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ABSTRACT

PHYSICAL CHEMICAL STUDY OF MONENSIN
AND ITS ALKALI METAL ION COMPLEXES

By

Paul Gilman Gertenbach

Alkali metal ion complexes of an antibiotic drug, monensin, have
been studied using potentiometric, infrared and lithium-7, carbon-13,
sodium-23 and proton nuclear magnetic resonance techniques in
several nonaqueous solvents. The acidity constant of monensin was
determined in methanol solution. Stability constants for the monensin-
sodium ion complex in methanol were determined by titrating the acid
with sodium salts. Complexation titrations with several other cations
revealed a monensin selectivity order for the alkall metal ions as
well as for silver and ammonium. Evidence was also found for complexation
of alkaline earth ions by monensin. Infrared measurements in chloroform
and methanol indicated that monensin forms a complex in neutral
solutions which 1s different from the normal sodium complex prepared
from basic solutions.

Sodium-23 and lithium-7 NMR measurements in methanol solution
served to confirm potentiometric evidence of monensin interaction with
these ions. The proton NMR spectrum of the monensin sodium salt was
interpreted. The monensin acid spectrum was monitored during sodium

ion addition. Sodium ion induced conformational changes in the
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monensin molecule were noted. Monensin was found to bind water
molecules at two different sites. These water molecules can exchange
with one another or with free water in the bulk solvent in acetone,
tetrahydrofuran and chloroform solutions. Complexation of the sodium
ion by monensin influences this water exchange.

A new complex of monensin with sodium perchlorate or other sodium
salts was isolated from several solvents and characterized using
potentiometric, infrared, Raman, proton NMR, elemental analysis and
thermogravimetric techniques. Analyses indicated that the complex is
made up of monensin and the sodium salt and the solvent used for
preparation in a 1:1:1 mole ratio. Additional proton NMR studies
revealed the possibility of fast chemical exchange of sodium ions between
this new complex and the normal monensin sodium salt in chloroform
solutions. Evidence for conformational equilibria between the two
monensin forms was also obtained.

Experiments with a bimolecular lipid membrane (BLM) system
indicated that monensin facilitates the transport of sodium ions through
lipid barriers. Several tetrazole and glutarimide molecules which are
also alkali metal ion complexing agents were not found to influence
BLM permeability. The dilactam form of the synthetic macroheterobicyclic
ligand cryptand 222 was shown to affect BLM ion transport while the

cryptand 222 did not.
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CHAPTER 1

HISTORICAL



INTRODUCTION

Studies of the relatively few compounds which form strong
complexes with the alkali metal cations have long been of interest
to chemists. Recent discoveries that many of these agents possess
biological activity have spurred a parallel interest in metal ion
complexation on the part of the life scientist. Of particular note
have been the compounds capable of affecting the physiological
balance of sodium and potassium ions. Many complexing agents of alkali
metal cations have been found to be capable of transporting these ions
across semipermeable barriers. The phenomenon of selective ion
transport has been extensively investigated in order to provide a model
for the osmotic properties of biological membranes and to thoroughly
ascertain the mechanism of complex formation.

The search for new metal ion ligands is carried on by many
investigators. Initial characterization and detailed biological
testing of these compoundsare relegated to the life scientists.
However, analytical chemistry most certainly can play an important
role in the careful investigation of the physicochemical properties of
these drugs. In the case to be presented here, we shall consider the
application of various analytical techniques to the chemistry of a
family of several interrelated drugs, with emphasis on the antibiotic

monensin.



MONENSIN

The isolation of the monocarboxylic acid antibiotic monensin, a
stereoisomer of 2-[2-ethyloctahydro-3'-methyl-5'-[tetrahydro-6-
hydroxy-6-[hydroxymethyl]-3,5-dimethyl-2H-pyran-2-y1][2,2'-bifuran-
5-y1]]-9-hydroxy-8-methoxy-ua,y,2,8-tetramethyl-1,6-dioxaspiro[4,5]
decane-7-butanoic acid (Figure 1), from culture filtrates of

Streptomyces cinnamonensis was first reported by Agtarap, et al. (1)

in 1967. A few of the chemical properties of the molecule, then called
monensic acid, and its sodium and silver salts were described. Most

of the details of the isolation procedure, elaboration on the chemistry
and documentation of biological testing were presented at a later date

by Haney and Hoehn (2). During this period other papers appeared

dealing with maximization of monensin yields by variation of fermentation
broths (3) and with investigation of the molecular structure of the
compound by proton nuclear magnetic resonance spectroscopy and mass
spectrometry (4).

Column and thin layer chromatography studies (2,5) showed that
monensin consists of four chemical species usually referred to as
monensin A, B, C and D. The components were found to be very nearly
identical, differing by no more than one -CHZ- unit. At the present
time the name monensin usually refers to the major factor, A. Thorough
biological testing revealed that monensin was an excellent anti-
coccidiostat for chickens (2,6). The antibiotic was found to have a
dramatic influence on ion transport in mitochondria (7) as well as
affecting ion transport and photophosphorolation in bacterial
chromatophores (8,9). A bioautographic assay for monensin in chick

tissues was also developed at that time (10).
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After this period of discovery and initial chemical characterization
in 1967 and 1968, many workers began to study the chemistry and
biological activity of monensin using a wide variety of techniques.
Monensin was found to belong to a general group of antibiotics known
as the nigericins. Other members of this family of compounds produced

by various strains of Streptomyces include dianemycin, X206, and the

title compound nigericin. Nigericin had been isoiated and characterized
previously (11-13) and as can be seen from Figure 2, its structure

is indeed quite similar to that of monensin (14-17). The structure of
dianemycin was published in 1971 (18). Nigericin was known to transport
alkall metal cations across lipid barriers (19) and sheep red blood
cells (20). It was also found to be useful for coccidiosis control

in poultry (21) and shares many of the chemical and biological
properties of monensin. In 1969, Pressman and Haynes (22) reported a
physicochemical study of monensin, nigericin and the cyclodepsipeptide
antibiotic valinomycin as well as several other compounds. Using
several analytical techniques they examined the complexing ability

of monensin and reported a marked specificity for the sodium ion.
Pressman also commented on the pH dependency of conformation and
complexation phenomena and suggested that the monensin free acid is
linear while the metal ion complex is cyclic (23). Crystallographic
studies revealed the crystal structures of the silver, sodium,

potassium and thallium salts of monensin (24). The solid complexes

were shown to be cyclic with the metal ion coordinated by six oxygens

in a nearly octahedral array (see Figure 16). This insulation of the
ionic charge and the hydrophobic exterior of the complex results in a

high solubility of monensin salts in organic solvents.
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Preparation of the various solid complexes of monensin was
found to be dependent on the radius of the metal ion. No lithium,
cesium or ammonium complex crystals have been prepared (24).

Monensin was shown to be active as an ion transporter in model membrane
systems made up of simple water-chloroform barriers (25). A study of
the mass spectrometry of the molecule and its factors and salts showed
markedly different fragmentation patterns for the free acid and

salts (26).

Some of the most definitive physicochemical work on monensin has
been done by Simon and coworkers in Switzerland. They have conducted
infrared studies which have shown the monensin acid and the sodium
salt to be cyclic in solution (27). Electrochemical measurements
with ion specific electrodes allowed the first estimates of alkali
metal ion complex formation constants in basic methanol solutions
which were 7.0 X 105 for sodium ion and 9.5 X 104 for potassium ion.
Careful observations of model liquid membrane transport showed a
monensin selectivity order of Na+>KfSLi+SRb+$Cs+. Further X-ray
crystallographic studies compared the monensin structure specificity
relationship to that of related antibiotics in the nigericin family (28).

Simon's group (29) also pointed out interesting differences
between the structure of solid monensin salt and the acid. Although
the two molecules are very similar, subtle changes in the hydrogen
bonds, which hold the otherwise planar structure in its cyclic form,
cause significant conformational changes on complexation. Other
important differences were found in the location and the number of
bound water molecules in each solid. Solid monensin free acid holds

one water molecule directly in its center,hydrogen bonded at all three



atoms (see Figure 28). The salt, or complex form, however was always
found to crystallize with two water molecules, now attached at the
periphery of the molecule (see Figure 16). These facts led to the first
model for a complexation mechanism. The hydrogen bonded water molecule
was thought to function as one of the water molecules in the hydration
sphere of the metal ion during the initial complexation step.
Displacement of the bound water as the H30+ ion from the center would
complete the dehydration and deprotonation necessary to form the
complex.
In 1971 Simon and coworkers presented the best available values
for the thermodynamic parameters of monensin and nigericin interactions
with sodium and potassiumions in methanol solution (30,31). Using
solutions of the antibiotics which were made basic to ensure complete
deprotonation, they reported AH®, AG® and AS° of complexation as
determined by a microcalorimetric method. These results led to values
of the formation constants for the various complexes from the antibiotic
anion and the metal cation. For monensin, the formation constants of
the sodium and potassium complexes are 1 X 106 and 4 X 104 respectively.
For nigericin the computed values are 8 X 103 for sodium and 4 X 10S
for potassium.
In 1971, Haynes, Pressman and Kowalsky (32) reported the use of

3Na nuclear magnetic resonance spectrometry to study the complexation
of the sodium ion by monensin, nigericin, valinomycin and several
other ionophores. They monitored the 23Na chemical shift and

line width as they titrated monensin and nigericin sodium complexes

with excess sodium ion. Shifts were found to be a direct linear

function of the fraction of complexed cation or a weighted average of



the chemical shift of free and complexed forms. By back extrapolation
to the 1:1 complex, they were able to report a monensin sodium shift
in methanol ranging from 1.5 to 3.7 ppm upfield from a 2.0 M aqueous
sodium chloride reference. The nigericin sodium 1:1 complex shift

was found to be between 3.8 to 5.0 ppm. Line widths in excess of 300
to 400 Hz at half-height in chloroform precluded measurements of
chemical shifts in that solvent. The 23Na quadrupole coupling constants
for the two drugs were also given. Pressman's latest contribution
(33) to monensin chemistry has been the value for the acidity constant
of the free acid in a 90% ethanol-water solvent mixture which he
obtained by titration of the acid with tetramethylammonium hydroxide.
Using this method, he has found a pKa of 7.95 for monensin and

8.45 for nigericin.

In a series of three papers (34-36), Cussler has shown a new
potential use of monensin in possibly nonbiologically related
applications (37). By constructing artificial membranes which
incorporate monensin, he has devised a scheme in which a pH difference
across the barrier can cause the selective transport of sodium ion
against its own concentration gradient. An exact theoretical
description of the system predicts the observed behavior. He also
found that monensin accelerates diffusion of several solutes in
mixed solvents (38). Huang (39,40) has developed a detailed kinetic
theory to explain antibiotic ion carrier behavior of the nigericin
group. Transport properties of monensin have also been recently examined
in chloroplasts (41) and in conjunction with calcium accumulation
in rat liver mitochondria (42). Sodium efflux in barnacle muscle

fibers has also been found to be sensitive to monensin addition (43).



Investigation of biological properties has been of increasing
interest, particularly to the Eli Lilly Company which now markets
monensin sodium as an anticoccidiostat under the trade name Coban.

New analytical methods for microbiological assay of monensin in chick
rations have been proposed (44-47). Monensin has been investigated as
an additive for increasing food utilization by ruminants in sheep
(48). Studies have led to better understanding of the anticoccidial
activity in chickens (49-51) as well as approval for general use in
feeds by the Food and Drug Administration (52,53). Monensin has also
been evaluated as a coccidiosis preventative in rabbits (54) and is
currently under intensive investigation for use in improving feed
efficiency and weight gain in feedlot cattle (55-58). A biosynthetic
pathway for monensin has been proposed (59) and various metabolites

and by-products have also been examined (60,61).

CONCLUSIONS

The questions associated with monensin solution chemistry have
most certainly generated a deserved amount of interest among chemists
and life scientists alike. However, detailed studies of the physical
chemical properties of monensin and its complexes in pure solvents

are still lacking.

BIMOLECULAR LIPID MEMBRANES

Even though the first successful attempt to make a bimolecular
lipid membrane (hereafter designated as BLM, both singular and plural)
was reported in 1962 (62-64), the literature now abounds with thousands
of references to a legion of different experiments using this model.

Several recent monographs present excellent reviews of both the
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theoretical and the more important practical aspects of the system
and also offer very complete narratives of BLM history (65-67).

From an oversimplified point of view, the BLM model consists
only of two layers of 1lipid molecules in a back to back arrangement
with their polar head groups exposed on each side to some aqueous
solution. This membrane has been found to be an unexpectedly good
mimic of many natural membrane systems and measurements of its physical
properties have provided meaningful insights into the function of
such systems. Of particular interest for our study are the methods
by which BLM have been used to examine membrane permeability changes
to alkali metal cations.

The electrical resistance of a BLM in aqueous electrolyte solution
is normally very high due to low solubility of charge carrying ions
in the hydrophobic membrane phase. With proper experimental technique,
this resistance can be measured and monitored as a function of addition
of various compounds to the BLM or to the electrolyte solution. It
has been found that a large number of agents are capable of lowering
the extremely high BLM resistance to one closer to that of natural
systems. The most well known chemical to show this effect is the
previously mentioned valinomycin. Valinomycin is a cyclic complexing
agent which forms strong complexes with alkali metal cations. It is
large enough to "bury" the cationic charge within its interior and
thereby increase the solubility of the cation in the 1ipid phase.
Several different types of experiments with valinomycin were designed
to study this effect in BLM (68-70).

Many other compounds have since been found to complex alkali

metal ions and carry them across BLM in a very similar manner.
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Among the more important agents are the enniatins (71) and the actins
(72). The polyether crown compounds of Pederson (73) have also been
found to cause resistance changes (74). Although nigericin group
antibiotics have been found to increase the permeability of natural
membranes (7) and transport ions through bulk organic phases (25),
their effect on BLM has remained unclear. Reports have varied from
"failure of nigericin to change the electrical resistance of black
lipid membranes" (75) to those in which increased conductance is
reported (76). Reference (65) contradicts both reports and states
that "compounds of the nigericin group, including monensin, do not
appear to have been tested on BLM."

Several other compounds which could have potential as BLM
resistance altering agents do not seem to have been tried in the
system. One of these classes is the tetrazoles (77,78), a series of
drugs whose well known physiological activity as convulsants has
often been investigated in terms of membrane permeability changes
(79-81). The tetrazoles (Figure 3) have been shown to possess a
variable activity depending on the length and variety of various
attached side chains (82,83). The molecules are known to be
complexing agents (84) and have been found to form weak complexes
in solution with both sodium (85) and lithium ions (86). The
glutarimides (Figure 3) share many properties with the tetrazoles
(78,87,88) and vary from convulsant to anticonvulsant depending on
the nature of the substituent groups Rl and R2 (89-91). These
molecules were also found to form weak alkali metal ion complexes
in solution (92,93). Finally, a very new class of strong alkali

metal ion complexing agents has been investigated by Lehn and
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Figure 3. A Cyclopolymethylenetetrazole, A Disubstituted

Glutarimide and the Cryptand 222
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coworkers (94,95). These compounds, called cryptands (Figure 3),
form selective cation complexes based on the size of the coordinating
cavity (93,96,97). Neither biological nor membrane activity has as

yet been reported for cryptands or cryptate complexes.

CONCLUSIONS

The BLM model has in the past been shown to be useful as an
indicator of possible membrane permeability altering activity.
However,thorough studies of the effect of monensin, tetrazoles and
glutarimides, and cryptands on BLM ion transport properties do not

seem to be available.
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MATERIALS

REAGENTS Tetrabutylammonium hydroxide (TBAH) (Eastman Kodak)
was used as received as were deuterium oxide (Columbia Organic, 99.5%)
and tetramethylsilane (Aldrich). Benzoic acid (Matheson Coleman and
Bell) was dried at 90°C for 48 hours. Sodium perchlorate (G. F. Smith),
sodium methoxide (Matheson Coleman and Bell), sodium chloride
(Matheson Coleman and Bell), sodium iodide (Matheson Coleman and
Bell),potassium chloride (Matheson Coleman and Bell), rubidium iodide
(Alfa), cesium iodide (Alfa) and ammonium perchlorate (G. F. Smith)
were dried at 110°C for at least 72 hours. Lithium perchlorate
(Fisher) was dried at 190°C for several days. Beryllium sulfate
(Eberbach), magnesium perchlorate (Allied), calcium chloride (Fisher),
strontium perchlorate (K and K), barium perchlorate (G. F. Smith)
and silver perchlorate (G. F. Smith) were also dried at 110°C for
more than three days. The shift reagent Eu(fod)3 (Alfa) was used
as received as were thallium bromide (Alfa), thallium acetate (Alfa),
thallium nitrate (Alfa) and tetraphenylarsonium chloride (G. F. Smith).

Phosphatidyl choline (egg lecithin, Applied Science) was received
in the form of an ethanol solution. The solvent was evaporated at
room temperature and the resulting solid was dissolved at about 1%
in n-octane (Aldrich) which had been previously deoxygenated by
bubbling nitrogen through it for 2 hours. The lecithin solution

was stored at -5°C. Cholesterol (Sigma) was recrystallized from

15
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ethanol. The product was suspended in n-octane and refluxed at
126°C for 6 hours during which time oxygen was constantly bubbled into
the solution. The resulting solution, which appeared to be saturated
with oxidized cholesterol, was also stored at -5°C. Valinomycin
(Calbiochem), dicyclohexyl-18-crown-6 (E. I. DuPont), 4,7,13,16,21,24~-
hexaoxy-1,10-diazabicyclo[8.8.8]hexacosane (cryptand 222) (E. M.
Laboratories), pentamethylene tetrazole (Aldrich), glutarimide

(Eastman Kodak), 3,3-dimethylglutarimide (Aldrich) and 3-ethyl-
3-methylglutarimide (Pfaltz and Bauer) were used as received. Several
other tetrazole compounds and the cryptand dilactam synthetic precursor
were obtained from syntheses in progress in our laboratories. The
proteins protamine (Sigma) and histone (Aldrich) were used as received
and stored at -5°C.

SOLVENTS Methanol (Baker-analyzed reagent) was refluxed over
granulated calcium hydride (Baker) for 24 hours and fractionally
distilled. Water content was found by Karl Fischer titration to be
less than 70 ppm. Chloroform—d1 (Norell, 99.8%), tetrahydrofuran-d

8
(Norell, 99%), acetone—d6 (Diaprep-Aldrich, 99.5%) and methanol-d

4
(Diaprep-Aldrich, 99.5%) were used as received. Many solutions
involving the use of these solvents were prepared in the dry box.
Chloroform (Mallinckrodt), acetone (Mallinckrodt), methanol

(Matheson Coleman and Bell), ethanol (Baker), 1,2-dichloroethane
(Fisher), benzene (Baker-analyzed reagent), ethyl ether (Mallinckrodt),
hydrochloric acid (Baker-analyzed reagent) and petroleum ether

needed in various drug purification and preparation steps were

used as received.
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MONENSIN Monensin was received as the sodium salt (QA 166H
Lot Numbers 910 AD3 and 024 FC4, hereafter MonNa) through the
generous gift of the Eli Lilly Company. The salt was dissolved
to saturation in boiling methanol and the solution filtered. The
filtrate was cooled and the salt reprecipitated upon addition of a
small quantity of water. This procedure was repeated twice and
eliminated most of the brown impurity first noticed as a straw
yellow color in solution. The salt was further purified by
recrystallization from a 1:1 ether-petroleum ether mixture and
dried at 110°C for 48 hours.

The acid form of the molecule (hereafter designated as MonH)
was prepared as follows: A concentrated solution of the salt was
prepared in chloroform and shaken with an equal volume of aqueous
0.1 M hydrochloric acid and the phases separated. The chloroform
phase was evaporated to dryness at room temperature. The yellow
solid product was then dissolved in acetone and reprecipitated with
water. The now white solid was dried for 24 hours at 30°C under
vacuum, then dissolved in boiling methanol. The solution was
filtered and MonH was reprecipitated from the cooled filtrate by
the addition of water. After drying, the acid was recrystallized
from a 1:1 ether-petroleum ether mixture and again dried under
vacuum for 24 hours at 30°C.

Elemental analysis of the sodium salt and acid forms gave

the following results: Calculated for C Na, C, 62.70%;

36761911
H, 8.87%. Found, C, 61.93%; H, 8.88%. Calculated for

C36H62011.H20’ Cc, 62.77%; H, 9.36%. Found, C, 62.63%; H, 9.287%.
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Melting points of 269°C and 117°C for the salt and acid respectively
agreed with reported values of 267-269°C (2) and 117-122°C (29).
Mass spectra of the two solids showed fragmentation patterns similar
to those previously observed (26). Infrared spectra, taken in
chloroform solutions, agreed with the available literature spectra
(2) and showed a diagnostic shift of the carbonyl band from
1563 cm“l to 1704 cm—1 in the salt to acid transformation. Carbon-13
NMR spectra, shown in Figure 4, revealed a dramatic variation in
carbon environments and were especially useful in showing a change
from 188.2 ppm to 177.8 ppm in the carbonyl chemical shift, which
is the characteristic difference between a salt and free carboxylic
acid. Tentative assignments of all of the 36 resolved carbon
signals were made to the various carbon atoms in each molecule.
Proton NMR spectra at ambient probe temperature in chloroform—d1
(Figure 5) also showed many differences between the acid and the
sodium salt, the most obvious one being the appearance of a previously
unreported broad water peak at approximately 6 ppm in the spectrum
of the acid which is totally absent in the spectrum of the salt.

On the basis of these measurements, it was concluded that
the pure free acid had been prepared. No attempt was made to
separate the four related factors of either the sodium salt or
the acid. The acid was found to be stable in the solid form but

quite susceptible to degradation in solutionms.
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Figure 4. The Carbon-13 NMR Spectra of Monensin and the

Monensin Sodium Salt
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Figure 5. The Proton NMR Spectra of Monensin Sodium Salt

and Monensin at 100 MHz
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MEASUREMENTS

POTENTIOMETRIC Potentiometric measurements were made using an

air tight cell constructed to accomodate a Beckman 41263 glass pH
electrode, a Sargent-Welch S-30080-150 saturated calomel reference
electrode and an extended tip of a 50 ml burette. The electrodes
were initially soaked in methanol for 48 hours and at least for

5 hours between runs. Even this precaution still did not yield
potentials whose absolute values were completely reproducible, but
this fact has been accounted for in data interpretation where only
changes in potential are used. In some experiments somewhat more
stable potentials were obtained by replacing the aqueous saturated
potassium chloride solution in the SCE by a saturated methanolic
solution of this salt.

Measurements were taken at ambient temperature with a Heath
EU-302A servo-digital pH/voltmeter allowing sufficient time between
readings for the stabilization of the potential. A constant
pressure of nitrogen was maintained in the cell at all times and
the magnetic stirrer used for mixing was stopped during measurements.
Voltage drift and reading error combined to give potential readings
with an uncertainty of + 0.002 V and volumes were read with an
uncertainty of + 0.02 ml. A CDC-6500 computer was used extensively
for data processing in conjunction with a revised version of a
program initially developed by Briggs and Steuhr (98) for the
determination of equivalence points and pKa or the FORTRAN 1V
KINFIT program (99). More detail on computer data analysis is

presented in the appendices.
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SPECTROSCOPIC  Perkin Elmer 237B and 457 grating infrared

spectrophotometers were used to obtain infrared spectra. A
Barnes Engineering fixed pathlength (0.109 mm) potassium bromide
cell was used for all infrared studies. The frequencies were
calibrated using polystyrene reference peaks.

Raman spectra were obtained on the Spex Ramalog 4 Laser-

Raman system employing either a Spectra-Physics Model 164 Argon-Ion
Laser or the Coherent Radiation Model 52 Ion Laser. The 5145 Z
green line was used for excitation with the third monochromator
removed and the photomultiplier operating in the pulse counting
mode. Samples were either packed or injected into 1.6-1.8 X 90 mm
melting point capillary tubes and sealed.

Lithium-7 NMR spectra were obtained on a Varian Associates
DA-60 spectrometer operating in the continuous wave mode at 23.3 MHz
with a field of 14.09 kG. The instrument was frequency locked to
a 4.0 M aqueous solution of lithium perchlorate held by Teflon
spacers in a 1 mm o.d. melting point capillary positioned in a
Wilmad 506 pp 5 mm o.d. polished NMR tube. Chemical shifts were
measured at approximately 30°C with respect to lock with a Hewlett
Packard 5245L frequency counter.

Sodium-23 NMR spectra were obtained at ambient probe temperature
on a highly modified Nuclear Magnetic Resonance Specialties MP-1000
superconducting solenoid spectrometer operating at 60 MHz with a
field of 53.3 kG. A Nicolet 1083 computer was used for time
averaging and to drive the frequency synthesizer. Chemical shifts

were measured with respect to a 3.0 M aqueous solution of sodium
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chloride in a Wilmad 520-2 coaxial reference tube inserted in either
a Wilmad 506 pp 5 mm o.d. or a 513A-5 pp 8 mm o.d. polished NMR

tube. Uncertainties in chemical shift values were estimated
individually for each spectrum and varied with sweep width and

signal line width.

Thallium-205 NMR spectra were run on a modified Varian
Associates HA-100 NMR spectrometer operating at 57.7 MHz with a
field of 23.4 kG. Samples were run in the Wilmad 506 pp tube.
Carbon-13 NMR spectra were obtained using the Bruker HFX-10
spectrometer operating at 22.6 MHz with a field of 21.1 kG. The
instrument operated in the normal Fourier transform mode under
control of Nicolet 1083 and 290 computers with complete proton
decoupling at 90 MHz and an 84 MHz hexafluorobenzene internal lock
and TMS internal reference. Samples were run in Wilmad 513-3 pp 10
mm o.d. polished NMR tubes.

Proton NMR spectra were run on three instruments. The
Varian T-60 spectrometer was used in the normal mode and also for
some decoupling experiments. The Varian A56/60D spectrometer
with temperature controller was also used with calibrated chart
paper and sideband calibrated sweep widths. The Varian HA-100
spectrometer was used for precision work with either a tetramethyl-
silane (TMS) or chloroform frequency lock. All chemical shifts
were ultimately referenced to TMS and are given in ppm downfield.

Mass spectra were run on the Hitachi Perkin Elmer RMU-6

spectrometer.
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OTHER ANALYSES Elemental analyses were done by Chemalytics

Incorporated of Tempe, Arizona. Melting points were determined
on the Fisher-Johns melting point apparatus. Analysis for water
was accomplished with a Photovolt Aquatest II automatic Karl
Fischer titration apparatus.

MEMBRANE RESISTANCE All BLM experiments were performed

inside of a Faraday cage which consisted of a wooden frame covered
by a double layer of copper screening in electrical contact and
then covered with light shielding black cloth. 1Inside, a lattice
of Fischer Flexframe and support stands held steady by lead
weightswere used for the attachment of four pieces of apparatus.

A monocular zoom observation microscope (Model ZMM-1, Titan Tool
Supply) was mounted at the front of the lattice to be used for
inspection of BLM thinning. A spotlight illuminator (Model LS,
Unitron Instrument) was used to direct a reflected light from the
BLM at an appropriate angle to the microscope. In the center of
the arrangement, a sturdy support held the cell in which BLM were
formed and above this was the amplifier system to which electrodes
were attached. The BLM were formed on a precision drilled 1 mm
diameter hole in a 10 ml Teflon cup (Chemplast). This cup stood
in the center of a quartz cell built by Mr. Keki Mistry of the
department's glass shop. The entire volume of the cup and quartz
cell, when filled with electrolyte solution, was about 25 ml.
Addition and subtraction of material from either side of the membrane
after formation was accomplished using a 25 pl repeating sampling

syringe (Oxford). Membranes were initiated by delivering lipid
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solutions with a 50 ul fixed needle syringe (Hamilton) and repeating
dispenser (Hamilton) by the well known brush technique. This

entire arrangement is quite similar to the common description of the
BLM set-up in the literature (65).

Electrodes, inserted on either side of the Teflon cup, were
of the fiber junction reference type (Beckman 39270) and were
always left soaking in 0.1 M electrolyte when not in use. The
two electrode connections led directly to the instrument designed
by Mr. Martin Rabb of the department's electronics staff for the
measurement of membrane resistance.

The instrument consists of two parts: the amplifier, and the
power supply, meter and controls. The amplifier module was used
inside of the cage in close proximity to the BLM and housed the
circuit shown in Figure 6. Basically, this circuit consists
of an inverting amplifier which produces an output voltage which is
the product of the input voltage and the ratio of the feedback
resistor and the input resistor. The left third of the circuit
serves as a voltage divider to provide an accurate stable reference
input voltage. The 200 variable resistor allows for setting a
required 7.5 ma current through the reference zener diode at the
measure link. The 1 KQ variable resistor in the divider chain
allows accurate setting of a 1.00 V input at point A. The divider
and array of input resistors cause the output of the first operational
amplifier to be -1.00 V for decade electrode resistances from 104
to 1099. The operational amplifier also connects to a 1 MQ

resistor to help reduce bias current and a trim pot to help
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compensate for offset voltage. The 5.1 V zener diode, 1 KQ
resistor and switching diode limit the output voltage of the
operational amplifier to 5.1 V if the electrode terminals are open
circuited. The 51 pF capacitor reduces the amplifier bandwidth
for improved stability.

The second operational amplifier acts as an inverter with a
gain of 1. Voltage is limited to 2.4 V to protect the 1.00 V full
scale meter connected to the output. The bottom 10 KQ input
resistor and the 1 MQ resistor of the main operational amplifier
feedback loop are switched into the circuit to allow checking and
setting of the amplifier to zero offset.

Cables led out of the cage to the power supply module which
also contained the meter display for direct reading of membrane
resistance along with the switches for changing input resistors.
The instrument could measure resistancés to a + 5% tolerance in

the range of 104 to 109 ohms. This was a far greater precision

than necessary considering the experimentally observed reproducibility

of BLM resistances. Further details on this device are found in

reference 100.
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CHAPTER III

POTENTIOMETRIC STUDIES OF MONENSIN



INTRODUCTION

Potentiometric measurements on monensin solutions were
initiated primarily to study quantitatively the three equilibria

shown below:

+ -
(1) MonH < Mon + H+; K = [H ][Mon ]
a [MonH]

(2) Mon™ + M’ 2 MonM; K = Mﬂ—
[Mon ][M']

+
* 1] [MonM]
(3) MonH + M < MonM + H+; K = H Monz
[MonH] [M ]

where (1) is the acid dissociation of monensin, (2) the formation of
the monensin metal ion complex and, (3) the overall metathesis
reaction of the acid molecule complexing a metal ion and releasing

a proton. In this simplified treatment, dehydration of the monensin
molecule or the participation of the metal salt anion in the above
equilibria are neglected.

Previous studies gave MonH acidity constant values only in
mixed solvent systems (2,33). Estimates of Kf had been made by
studying equilibrium (2) alone by using excessively basic solutions
which ensured complete acid deprotonation (27,30,31). Equilibrium
(3) has never been studied and indeed monensin had been assumed

not to be a complexing agent in neutral solutions. It should be

noted that if the above equilibrium scheme is correct, the

30
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equilibrium constant for complexation of metal ions by the free
acid should be equal to the product KaKf'
Neither the sodium salt nor the acid form of monensin are
appreciably soluble in water, consequently all studies were carried
out in nonaqueous solvent systems. Methanol was chosen as the
primary solvent for the study because of previous work done with

the drug in this solvent and also due to its suitability for

potentiometric measurements.

DETERMINATION OF ACID DISSOCIATION CONSTANT

Before attempting a titration of the MonH molecule with a
strong base, a standardization titration was designed using benzoic
acid (hereafter, HBz) which has a l(a value somewhere near that
anticipated for MonH. The titration curve of 1.00 mmole of HBz
in 50.0 ml of solution with 0.0400 M sodium methoxide in methanol
is shown in Figure 7. A smooth sigmoidal curve with a distinct
equivalence point was observed. A similar titration of 1.00 mmole
of MonH with 0.0400 M sodium methoxide gave the curve shown in
Figure 8. It can be seen that the results indicate that MonH is
a much stronger acid than HBz. This would seem to be incorrect
and indeed the MonH result is fortuitious. The effect of the sodium
ion in solution has been to introduce another reaction causing
complexation of sodium ion by Mon and a consequent increase in the
acid dissociation constant. For this reason, sodium methoxide or
any other base with a complexable cation cannot be used to study
only the acid-base reaction.

Figure 9 shows a similar titration of 1.00 mmole of MonH with

0.0400 M tetrabutylammonium hydroxide. In this case, the cation
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Figure 7. Titration of 1.00 mmole Benzoic Acid in 50.00 ml of

Solution with 0.0400 M Sodium Methoxide in Methanol
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Figure 8. Titration of 1.00 mmole Monensin in 50.00 ml of
Solution with 0.0400 M Sodium Methoxide in

Methanol
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Figure 9. Titration of 1.00 mmole Monensin in 50.00 ml of
Solution with 0.0400 M Tetrabutylammonium Hydroxide

in Methanol
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is too large to fit into the monensin cavity. The new results,
as expected,indicate that MonH is a weaker acid than HBz. Several
such titrations at different concentrations were performed to
confirm the reproducibility of the data.

Three different methods were used in attempting to calculate
a Ka value for MonH using the data from the above experiment. The
first is the most well known and involves the use of the equation
given below. Neglecting autoprotolysis and activity corrections,
Meites and Thomas (101) show that the value of the acidity constant

can be obtained from the titration curve with the expression

v, N
fe, v—4v- t[H]
4 K = [H] a__b
a Va +
a-f¢, g—ov_ - 1]
a b

where Ca is the analytical acid concentration, Va is the initial
volume of acidic solution, Vb is the volume of base titrated into

solution, C, is the base concentration and f = Vbe/VaCa’ the

b
fraction of the equivalent volume of base added. Potentials observed
far past the equivalence point were assumed to arise only from

excess base in solution thus allowing the establishment of a

voltage to pH relationship. The electrodes were assumed to have a
Nernstian response and calculations gave pH values in the titration
buffer region. However, use of these values in equation (4) gave

values of the pKa for HBz in the area of 8.9. These were in poor

agreement with the literature value of 9.27 (102).
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A second approach involved the use of all of the titration
data rather than just those in the buffer region. The exact
equation for the titration of a weak acid with a strong base with

uncomplexable cation is the cubic given below.

(5) 17+, + kDM + (ke - KC - KM - KK =0
The symbols are defined as before with Ks the autoprotolysis constant.
By putting the analytical solution for a cubic equation into the
KINFIT program subroutine (detailed in Appendix I), it was possible
to fit the observed data to the above equation and obtain a Ka
value. In this analysis, a Nernstian electrode response was again
assumed, but the intercept of a Nernstian pH versus voltage plot was
programmed as an adjustable parameter to give the best fit to the
data. The technique proved to be extremely sensitive to the
initial estimate of the adjustable Ka parameter, often causing
convergence premature to reasonable data fits. After many trials,
the best fit obtained using this approach is shown for HBz in
Figure 10 and indicates a pKa of about 7.4 which is unacceptably
low. This method was therefore discarded.

Fortunately, a third method was successful in reproducing the
literature pKa for HBz. After investigating two other recent
applications of computer analysis of multiparametric titration curve
fitting (103,104), a useful method developed by Briggs and Steuhr
(98) was found. These authors derived a linear equation based on
exact mole balance relationships which simultaneously determines
pl(a and equivalence foint values and also takes into consideration

the presence of any excess of strong acid or base in the titrated
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Figure 10. Computer Fit of Figure 7 Data Using KINFIT and

Equation (5)
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sample. They present equation (6)

- 1
(6) V+R=-08V=-a (V+R AV)Ka+Ve

where V is the volume of base added, AV is the volume of this base
neutralized by any strong acid present, R = (CH+ - COH_)Vt/Cb,
Vt is the total volume, Ve the equivalence volume and ag+ the
hydrogen ion activity. The equation was originally used in a least
squares fit program which also allowed for aqueous activity
corrections. A copy of this program was generously supplied by
J. E. Steuhr and modifications necessary for the HBz or MonH system
in methanol were made as detailed in Appendix II.

Using this modified Steuhr equation a pKa of 9.25 + 0.05 for
HBz in methanol was calculated. This is in excellent agreement with
the literature value and has been corrected for a small amount of
basic impurity in the methanol. The same technique applied to
MonH gave a pKa value of 10.15 + 0.05. The only previously
determined values were 6.65 in 66% dimethylformamide-water (2)
and 7.95 in 90% ethanol-water (33) mixtures. These lower values
would be expected in solvent mixtures of higher dielectric

constant.

CONCLUSIONS

The results indicate that MonH is a relatively weak acid in
methanol and in neutral solution it is mainly in the associated form.
Consequently the Mon anion is a relatively strong base in methanol

solutions.
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DETERMINATION OF THE OVERALL COMPLEXATION CONSTANT

It was thought that perhaps equilibrium (3) could be monitored
simply by adding some alkali metal cation to a solution of MonH
and measuring the concentration of released hydrogen ions. Various
initial concentrations of MonH were titrated with various concentrations
of the salt sodium perchlorate in methanol solution. Several of
the titration curves obtained are shown in Figure 11. As can be
observed, a gradual release of protons is indicated. Calculations
reveal that the concentration of released hydrogen ions is nearly
what would be expected for a 1:1 replacement of a proton of monensin
with a sodium ion. It was desired to treat these data to give an
estimate of the equilibrium constant for the case of the sodium ion
in equilibrium (3). Since the Ka for MonH is very small, it was
assumed that the concentration of Mon ion is negligible. With
this assumption and neglecting activities and solvent autoprotolysis,

we get

_ [MonNa][u'] tuty?
k= +, + +
MonH] (Na"]  (c, - (H'D) (g + - [H'D)

(7

where CNa+ is the analytical metal ion concentration. The quadratic
solution to the hydrogen ion concentration was inserted in the
KINFIT program and the Nernstian pH versus voltage intercept was
again adjusted as well as was the value of K. Details of this
program are shown in Appendix III. The values of K obtained for
various sodium perchlorate titrations are shown in Table 1.

Intercept values were found to vary slightly depending on the time
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Figure 11. Titrations of Various Amounts of Monensin with
Varying Concentrations of Sodium Perchlorate in
Several Initial Volumes of Methanol
O, 0.0975 mmoles, 0.00502 M, 50.00 ml
B, 0.195 mmoles, 0.0100 M, 70.00 ml
® , 0.488 mmoles, 0.0400 M, 50.00 ml
O, 0.975 mmoles, 0.0400 M, 50.00 ml

Solid lines are the computer fitted data.
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+
Table 1. Equilibrium Constant for the Reaction MonH + Na be MonNa + H+

in Methanol Solution at 25°C

MonH (mmole) NaClOA M) K
0.0977 0.00100 0.96 + 0.29
0.0975 0.00502 0.22 + 0.07
0.195 0.0100 0.79 + 0.04
0.488 0.0400 0.53 + 0.11
0.975 0.0400 0.17 + 0.07
1.50 0.0411 0.27 + 0.09
2.00 0.0411 0.50 + 0.31
5.004 0.1667 0.18 + 0.14
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alotted between various titrations. The solid lines shown in
Figure 11 are computer fitted data. As can be seen by examining
Table 1, the K for monensin acid complexation of sodium ion is very
small compared to that of the anion.

Previous studies of MonH complexation ability had always been
done by first adding excess base giving Mon -sodium ion formation
constants of about 106 in methanol. Using the previously determined
Ka and the calculated K values, it should be possible to estimate

K. from the K/Ka ratio. These calculations, however, give K

f f

values of about 109 which are considerably higher than the reported
values. This fact gave the first indication of the possibility

that the complex formed in neutral methanol solution is not identical
to that obtained under basic conditions.

Shown in Figure 12 are the results of a similar experiment with
sodium iodide, sodium chloride, sodium perchlorate and potassium
chloride. Also shown are the results of titration of a methanol
blank into a MonH solution which, as expected, gives no potential
change other than that due to dilution effects. An identical
computer analysis of these data gives the K values tabulated in
Table 2. As seen, variation of K with sodium counterion is not
significantly outside of the experimental error of K for the
titrations shown in Table 1. Potassium ion appears to form a
complex quite similar in strength to that of sodium.

Further experiments showed that monensin is capable of
complexing all of the alkali metal ions. Figure 13 illustrates the

results obtained in titrating MonH with lithium, sodium, potassium,



48

Figure 12. Titration of 0.100 mmole Monensin in 50.00 ml of
Solution with 0.00500 M Sodium Iodide, Sodium
Chloride, Sodium Perchlorate and Potassium

Chloride in Methanol
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+ +
Table 2. Equilibrium Constants for the Reaction MonH + M < MonM + H

in Methanol Solution at 25°C

MonH (mmole) Titrant (M) K
0.0980 0.00502 Nal 0.71 + 0.11
0.0980 0.00507 NacCl 0.48 + 0.09
0.0975 0.00502 NaClO4 0.22 + 0.07
0.0980 0.00499 KC1 0.42 + 0.04
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Figure 13. Titration of 0.100 mmole Monensin in 50.00 ml of
Solution with 0.00500 M Salts of the Alkali Metal

Ions and Silver and Ammonium in Methanol
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rubidium and cesium as well as with ammonium and silver. Anion
variation was necessary due to solubility requirements. It is

seen that a definite selectivity scheme has emerged. Unfortunately,
the use of equation (7) and the KINFIT program does not give the
equilibrium constant for lithium, rubidium, cesium, ammonium or
silver ions. Although relatively small values of total residuals
are calculated,convergence of the program at g best value of K

and the intercept does not occur. However, if a more exact

equation is used,such as

+.3 +.2
(8) (K-1)[H] + (KK=-K -KC - KGy)[H )

+ (K,C_ - 2Kk C_+KC G [H'] + K ke 2 = 0
which adds the consideration of the Mon concentration and therefore
uses the constant Ka’ estimates of K are obtained. Moreover, it is
found that using this cubic equation as is also shown in Appendix
III, all of the sodium ion data can be reinterpreted and give values
of the equilibrium constant identical to those calculated previously
with equation (7). 1In Table 3 are the values of K for the alkali
metal ions and silver and ammonium. The values indicate a selectivity

sequence of Na+%K+>Ag+>Rb+>NH +>Li+sz+ which is in some agreement

4
with results obtained in basic solutions and correlates extremely well
with ionic size parameters with lithium ion too small and cesium or
ammonium ions too large for coordination in the monensin cavity.
Another extension of the original experiment is obtained by

titrating MonH with salts of alkaline earth ions. These titrations

are shown in Figure 14 and are the first indication ever obtained
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+ +
Table 3. Equilibrium Constants for the Reaction MonH + M 2 MonM + H

in Methanol Solution at 25°C

Titration of 0.100 mmole MonH with 0.00500 M Salts

Salt K
LiC10, (9.3 + 1.2) X 10/
NaC10, (2.2 +0.7) X 107}
KC1 (4.1 + 0.4) X 107}
RbI (3.3 + 0.8) X 107°
CsI (3.0 + 0.3) X 107/
NH,C10, (1.5 + 0.5) X 107°

-2

AgClOA (6.6

[+
o

.4) X 10



- A o -
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Figure 14. Titration of 0.100 mmole Monensin in 50.00 ml of
Solution with 0.00500 M Salts of the Alkaline Earth

Ions in Methanol
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of MonH complexation of ions of the second group. Interpretation of
these data has not as yet been successful since divalent cations will
not fit into the previous equilibrium scheme. Future work on the
complexation mechanism involved is expected to yield alkaline earth

K values.

CONCLUSIONS
The monensin acid molecule has been found to form only a weak

complex with sodium ion in methanol with an equilibrium constant
slightly less than 1. Values of Kf calculated from K/Ka ratios do not
agree with previously published values. Although the complex is

only a weak one, the acid in methanol solution still exhibits a
selective complexation scheme both for alkali metal and alkaline
earth cations as well as silver and ammonium. Calculatioms of K

values for alkali metal ion complexes show a good correlation with

ionic size.

INFRARED STUDY OF COMPLEXOMETRIC EQUILIBRIA

Since the titrations described above had indicated varying degrees
of proton release, it was desired to monitor this deprotonation in the
infrared spectrum. Monensin has an easily observable carboxylic acid
band at 1704 cm_1 in solution while the normal sodium salt has a
carboxylate band at 1563 cm_l. It was found that in chloroform
solutions, the 1704 cm_1 band could easily be shifted to the salt
position by an addition of ammonium hydroxide. Conversely, the
1563 cm-1 salt band can be caused to move to 1704 cm.l by an addition of
hydrochloric acid to the chloroform solutions. Shown in Figure 15 is

a titration curve of MonH with sodium perchlorate in methanol and
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Figure 15. Titration of 5.00 mmoles Monensin in 50.00 ml of
Solution with 0.1667 M Sodium Perchlorate in

Methanol and Several Infrared Spectra
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parallel infrared spectra taken at various points along the course
of the experiment. As is illustrated, no change in the position or
intensity of the 1704 cm_l band is noted.

Since this result was somewhat unexpected and much of the region
of interest was obscured, further experiments were carried out in a
better infrared solvent. It was found that MonH is capable of
solubilizing sodium perchlorate in chloroform up to 1:1 mole ratios.
The 1704 cm-1 MonH band was monitored in chloroform-d1 solutions
with increasing sodium perchlorate concentration. Again, even at
1:1 sodium ion to MonH mole ratios, no change in the intensity or
position of the 1704 cm_1 band was observed nor did any trace of the
1563 cm-1 band appear. It was concluded, therefore, that if the
carboxylic proton is lost by the acid molecule, some other proton
from the hydrogen-bonded pattern near this area takes its place (see
Figure 16). This is to say that in the addition of a sodium ion to
monensin in neutral solution, some other proton must be more acidic
than the one on the carboxylic group. This more acidic hydrogen ion
must belong to one of the several hydroxyl groups. Consequently, the
complex may have a lower energy state in which the negatively charged
oxygen atom is somehow closer to the positive alkali metal ion than
the carboxyl oxygen. The resultant zwitterionic structure may
reflect a charge stabilized complex, which would give the molecule
an even more hydrophobic exterior. In any case, this behavior is a
second indication that the acid-sodium complex formed in neutral

solution cannot be of the same structure as the ordinary salt.
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Figure 16. The Crystalline Structure of Monensin Sodium Salt
Closed circles are carbon atoms, open circles are
oxygens with the water oxygens dotted and dashed

lines indicate hydrogen bonds.
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Other areas of the spectrum monitored during the sodium
perchlorate addition in chloroform—d1 gave further evidence of a
complexation mechanism different from the one in basic solution.

In the O-H stretching region, MonH showed a broad band at about

3300 cm_1 and a sharper band on its shoulder at 3520 cm‘l. As the
sodium concentration was increased, the sharper band gradually
disappeared and the 3300 cm-1 band increased slightly in intensity.
Again,the 1:1 spectrum bore little resemblance to the MonNa infrared

spectrum in chloroform-d These spectral changes must result from

1
the removal of the water molecule from the center of the monensin
ring. Also noted in the above experiment was the gradual appearance
of two new bands at 2025 cm-l and 2220 cm_1 which were also present

in the spectrum of the pure MonNa salt. Their growth (Figures 17 and
18) was such that at 1:1 sodium perchlorate to MonH mole ratios,
this area of the spectrum was identical to the spectrum of the salt
in chloroform—dl.

CONCLUSIONS

The carboxylic acid proton on monensin, which is easily removed
in basic solution, is not the proton released by sodium complexation
in neutral methanol or chloroform solutions. Other information
from the infrared spectrum indicates that this new type of complex
is only somewhat similar in structure to the salt. This fact

explains some of the discrepancy between the apparent Kf value obtained

in neutral solution and the values previously determined in basic

solution.



CHAPTER IV

NUCLEAR MAGNETIC RESONANCE STUDIES

OF MONENSIN
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Figure 17. Variation of Monensin 2025 cm_1 and 2220 cm_l Infrared
Bands with Addition of Sodium Perchlorate in

Chloroform—d1
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Figure 18. Variation of Monensin 2025 cm_1 and 2220 cm—1 Infrared
Bands with Addition of Sodium Perchlorate in

Chloroform—d1
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INTRODUCTION

Nuclear magnetic resonance (NMR) has been proven to be a very
powerful tool for the examination of various types of drug interactions.
Alkali metal ion NMR has already been mentioned in connection with
the investigation of the monensin sodium complex (32) and both 7Li
and 23Na NMR have been used for studying tetrazole (86), glutarimide
(92), crown (105) and cryptand (93,97) complexation. Proton magnetic
resonance (PMR) has been of tremendous use in the study of conformational
changes which take place in drug molecules during complexation in
solution. The actins have been particularly well studied in this
regard by Prestegard and Chan (106,107). The technique has also
been used extensively in the study of valinomycin solution chemistry
(108-114).

Data obtained in the potentiometric experiments indicate that
alkali ion NMR will be useful for MonH complexation studies. The
many differences observed between the MonH and MonNa PMR spectra

displayed in Figure 5 show that a detailed PMR study will also be

of interest.

LITHIUM-7 NUCLEAR MAGNETIC RESONANCE STUDIES

Solutions of lithium perchlorate were made 0.02 M in methanol
with concentrations of MonH ranging from 0.02 to 0.20 M. Even with
the drug to lithium ion mole ratio of 10 to 1, a shift of only

about 2 Hz from the normal resonance of uncomplexed lithium ion at

68
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0.02 M concentration was observed. This value, while experimentally
significant, indicates an exceedingly weak interaction unless
the chemical shiftsof solvated and complexed lithium ion are quite

similar.

CONCLUSIONS

This result correlates with the data obtained in the potentiometric
titrations and does confirm the evidence which shows that lithium ion
may be only weakly complexed by MonH, probably because of ionic

size considerations.

SODIUM-23 NUCLEAR MAGNETIC RESONANCE STUDIES

Preliminary measurements were made on a saturated solution of
MonNa in methanol in an effort to locate the 23Na signal for MonNa.
A very broad peak was obtained (Figure 19) with a width at half-
height of about 700 Hz. Because of the linewidth, it was impossible
to determine the 23Na chemical shift.

Several experiments were carried out in which increasing
concentrations of sodium ion, in the form of sodium perchlorate or
sodium tetraphenylborate, were added to MonNa solutions. As high
added salt concentrations were reached, a sodium signal of
reasonable linewidth allowing position measurements did eventually
appear and some shifting due to averaging of the 23Na environment
by fast exchange was noted. However, this experiment failed to
produce reliable and reproducible data and was abandoned in favor of
the experiments described below.

Two studies of MonH-sodium ion interaction using 23Na NMR were

conducted in methanol solution. In the first, the concentration
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of MonH was held constant at 0.200 M while the concentration of
sodium perchlorate was gradually increased. Shown in Figures 20
and 21 are the results of monitoring the 23Na signal until it was
lost due to line broadening. As can be seen, sodium perchlorate
alone has a concentration dependent chemical shift, but the behavior
is definitely altered by the presence of MonH. A quantitative
interpretation of these data was not attempted due to the superimposition
of the sodium perchlorate shift, but evidence for the sodium ion-MonH
interaction in neutral solution was definitely obtained.

A more direct and interesting approach to the problem involved
the use of two constant sodium perchlorate concentrations of 0.500 M
and 0.250 M in methanol. In each case, MonH was gradually added and

the 23

Na signal monitored out to the line broadening limit of about
0.75 to 1. The data, shown in Figures 22 and 23, indicate marked |
23Na chemical shifts due only to the drug addition. The observation
of potentially larger shifts as would be obtained with ligands such
as the cryptands is precluded by line broadening. Due to this
inability to go further in drug to sodium mole ratio and the fact
that, considering the error involved, data of the Figure 23 yield
only straight lines, an interpretation based on calculated chemical
shifts as the weighted average of a complexed and free position is
not possible. This quantitative treatment of the data would have

allowed the calculation of a complexation equilibrium constant as

was accomplished for other drugs (85).
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Figure 20. Sodium-23 NMR Study of 0.200 M Monensin with Increasing

Sodium Perchlorate Concentration in Methanol
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Sodium Perchlorate Concentration in Methanol
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Figure 22. Sodium-23 NMR Study of 0.250 M and 0.500 M Sodium
Perchlorate with Increasing Monensin Concentration

in Methanol
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Figure 23. Sodium-23 NMR Study of 0.250 M and 0.500 M Sodium
Perchlorate with Increasing Monensin Concentration

in Methanol
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CONCLUSIONS

Measurements on the 23Na spectrum of MonNa were somewhat
inconclusive due to line broadening and other effects. The 23Na
NMR study of the acid MonH however, definitely confirms the potentio-

metric and infrared results indicating a fairly strong MonH-sodium

ion interaction in methanol.

THALLIUM-205 NUCLEAR MAGNETIC RESONANCE STUDY

The monensin anion has been found to complex thallium ion (115).
Several attempts were made to find the signals of various thallium
salts in methanol and other solvents. Neither thallium acetate,
nitrate or bromide were sufficiently soluble in methanol solutions
to give detectable signals. It was found that MonH will solubilize

thallium salts, but still no signal was detected.

CONCLUSIONS
Experiments in which MonH was added to thallium solutions to
give 205Tl chemical shifts were not successful due to lack of

sufficient thallium solubility in solvents which could be used for

the study of MonH equilibria.

PROTON MAGNETIC RESONANCE STUDIES

SPECTRAL ASSIGNMENT Figure 5 shows the PMR spectra of MonNa

and MonH. The spectra are somewhat complex since each species has
over 60 hydrogen atoms. The complete PMR spectra of MonNa or of
MonH have not been intepreted in the literature, although some
partial assignments of the resonances of small fragments and
derivatives are given in the first reports on the drug (1,5). The

MonNa spectrum in chloroform-d1 is slightly better resolved than
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that of the acid and this spectrum was chosen for an assignment
attempt. The protons were numbered as shown in Figure 24.

The entire PMR spectrum of MonNa at 0.25 M concentration in
chloroform—d1 was run at the narrowest available sweep widths at
both 100 MHz and 60 MHz. Sweep widths were calibrated by the side
band technique and all peak positions were located within the
limits of resolution and peak shape. Naturally, many peaks remained
unresolved. By inspecting peak intensities, possible spin-spin
coupling constant (J) values, chemical shifts and shapes, decisions
were made as to whether a singlet, doublet, triplet, quartet and
so forth were possible. The values of these peak positions were
then recorded, an average J value calculated, and the center of the
pattern either located or calculated. This center frequency was
then used to predict the center frequency in the spectrum taken at
the other frequency and J values used to predict the peak positionms.
These peak positions were 