binds the ion than it binds H* or solvent, not
how much better it binds the ion than the other molecule
does. Corrections for this, considering the relative fractions of
the total ion current, are not possible as the sensitivity varies
with mass and from molecule to molecule as shown above.
Thus a competition experiment in which several molecules
compete for the same ion cannot yield meaningful data.

The next stage was to assess the metal ion binding response.
As described above, the dominant peak in all our spectra is
always the (M + Na)™ peak, but initial experiments showed
that it was possible to ‘compete away’ the sodium by addition
of a second metal ion. When Li* was added to a solution of
MEM trimer 5S¢, two peaks were observed at m/z = 1711,
(M + Li)*, and 1727, (M + Na)*. The linearity was investi-
gated by means of titration experiments. A solution of MEM
trimer Sc (at 25 pM concentration) was injected into the
spectrometer in the presence of increasing amounts of Li*,
giving the results shown in Fig. 2. Analogous experiments
with addition of potassium and cesium ions were also carried
out (results not shown). In order to analyse these results, it is
necessary to consider the equilibrium between the species
observable in the mass spectral experiment:

Keq

(M + Na)* + Li*

(M + Li)* + Na* 0]
where K., is given by:

_ [(3mer + Li)"][Na"]
47 [(3mer 4+ Na)*J[Li*]

@

Before acquiring the mass spectrum, the solutions were
allowed to stand for 15 min to ensure that they had reached
equilibrium.  Assuming that the peak intensities
{(Bmer + Li)*} and {(3mer + Na)*} are proportional to the
concentrations of the ions in solution [(3mer + Li)*] and
[Bmer + Na)™], a plot of {(3mer + Li)*}/{(3mer + Na)*}
against [Li*] will have a slope of K ,/[Na™]. If [Na*] is the
same in each experiment the relative binding affinities of Li™,
K* and Cs* can be calculated. They are shown in Table 1.
During the mass spectral experiment, all the ions become
desolvated and the droplets of solvent in which they each find
themselves become ever smaller. As this occurs, the concentra-
tions of all the components increase, but as the analysis being
carried out involves only the ratios of the ions in solution and
the ratios of the ions observed, this concentration change does
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Fig. 2 Dependence of the ratio of {(M + Li)*}/{(M + Na)*} mass
spectral peak intensities on added [Li*]



Table 1 The relative binding affinities of Li*, Na*, K* and Cs* to the MEM trimer 5¢ and the background concentration of Na™ ¢

Method Li*

Slope K., vs. [Na*t]/uM~1! 5.7(+0.3) x 1073
x/uM 155 + 16
Backtitration K., 0.91 + 0.08

Single metal titration K, 0.86 + 0.05
Simultaneous titration K., 1.02 + 0.15

Na* K* Cs*

— 15.1 (£0.8) x 1073 12.0 (£0.5) x 1073
— 162 £ 12 138 +£ 20

1.0 2.00 £ 0.19 1.72 £ 0.25

1.0 230+ 0.12 1.82 £ 0.07

1.0 2.34 +0.14 1.74 £ 0.19

¢ Each row of values in the table was obtained by a different method; for details of the methods used, the reader is referred to the text.

not affect the calculation. These are competition experiments
and as such they give rise to relative binding data. No
attempts have been made to calculate absolute binding con-
stants in this way.

The differences in the abilities of the different ions to
compete away the sodium ions can be rationalised by their
having different complexation affinities for the trimer, but
could also be the result of different solvation energies of the
different complexes, as discussed above. However, as the host
molecule is the same in each case and is far larger than the
metal ions, the solvation energies can reasonably be expected
to be very similar. In any case, as solvation energies are lowest
for large ions, peaks due to (M + Cs)* should be enhanced, as
shown by Leize et al.'® all other things being equal. Thus, the
better competition ability of potassium can only be explained
by a more favourable binding interaction.

In order to obtain more useful binding data from these
experiments, it was necessary to establish the background
concentration of sodium present during the analyses. By flush-
ing the line with a concentrated solution of 18-crown-6 it was
possible to reduce the level of sodium significantly, but a
residual amount always remained. The level remained con-
stant after further flushing and after several hours of normal
spectrometer use; this level was thus considered a ‘standard’.
In order to calculate the concentration of sodium ions present,
the following analysis was performed.

Considering the equilibrium previously described in eqn. (1)
and the equilibrium constant in eqn. (2), addition of an excess
of Li* will lead to the majority of ions produced being
(3mer + Li)*. If the distribution observed is a true equi-
librium, then addition of extra Na™ should increase the
amount of (3mer + Na)* again. The amount of extra Na™*
added will be known, so the term for [Na*] can be replaced
by

[Na*]=N + x 3)

where N is the known amount of [Na*] added and x is the
background [Na*]. Eqn. (2) can be rewritten as:

[(3mer + Li)* (N + x)

= 4

4 [(Bmer + Na)*][Li*] @
and an expression for N is obtained:
3 Na)*

N=K M-[Lﬁ]—x )

Y [(3mer + Li)*]

So a plot of N against ({(3mer + Na)*}/
{(B3mer + Li)"})-[Li*] will have a slope of K., and a y axis
intercept of x. These experiments were carried out for lithium,
potassium and cesium ions. The results of line fitting analyses
to obtain values of x (the background sodium concentration)
and K., are shown in Table 1. The graphical result obtained
in the lithium case is shown in Fig. 3. The three separate
experiments were in good agreement with both each other and
previous titrations and give a background [Na*] of 152 + 8
uM. With this information, it was possible to add sodium ion
binding to the data in Table 1, standardising with respect to
the sodium binding strength (Na* = 1.0).

The titrations described above are very time consuming and
the experimental effort would be cut by a significant amount if
several experiments were carried out simultaneously. Thus, the
MEM trimer 5¢ was titrated against all three ions together. As
the concentration of lithium, potassium and cesium ions is
increased, the intensities of the (M + Li)*, (M + K)* and
(M + Cs)* peaks increase while the intensity of the
(M + Na)* peak is reduced. The results of this multiple
experiment are best analysed by considering the ratios of the
ion peaks. These manipulated data are plotted in Fig. 4. In the
same way as before, the slopes of the three lines represent the
relative binding affinities. These were calculated and are
shown in Table 1.

As Table 1 shows, the overall agreement between the tech-
niques is extremely good, and so this simultaneous monitoring
technique was adopted as a general method for the analysis of
metal ion binding affinities.

Relative ion affinities of steroid monomers

As previously noted, the spectra of the steroids studied always
showed (M + Na)* as the major peak, with no M + H)*
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being detected. This is also the case for the monomer mol-
ecules, which of course lack defined binding cavities. As a
range of steroid derivatives had been synthesised, the effect of
the different substituents on the ion binding profile was inves-
tigated. Thus, the series methyl cholate 1, methyl deoxycholate
2 and methyl lithocholate 3 (bearing decreasing numbers of
hydroxyl groups on the o face) were tested and the internal
lactone 4, bearing no hydroxyl groups, was also analysed. The
selectivities of the cyclisation monomers 5 (MEM), 6 [di(p-
methoxybenzyl)] and 7 (deoxy) were also determined. The
relative binding affinities are shown graphically in Fig. 5. All
of the monomeric hydroxylated bile acid methyl esters select
almost exclusively Li* and Na* (>80%) from the mixture of
ions. The ion binding profiles for these three molecules are
essentially identical. In the light of the findings of Leize et al.'®
who showed that, all other things being equal, cesium ion
adducts should be the most readily detected, this appears to
be a significant result. The steroids seem to favour binding of
the ‘hardest’ ion, that is the ion with the highest surface
charge density. If the binding is due to a specific interaction, it
probably involves the hydroxyl functions or the ester group as
these are the only recognition sites present. Thus, Li*-O
appears to be the major binding interaction present.

R12
Methyl cholate 1 OH OH
Methyl deoxycholate 2 H OH
Methyl lithocholate 3 H H
MEM monomer 5 OCH,OCH,CH,OMe OCHyPh
Di(p-methoxybenzyl) monomer 6 O(p-OMe)CHoPh  O(p-OMe)CHoPh
Deoxy monomer 7 H O(p-Ph)CHsPh

(o]

Internal lactone 4

The internal lactone 4, which lacks hydroxyl functionality and
possesses only the ester group, presents a slightly different
profile from the bile acid methyl esters. It is able to bind pot-
assium and cesium ions to a greater extent than the previously
studied molecules. This result might be interpreted as imply-
ing that the hydroxyl groups favour Li* binding whilst the
ester functionality has a broader, less specific affinity range.
Additional experiments would be required to confirm this
hypothesis.

By contrast, the three cyclisation monomers show signifi-
cant affinity for potassium and cesium. The MEM monomer 5
selects potassium in preference to cesium, whilst the deoxy
monomer 7 and the di(p-methoxybenzyl) monomer 6 bind
both with roughly the same facility. The increased affinity for
these ions over lithium [the (M + Li)* peak dominated for
the unfunctionalised monomeric steroids] might arise from a
m—cation interaction. Such interactions have previously been
invoked to explain cation—calixarene binding observed by
ESI-MS.!! The deoxy and di(p-methoxybenzyl) monomers 7
and 6 are more effective in this respect, perhaps a consequence
of their having extended, electron-rich m systems appended to
the steroid skeleton. A n—cation interaction would be expected
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Fig. 5 Metal ion binding affinities of the steroid monomers to Li*,
K* and Cs™ relative to Na* = 1. Binding abilities have been normal-
ized with respect to Na* for each individual monomer or oligomer;
they cannot be compared from one monomer to another

to be most effective for potassium binding!® (as observed in
the case of the MEM monomer) but other constraints, such as
the di(p-methoxybenzyl) monomer’s potential ability to form a
sandwich complex by binding a metal ion between its two
aromatic groups, might offset this. On the other hand, the
presence of the polyether sidechain in the MEM monomer
might impart extra potassium binding potential in addition to
any m—cation effects.

These experiments show that it is possible to investigate
relative binding affinities using ESI mass spectrometry. The
variations observed suggest that some specific interactions are
involved and that the ion binding profile is not merely sta-
tistical. Considering these results in the context of Smith et
al’s criteria for the presence of a specific interaction as
detected by ESI-MS,!:'* the complexes formed are of the
correct stoichiometry, they are disrupted by changes in the
interface conditions and they are affected by structural modifi-
cations in the substrate. The presence of an aromatic group
seems to favour potassium and cesium binding.

Electrospray spectra of cyclic steroid oligomers

While the mass spectra of the monomeric steroids described
above were very simple, consisting only of singly charged
peaks (with no fragmentation products), which were easily
assigned as (M + Na)™ or other alkali metal adducts, the
spectra of the cyclic oligomers were more complicated.

The only cyclic dimer investigated (cyclic deoxy cholate
dimer 7b) behaved in a similar way to the monomers, giving
predominantly singly charged peaks. The trimers Nc also gave
mainly singly charged peaks as shown in Fig. 6. Small peaks
(ca. 5% of the intensity of the singly charged ions) assignable
as (M + 2Na)>* are usually also visible. In the MEM trimer
titration experiments, the nature of the doubly charged peaks
changed as the concentration of the other metal ion was
increased. For lithium, initially (M + Na + Li)** appears
together with the (M + 2Na)?* ion. Upon further addition of
lithium ions, the former peak begins to dominate and then,
towards the end, (M + 2Li)*>* becomes the major peak in this
region of the spectrum. The intensities of these peaks are quite
small (<5%) so they were not taken into account in the
binding affinity measurements described above. However,
analysis of their relative intensities was in good general agree-
ment with two sequential binding interactions (using the same
binding constant as calculated from the singly charged ion
peaks). It is notable that whilst (M + Na + Li)** and



\ 6]
R12
R7
R12
0 R”
O [}
|
Dimers Nb
o}
\ (0]
R12
o] " R? ’
o
R12
Tetramers Nd
-R12
R7
]
o
o R12 R7
O I

(M + 2Li)** were consistently visible in the lithium ion titra-
tion, in the potassium case only (M + 2Na)** and
(M + Na + K)?>* were seen in that region of the spectrum. In
the cesium experiment, no doubly charged species containing
cesium were observed. When the concentration of cesium was
increased and the (M + Cs)* ion became the dominant ion in
the singly charged region of the spectrum, the effect in the
doubly charged region was simply a reduction in size of the
(M + 2Na)?* peak with no accompanying (M + Na + Cs)?*
or (M + 2Cs)** peaks being seen. The reduced affinity for a
second metal ion strongly suggests that the ions are being
bound inside the cavity: two lithium ions can easily be accom-
modated inside the MEM cyclic trimer, whilst two larger
cesium or potassium ions cannot.

The cyclic tetramers Nd appeared mainly as doubly charged
species as shown in Fig. 7. A small amount of singly charged
material was also visible in the spectrum. Unlike in the trimer
case, all possible combinations of two metal ions bound to the
molecules were represented in the spectrum. In titration
experiments, the ion ratios were analysed as the sums of all
peaks containing a given metal ion (with homo metal peaks
counting twice). This treatment assumes independent binding
of the two metals, but as no cooperative effects were visible,
this appeared reasonable.

(M+Ll (M + Nay* (M+K (M + Cs)*

ul |

Fig. 6 Electrospray mass spectrum of MEM cyclic trimer 5¢ in the
presence of equimolar amounts of Li*, Na*, K* and Cs* ions
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The cyclic pentamers also displayed mainly doubly charged
peaks in their spectra, with no singly charged species detect-
able. No triply charged peaks were observed, so the cyclic

pentamers were analysed in the same way as the cyclic tetra-
mers.

Ion binding selectivity of steroid cyclic oligomers

The ion binding selectivities of the MEM macrocycles were
investigated using the simultaneous titration method
described. The results obtained, together with the outcome for
the monomer, are shown in Fig. 8(a). For purposes of clarity,
the peaks on the chart are normalised within each series. The
trimer and pentamer display similar ion binding profiles, pre-
ferring potassium and cesium over sodium and lithium. These
selectivities are similar to that of the monomer, but with a
decreased affinity for sodium and an increased affinity for
cesium. The remarkable result in this series is the selectivity

(M + 2Na)2*

(M + Na + K)2*

(M + Na + Cs)?* (M + 2Cs)?*
(M + 2Li)2* l
\ M Pl St ‘T‘ATA e

(M +Li+Na)>* (M +2K)2*

Fig. 7 Electrospray mass spectrum of MEM cyclic tetramer 5d in
the presence of equimolar amounts of Li*, Na®, K* and Cs™* ions
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methoxybenzyl series and (c) the deoxy series to bind to Li*, Na®,
K* and Cs* ions. Binding abilities have been normalized for each
individual monomer or oligomer; they cannot be compared from one
monomer to another or between different oligomers derived from the
same monomer

shown by the tetramer for sodium. It binds sodium three
times as readily as potassium, and more selectively still when
compared with the other ions. A possible explanation for this
behaviour is that the tetramer’s four polyether sidechains may
define two binding cavities similar to 15-crown-5: two sodium
ions could thus readily be accommodated in the cavity, each
ion interacting with two chains. In the pentamer, the cavity is
larger and the geometry is different, so it lacks this ability and
therefore has a different ion binding profile.

Results for the di(p-methoxybenzyl) cyclic oligomers are
presented in Fig. 8(b). The binding affinities displayed by this
series of oligomers in many ways follow the trends observed
for the MEM molecules. Again, the trimer and pentamer show
similar ion binding profiles with an increased affinity for
cesium relative to the monomer. However, unlike the MEM
series, the lithium binding ability is virtually eliminated in
these macrocycles whilst sodium complexation remains signifi-
cant and always greater than potassium complexation. That
sodium and cesium binding should both be favoured over pot-
assium binding is curious. However, the behaviour of the
tetramer is very similar to that previously observed, displaying
remarkable selectivity for sodium binding. The explanation
involving the polyether chains wrapping around central metal
ions clearly cannot hold in this case, as only aromatic func-
tional groups face into the cavity, so the origin of this binding
preference is not clear. A possibility might be metal ion
binding by the ester groups in the macrolactone linkages.

Results for the deoxy cyclic oligomers are shown in Fig.
8(c). In this series, the trimer and tetramer are seen to behave
in a similar way to the monomer, with sodium being the pre-
ferred ion. Little discrimination is observed between the other
metals. Unlike in the other two series, the deoxy cyclic oligo-
mers retain significant lithium binding ability. The cyclic
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dimer is the only oligomer that shows a different profile. It
possesses increased affinity for cesium, and a selectivity of
greater than two for this metal over any of the other ions.
Given the proximity of the two biphenyl groups enforced by
the structure of the cyclic dimer, it is feasible that the two
aromatic groups are orientated in a way that enables particu-
larly favourable binding of cesium in a m-sandwich complex.
The size of the ion might be critical for this interaction. This
observation aside, the cyclic oligomers in the deoxy series
have very similar ion binding profiles to the monomer. This
might be a result of the fact that this building block only pos-
sesses one sidechain and therefore generates quite open and
flexible cavities in the macrocycles. The sidechains in each oli-
gomer have similar degrees of rotational freedom to the
monomer and therefore might be expected to display similar
ion binding behaviour.

Conclusions

Having established that host competition experiments cannot
yield reliable data, we developed a method for the assay of
metal ion binding using electrospray mass spectrometry.
Initial experiments suggested that the simultaneous titration
method was valid and good linear correlations were obtained,
allowing investigation of the binding of alkali metal ions to
steroidal hosts. The results obtained displayed a high degree
of consistency and were reproducible.

A range of different behaviours was observed in metal
binding by the monomeric steroid derivatives, suggesting that
hydroxylated molecules bound lithium and sodium best,
whilst appended aromatic groups favoured binding of pot-
assium and cesium. Ion-binding by the macrocyclic derivatives
was markedly different from that by the monomers. The pres-
ence of the cavity changes the binding profile significantly in
some cases. For example, lithium binding, which is quite
strong in the monomer, is abolished in the macrocycles for the
di(p-methoxybenzyl) series. These differences constitute strong
evidence that the binding profile results from specific inter-
actions. To what extent binding data obtained from any mass
spectral experiment represent a true reflection of solution state
processes remains unclear.?°

Irrespective of these limitations, significant binding selec-
tivity was found in the cases of the MEM and di(p-methoxy-
benzyl) cyclic tetramers. Both display a strong preference for
the binding of sodium. A similar, though slightly smaller effect
is observed in the deoxy cyclic dimer, which showed a strong
affinity for cesium ions. The modest ion binding selectivity
observed is similar in magnitude to that in related molecules
measured in solution by picrate extraction experiments by
Bonar-Law and Sanders.2! When these results are compared
with the templating effects observed in the thermodynamically
controlled synthesis of these molecules,'® good agreement is
found. The yield of cyclic tetramer was increased by the addi-
tion of sodium in the cases of the MEM and di(p-methoxy-
benzyl) monomers and these were found to bind sodium
preferentially in the ESI-MS study. There is a similar match in
the case of the deoxy dimer and cesium. We believe this sup-
ports our proposal that the changes in product distribution in
the cyclisation reactions are the result of thermodynamic tem-
plating.

Experimental

The bile acid methyl esters 1-3 were available commercially,
internal lactone 4 was synthesised as described by Schulze et
al** and the cholic acid derivatives 5 to 7 and their macro-
cyclic counterparts were available as described previously.'®
All of the experiments described were carried out using a VG
BioQ ES mass spectrometer with a 1:1 (v:v) water—
acetonitrile solvent system entering the chamber at a rate of 4
puL min~!. The source temperature was 70°C and the cone



voltage was set at 85 V. Sample solutions were in the concen-
tration range 10-100 pM and made up in 10:45:45(v:v:v)
chloroform—acetonitrile-water. All spectra were analysed as
the sum of at least 10 scans, each of 10 s duration. Metal ions
were added as their iodide salts.
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