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The analysis of proton nmr spectra at 300 MHz in &De and in CDC13 of the 
divalent cation ionophore A23187 and its magnesium salt are reported and discussed 
in terms of configurational and conformational behaviour. The conformation of 
the free acid in solution was found to be almost identical to that described previously 
(M. 0. Chaney, P. V. Demarco, N. D. Jones, and J. L.Occolowitz,J. Amer. Chem. 
Sot. %,I932 (1974)) for the solid state, except that inapolar solvents no head-to-tail 
interaction is observed, in that free rotation around certain bonds (e.g., C,5-C19, 
structures 1 and 2) substantially prevents such quasi-cyclic forms. For the con- 
formation of the magnesium salt, two monovalent units aggregate around the 
divalent cation, the two substructures displaying equivalent atoms in each of their 
corresponding positions. A compact sphere-like form having a C2 axis and a cavity 
of about 3.5 A is proposed, the cation being held in the middle by two carboxylate 
ions, carbonyl and N-benzoxazole units as the ligands. These conclusions result 
from consideration of the extracted parameters in the proton nmr spectrum and 
from model building. Thus, the most probable form of the Mg-salt in solution 
corresponds almost exactly to that of the Ca-salt in the solid state, as very recently 
revealed by the X-ray analysis of M. 0. Chaney, N. D. Jones, and M. Debono 
(J. Antibiot., in press). 

INTRODUCTION 

In connection with our conformational studies of ionophores and their cation com- 
plexes in solution, including Lasalocid (fa) and the nactins (lb), the antibiotic A23187 
(1) constitutes a very attractive member in this series because it is one of the most 
simple complexes of low molecular weight (MW = 523). Furthermore, it is able to 
clathrate divalent ions in a 2 : 1 ionophore : cation ratio (2-4). The compound, obtained 
(5) from cultures of Streptomyces chartreusensis,’ displays as the free acid a relative 
simple 300-MHz ‘H nmr spectrum (Figs. 1 and 2), all patterns of which could be 
analyzed by simple first-order inspection, except for some couplings between protons 
H-16, H-17, and H-18 in CsD, and between protons H-l 1, H-13, and H-12 in CDC&. 
The extracted values, obtained in C,D, and in CDC&, are collected in Table 1. The 
spectrum of the magnesium salt is less clearly defined (see Fig. 3), and not all the 
spectral values could be extracted (Table 2). 

’ The present sample was a gift of Eli Lilly Company, Indianapolis, Ind. Lot No. 361-VO2-276-l. 
Copyright 0 1977 by Academic Press, Inc. 
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FIG. 1. Three-hundred-megahertz ‘H nmr spectrum of A23187, free acid, in CIDL, Proton absorp- 
tions are numbered according to structure 1. The scale in ppm from TMS-internal is drawn with 
respect to the vertical mark line at the left, the fnst number indicating the offset from TMS in hertz 
at 300 MHz and the second number gives the sweep width. Spinning side bands are indicated by ssb. 

FIG. 2. Three-hundred-megahertz ‘H nmr spectrum of A23187, free acid, in CD&. See Fig. 1 for 
further specifications. 

METHODS 

All reported assignments and (relative signs of) coupling constants were confirmed 
by homo-INDOR and double irradiation experiments for the free acid and by double 
irradiation of the magnesium salt. Coupling constants were extracted from simple 
first-order analyses and were ascertained by simulations (SIMEQ-16/11), whereby it was 
necessary to consider only subspectral simplifications. Spectra were taken at 19°C and 
the concentration was about 0.1 mM. 
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FIG. 3. Three-hundred-megahertz ‘H nmr spectrum of the magnesium salt of A23187 in CDCL 
See Fig. 1 for further specifications. 

RESULTS 

A23187, Free Acid 

The following spectral features are relevant to the conformation of A23187. (We 
follow an increasing numbering of the skeleton as indicated in structure 1). A coupling 
of 10.3 Hz between H-7 and H-8 reveals their antiperiplanar relationship with a torsion 
angle of 5 180”. The coupling 3J(8, 13) = 2.30 Hz discloses a small angle between both 
protons H-8 and H-13; and because 3J(12A, 13)* N 4.5 Hz and 3J(12B, 13)* N 2.5 Hz, 

2 We use the coding A and B for the designations of the partner at lowest and highest field position, 
respectively. 
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COOH 
1 

proton H-13 must be equatorial. From the values 3J(11, 12A) = 12.4 Hz and 3J(11, 
12B) = 4.2 Hz, it is clear that H-l 1 is axial and, thus, Me-l 1’ is equatorial. It is concluded 
that Me-13’ stays axial, because in view of the small coupling the oxo-pyrrole moiety 
should otherwise be axial; and together with the Spiro function at C-10 the A ring would 
become much too strained and therefore flip over into the inverse form. Hence Me-l 1’ 
would not be equatorial. Also the values of “J( 12A, 13) and “J( 12B, 13) are only con- 
ceivable in terms of the relative positioning of Me-l 3’ (and thus the CS fragment).3 The 
relatively low values for 3J(8, 13) (as low as 1.70 Hz in CDCI,) and 3J(12B, 13) may be 
partly explained by the fact that H-13 is a proton that stays in a planar M-mode 
pathway with respect to one of the ring O9 lobes, a feature also observed in 1,3-di- 
oxanes. (7). However, the relatively large value for 3J(12A, 13) reveals, on the other 
hand, that ring A may be a somewhat flattened chair, especially around the torsions 
C!,-C,,-C,,. Following the same lines of reasoning and taking into consideration 
similar observations concerning J(16, 17) and J(17, 18), ring B also shows analogous 
behaviour. The value of 3J(15, 16) N 2.2 Hz clearly shows that both substituents, the 
benzoxazole moiety and Me-16’ are cis to each other. Because an axial benzoxazole 
substituent would cause an unacceptable strain (syn-axial strain with the Spiro substi- 
tution at Cl& it is therefore clear that Cl9 stays equatorial, hence Me-16’ must be an 
axial group. The couplings 3J( 16,17A) and 3J(16, 17B) are in accord with this conclusion, 
as certainly is the value of Z3J(16). 3J(15, 19A) = 7-7.2 Hz and 3J(1 5,19B) = 7.2-7.5 Hz 
can be interpreted as a result of an averaging between two torsion angles of clinal and 
antiperiplanar dispositions, respectively (Fig. 4). Therefore the molecule possesses 
freedom of rotation around 73. Finally, 2J(19) = 15.1-15.3 Hz clearly demonstrates the 
relative spatial position of the CH2-19 methylene grouping with respect to the plane of 
the benzoxazole moiety. Free rotation around zq would result in 3J(19) 5 14.3 Hz (8). 
Therefore, one of the H-19 protons lies instead in the nodal plane of the aromatic 
n system (8). 

With respect to shift values of other protons, it is noteworthy that H-l 7A and H-l 8A, 
which are the axial counterparts of H-17B and H-18B, respectively, are located at 
lowest field. This is in each case the result of the presence of a syn-axial substituent. 
Exactly the same can be observed for H-12A with respect to H-12B. 

We may perhaps also comment on the noticeably low field position of H-15 (6 4.3 
in CDCl, and 6 4.5 in CsD,). First, the model (2) predicts that this proton could be 

3 The usual criterion 3J(Me.,,H) > 3J(Me.,,H) that can often be used for the assignment of the 
relative positioning (6) of side-chain methyl groups, cannot be used in the present case, because the 
methyl groups, being in the b-position to a ring oxygen atom, do not suffer from appreciable synaxial 
.strain, which is the basis of this diagnostic discrimination (6). 
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deshielded somewhat by the aromatic benzoxazole grouping. Also, a neighbouring 
axial substituent substantially deshields a proton (9), thus confirming that Me-16’ is 
axially positioned. 

Using all the previous data, one may depict a rather detailed solution conformation. 
The conformation of A23187 in the solid state is known (2) (except that the absolute 
configuration has only been proposed in relation to the other polyetherin antibiotics). 
This spatial structure is shown as 2. The present study, as discussed above, reveals that 
the solution conformation is very similar to that in the crystalline state. In solution, 
freedom of rotation around z3, resulting in an almost equal population of the two 
rotamers depicted in Fig. 4, is allowed. This is at variance with the solid-state behaviour 
(2). We were unable to track the value for G,, but it is clear that overlap between the 
carbonyl a system and the pyrrole moiety should be maintained; and we accept that 
z0 takes the value as depicted by 2, because acyl-pyrroles are the most stable if the 
C=O dipole is pointing into the same direction as the N-H bond (20). Only z1 remains 
unknown, and this might have several values in solution. 

A23187, Magnesium Salt4 

Although the ‘H spectrum (Fig. 3) of the magnesium salt is much less well defined 
in the aliphatic region than is that of the free acid, we were able to extract most of the 
relevant data (Table 2) in order to deduce its spatial structure. Some protons have 
shifted quite appreciably (see Table 2, d(CDC1,)) an d among these the upfield shift by 
1.02 ppm for H-8 is noticeable. Also the ASIS-effect is quite different, and this may 
already point to changes in relative positions of one or both of the aromatic moieties. 
The largest difference is found for H-l 6, which now shows a greatly enhanced positive 
ASIS-effect and might indicate that the rotation of the benzoxazole moiety has been 
affected (uide infia) in the magnesium derivative. Although the locations in the spectrum 
could be tracked by homo INDOR or double irradiation for most of the protons, it 
was not always possible to obtain further detailed information about the coupling 
constants. It is, however, clear that the conformations of rings A and B have remained 
unaffected, on the basis of the facts that: (a) 3J(8, 13) = 2.1 Hz (almost unaffected); 
(b) the patterns of H-16 (observed in CDCI, and CsD,) and of H-13 (observed in 
CDCl,) have band widths comparable to those in the free acid compound; (c) H-l 1 
(observed in CDC13) is involved in a large vicinal coupling constant (thus is axial) and 
(d) H-18A in CsD, could be observed to consist of a large triplet of doublets, identical 
to what is observed in the free acid and what is expected for an axial ring proton. 

The most interesting feature, and difference with respect to the behaviour of A231 87) 
itself, is found, however, in the values of 3J(15, 19) = 11.9 and 2.3 Hz, showing that free 
rotation around ~~ has disappeared and that H-19B stays almost antiperiplanar to 
H-15, while H-19A stays clinal. A second change is found in the torsion around C19- 
CZO. In the free acid ‘J(19) N - 15.2 Hz, but in the magnesium derivative it is only 12.8 

4 The magnesium salt was obtained by passing a CDC&olution of the free acid through a short 
magnesium carbonate column until the spectrum remained unchanged. Analysis by atomic absorption 
spectrometry indicated a 2: 1 antibiotic:cation ratio. Ultradry solvents (molecular sieves) were used. 
The same sample was reused after evaporation. Spectral data obtained in methanol (not reported) 
indicated through the extracted J-values an unchanged conformational behaviour for the magnesium 
salt. 
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to 13 Hz. Therefore, the CH,-19 function has rotated in a way that the nodal plane of 
the benzoxazole 7~ system almost bisects the H-C-H angle for which a value of about 
13 Hz may be predicted (8). From the above conclusion and also from considerations of 
model constructions, two models may be proposed for the Mg-salt of A23187, taking 
symmetry elements into account in order to have identical shifts for similar protons in 
both units surrounding the cation (isochronous protons). Both models are characterized 
by a twofold axis. In the first, displayed as Fig. 5, the cavity is rather large (e.g., about 
7 A in diameter, ionic radius of Mg 2f = 0.66 A) and is therefore believed to be less 
probable. The participating ligands in the octahedrally surrounded divalent cation are 

FIG. 5. Stereoscopic view of the less probable conformation (see text) of A23187: divalentcation 
complex consisting of two ionophore molecules surrounding a divalent cation (such as magnesium), 
thus forming a spherical structure of about 17 8, in diameter. The conformation of each of the individual 
moieties is nearly identical to the solution conformation of the free acid, except for the loss of rotational 
freedom around ‘F~ and r4 (see structure 2). Special features are (a) the coplanarity of (C=O), with 
the pyrrole ring, whereby the C=O bond points in the same direction as the N,-H bond; (b) the 
quasi-antiperiplanar disposition of H-7/H-8; (c) the chair conformations of both tetrahydropyran 
rings with Me-13’ and Me-16’ in axial positions; (d) one of the H-19 protons in antiperiplanar 
disposition with H-15 (not in the free acid compound); and finally (e) the nodal plane of the 
benzoxazole IT system bisecting the CH2-19 grouping. In the free acid, the CH,-19 grouping is oriented 
slightly differently, e.g., one of the C-H bonds of CH,-19 is almost parallel with the nodal plane, as 
was also found in the crystalline state (1). The gray center atom shown in the stereoscopic view is the 
cation. The straight gray lines towards the center are the coordinative bonds and the black towards 
the center are the ionic bonds with the carboxylic function. The carbonyl function is represented by 
a double bend bond. The gray bend bonds represent hydrogen bonding. Short (black) bonds not 
ending on pins are free orbitals, e.g., of oxygen. For simplicity multiple bonds of the aromatic moieties 
are not explicitly displayed. 

for each unit the carboxylate -25,0-14 and the keto function, respectively. The possi- 
bility remains that a weak hydrogen bond exists between NH1 * * * * N& (distance 
about 4 A), thus holding the two units together. The model accounts for the relatively 
large upfield displacement of NH-l, because the amine proton is situated in the shielding 
cone of the (second) benzoxazole ring at a relatively close distance. This is at variance 
with the situation in the free acid. However, a contribution by interaction (II) of the 
various C-H bonds by the bound positive ion may intervene, especially when the latter 
is relatively close. The upfield shift of H-8 when passing from the free acid to the salt is 
nevertheless not well explained by this model. 
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A second model, shown stereoscopically as Fig. 6 is characterized by a much more 
compact overall structure (about 16 x 13 x 13 A) with a cavity which is about 3.5 A 
in diameter. Next to the carboxyl and carbonyl ligand, the third coordination site in 
each unit is the benzoxazole nitrogen. Hydrogen bonding between the pyrrole NH-I of 
the first unit with COO--25 of the second one, and vice versa, is a typical feature, thus 
anchoring the two halves of the bimolecular structure together and forming a cavity 

FIG. 6. Stereoscopic view of the more probable solution conformation of A23187, Mg+-salt (2: 1). 
Partial conformational peculiarities are the same as for the alternative form, displayed in Fig. 5, 
except that the benzoxazole nitrogen N-24 is the ligand instead of the O-14 of one of the Spiro ring 
systems. Also, the carbonyl points directly toward the cation, i.e., the cation lays in the prolongation 
of the C=O axis, rather than at about W, as in the foregoing model. The cavity is much smaller 
(e.g., 3.5 A), and the two halves are probably linked to each other by hydrogen bond bridging between 
NH-l and COO--25’. 

of more appropriate dimension than in the previous model. The upfield shift of H-S 
in the salt is easily understood because it is situated above the benzoxazole system (in its 
own unit). 

Differences in rotation angles exist for the two models, but they are around bonds 
that do not display interproton interactions and therefore cannot be tracked by lH 
nmr spectroscopy. Recently (3, 4) the crystal structure of the calcium complex of 
A231 87 was elucidated, and the second model proposed in the present paper is identical 
to this solid-state Ca-salt structure proposed by Chaney et al. (3), where calcium co- 
ordination is octahedral and the solvent molecule is hydrogen-bonded to the carboxylic 
function. In the hydrated crystal structure proposed by Smith and Duax (4) the co- 
ordination number of calcium is seven (the seventh ligand being HzO, and the ligand 
bond forming the pseudo-twofold axis) and can be obtained from the present model by 
twisting (3 and Fig. 6) the plane formed by the nitrogen atoms of benzoxazole and the 
calcium ion so as to bisect the carbonyl oxygen-calcium-carboxyl oxygen angles of 
each subunit. In the model of Ref. (3), this plane is identical to that formed by the car- 
bony1 (of the first unit)-calcium-carbonyl (of the second unit) oxygen atoms. From the 
data extracted from the solution conformation, it is not possible to decide between these 
slightly different modifications. The model proposed by Smith and Duax (4), however, 
does not account well for the burial of the ion away from its surroundings. 
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The alternative way to decide would be to answer the question whether it would 
matter much for complexation ability if the ion remains solvated or not, which would 
be reflected, e.g. in Kc values for different ion species. Thus, in nonactin it has been 
clearly demonstrated (Z2) that specific complexation between K+ and Na+ is not the 
result of a geometric factor, but lies in differences in hydration energies. Kc values for 
the two ions and nonactin do not differ greatly in dry acetone, but affinity is largely in 
favour of K’ in wet acetone. 

It must be emphasized, however, that the gross change in conformation, when 
passing from the free acid antibiotic to the salt and as found in the crystalline state 
(24), is entirely in agreement with those in solution. Thus, major changes occur (4) 
around r1 and r3 (structure 2), reflecting the relative orientations of the pyrrole and 
benzoxazole moieties in space, both approaching each other and forming half the 
required cavity for ion trapping. 
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