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mixture. The eluant was concentrated under reduced pressure 
to give 0.16 g (74.5%) of 2 as an oil, which crystallized on standing: 
mp 52.5-54 "C; ["ID -136.7O (c 0.33, benzene) [lit.4c ["D] -134' 
(c 0.35, benzene)]. This material was determined to be optically 
pure by chiral HPLC analysis on a Chiralcel OJ  column. The 
spectroscopic properties of 2 were identical with those reported 
in the literature!l 
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The most striking feature of polyether antibiotics is their 
ability to form stable complexes with alkali and alkaline 
earth metal cations. They are known to accommodate 
guest metal cations in their pseudo-cyclic cavities and to 
transport them selectively across the biomembrane.2 Since 
they are composed of a number of optically active seg- 
ments, they may provide chiral and ordered pseudo-cav- 
ities that specifically accommodate certain enantiomeri- 
cally pure ammonium cations as well as some metal cat- 
ions. Westley et  al. first applied naturally occurring la- 
salocid to the preferential crystallization of salts with ra- 
cemic  amine^.^ More recently, Maruyama et al. demon- 
strated that some monensin amide derivatives exhibit 
enantiomer selectivity for several chiral ammonium cations 
comparable to those with chiral crown etherse4 Although 
only a limited number of successful examples have been 
reported, these findings clearly offer the interesting pos- 
sibility that a new series of chiral host molecules may be 
derivable from natural polyether antibiotics. 

We prepared a new series of chiral host molecules lc-e, 
2b, 3b, and 4b from natural monensin (la), lasalocid (2a), 
salinomycin (3a), and nigericin (4a) (Chart I). Although 
the polyether antibiotics employed are themselves inca- 
pable of discriminating between optical isomers of chiral 
amine salts, some modified materials formed diastereo- 
meric complexes with chiral amine salts and exhibited 
potential enantiomer selectivity in the electrochemical 
sensory system. 

Results and Discussion 
We obtained various ester derivatives of polyether an- 

tibiotics in 80-98% yields by cryptand[2.2.2]-promoted 
reaction with the corresponding  bromide^.^ Their 
guest-binding properties were characterized by ion-selec- 
tive electrode techniquesae The enantiomer selectivity 
coefficient Ks8 is defined as 10(E~E~)lo.w (at 25 "C), where 
Es and ER represent the potentials to the S- and R-guest 
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Figure 1. 'H NMR (500 MHz) titration curves of monensin 
pentafluorobenzyl ester (le) with (S)- and (R)-naphthylethyl- 
amine-AcOH. Concentration of le: 0.0146 M in CDCl,. 

containing solutions. This selectivity coefficient should 
correlate with the stability constants of the complexes 
between the employed ionophore and optically active am- 
monium cations in the membrane.' Typical results are 
summarized in Table I. 

The sensor electrodes incorporating the parent and 
modified polyether antibiotics generally exhibited near 
Nernstian responses for chiral ammonium salts in the 
range of 1 X lo-' to 1 X lo4 mol/L. Although some of 
them had been employed as specific ionophores of certain 
metal cations: they also formed stable complexes with 
primary ammonium cations. Interestingly, chemically 
modified polyether antibiotics lb-e, 2b, 3b, and 4b showed 
chiral recognition behavior toward some chiral ammonium 
cations, while natural antibiotics la, 2a, 3a, and 4a having 
carboxylic acid moieties exhibited little discrimination 
between these enantiomers. The enantiomer selectivity 
coefficients Ks8 are largely dependent on the structures 
of the parent polyether antibiotics. In particular, monensin 
derivatives lb-e showed excellent chiral recognition 
ability; the potential differences for phenylglycine ester 
salt (Ph-GlyOMe-HCl), Es - ER, reached the relatively high 
values of 33-38 mV, and enantiomer selectivity coefficients 
Ksp  were calculated as 3.7-4.4. Monensin lactone (lf)9 
and nonactin (5a) with similar chiral polyether linkages 
and ester groups in the macrocyclic skeletons were also 
examined for comparison. Since they show low enantiomer 
selectivity coefficients, monensin ester derivatives lb-e are 
believed to have neutral, acyclic (but pseudo-cyclic) 
polyether skeletons suitable for chiral recognition of 
asymmetric ammonium cations. 

The enantiomer-selective complexation behavior of 
monensin ester derivatives was investigated by 500-MHz 
'H NMR spectroscopy. Table I1 summarizes guest-in- 
duced 'H NMR spectral changes of several monensin de- 
rivatives. For example, the addition of (R)-naphthyl- 
ethylamine salt to a CDC1, solution of monensin ester le 
caused shifts of the signals for several protons attached 
to the carbons surrounding the pseudo-cavity, such as 
those positioned at  2,5,20,21, and 31. These observations 
strongly suggest that the guest ammonium cation is located 
at  the center of the pseudo-cavity of monensin ester and 
effectively interacts with several oxygen atoms. Its S 
isomer showed definite but different spectral changes. 
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Table I. Enantiomer Selectivity Coefficients (KSR) of Naturally Occurring Ionophores and Their Esters 

naphthyl- 
ethylamine. 

ionoDhore Ph-GlvOMe.HC1 PheOMeeHCI LeuOMeeHCl ProOMe.HC1 HCl DhenethvlamineHCl 
la 
lb 
I C  
Id 
le 
2a 
2b 
3a 
3b 
4a 
4b 
5a 
If 

a Reproducibility i0.3. 

1.8 
3.7 
4.0 
4.4 
4.4 
1.2 
1.8 
1.4 
1.7 
1.0 
1.1 
1.2 
1.0 

1.6 
2.1 
2.2 
2.7 
2.5 
1.1 
1.3 
1.1 
1.2 
1.0 
1.8 
1.1 
1.0 

1.6 
2.4 
2.5 
3.1 
3.4 
1.1 
1.5 
1.2 
1.3 
1.0 
1.6 
1.1 
1.0 

1.0 
0.90 
0.77 
0.91 
1.0 
1.0 
0.82 
1.2 
1.0 
1.1 
1.0 
1.0 
1.0 

0.76 
0.47 
0.48 
0.36 
0.37 
1.0 
0.73 
0.91 
0.83 
1.0 
1.0 
1.0 
1.1 

Table 11. Guest-Induced Changes in '€I NMR Chemical Shift Values of la, lb, Id, and le 

0.79 
0.54 
0.56 
0.49 
0.53 
0.96 
0.87 
1 .o 
0.75 
0.93 
1.3 
0.96 
1.0 

ionophorea guestSAcOH (1 equiv to ionophore) KsRb H-CZd H-CSd H-Cad H-CZld H-C31d 
la (RhaDhthvlethvlamine 0.76 -4.1 +6.5 +1.4 +2.0 +1.4 

(S)-naphthilethilamine 
(R)-phenethylamine 
(Sbphenethylamine 

lb (R)-naphthylethylamine 
(SI-naphthylethylamine 
(R)-phenethylamine 
(S)-phenethylamine 

Id (R)-naphthylethylamine 
(S)-naphthylethylamine 
(R)-phenethylamine 
(S)-phenethylamine 

le (R)-naphthylethylamine 
(S)-naphthylethylamine 
(R)-phenethylamine 
(S)-phenethylamine 

-4.2 
0.79 -3.0 

-2.2 
0.47 -10.8 

-2.4 
0.54 -4.2 

+0.7 
0.36 -16.7 

-4.8 
0.49 -11.3 

-4.8 
0.37 -24.7 

-7.9 
0.53 -11.6 

+0.8 

+6.2 
+6.0 
+6.8 
-6.5 
+3.8 
-1.8 
+4.6 
-7.8 
+4.5 
-4.6 
+1.2 
-9.2 
+2.1 
-3.2 
+3.1 

+1.5 +2.1 
+1.7 +1.9 
+2.2 +2.3 
+8.4 -7.2 
+1.6 -3.5 
+5.1 -3.4 
+0.2 -1.3 
+10.3 -11.9 
+2.5 -1.7 
+1.6 -6.3 
-2.4 -4.5 
+9.8 -12.2 
+1.4 -5.0 
+5.3 -5.3 
+0.7 -2.0 

+1.6 
+2.0 
+2.5 
-10.9 
+5.5 
-4.8 
+1.3 
-16.5 
+5.4 
-9.6 
-2.1 
-17.9 
+2.5 
-6.9 
+0.6 

a Concentration: 0.0146 M in CDC18. Electrochemical enantiomer selectivity coefficient (see Table I). Reproducibility; maximum a2.9 
Hz. "+" and *-" indicate higher and lower field shifts, respectively. H-C, indicates the proton attached to n-positioned carbon. lH NMR 
chemical shift values for H-Cz, H-C6, H-Cm, H-Czl, and H-C31 of la and le were as follows: la, 2.54,4.03,4.40, 3.83, and 1.50; le, 2.69,4.03, 
4.29, 3.82, and 1.37 ppm, respectively. Numbering of carbon atoms is shown below. 

Since the shifted values of proton signals positioned a t  
carbons 5 and 31 interestingly exhibit the opposite sign 
to the R isomer induced signals, monensin ester le evi- 
dently forms encapsulated and enantiomer-selective com- 
plexes with these chiral guest ammonium cations.'O 

Figure 1 illustrates plots of the guest-induced changes 
in chemical shifts of the proton signal positioned at  carbon 
2 with changes in the concentration ratio of (S)- or (R)- 
naphthylethylamine acetate to monensin ester le. These 
plots gave good fits for 1:l complexes with thermodynamic 
stability constant9 K = 36 L/mol for the R isomer and 22 
L/mol for the S isomer." Similar spectral changes were 
observed with other monensin derivatives and chiral am- 

(10) We took NOESY spectra of the monensin ester le and (R)- or 
(S)-naphthylethylamine-AcOH system, but did not find a definite NOE 
correlated peak (JEOL FX-400 400 MHz, [le] = [amine.AcOH] = 0.0292 
mol/L, mixing time 500 ms). 

(11) We also calculated stability constants ( K )  based on changes of 
other proton signals and obtained similar values. For example, K was 
estimated as 42 10 L/mol for monensin le-(R)-naphthylethylamine- 
AcOH from induced shifts of H-C31 proton. 

monium cations. Clearly, a combination of monensin 
derivative and guest amine salt that exhibited large 
spectral changes provides excellent enantiomer selectivity 
in the electrochemical sensory system. In contrast, natu- 
rally occurring monensin (la) showed almost the same 
spectral changes in the presence of R and S guest ammo- 
nium cations.12 Since large shifts were only observed in 
the signals for protons attached to carbons 2 and 5, the 
guest ammonium cation appears to be in loose contact with 
the chiral polyether skeleton in the complex. Electrostatic 
interaction between the terminal carboxylate anion of 
monensin and the guest ammonium cation may be sig- 
nificantly involved. These electrochemical and spectro- 
scopic studies strongly suggest that monensin ester de- 
rivatives provide encapsulated complexes in which guest 
ammonium cations are comfortably included by the chiral 
and pseudo-cyclic polyether skeleton of monensin. Further 

(12) Although the shifted values were too small to determine the 
stoichiometry and stability constants, monensin stoichiometrically ex- 
tracted several ammonium salts into CHCI, from aqueous solution. 
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Chart I. Naturally Occurring Ionophores and Their Esters 

Me 

HO 
Me 

‘ 3 a :  R=Na 
3 b  : R=CH2* - 

OMe 

4 a  : R=Na 

S a  

chemical modification of naturally occurring polyether 
antibiotics may  offer a promising method for the &vel- 
opment of new and specific chiral host molecules. 

Chromatography (silica gel, CH2C12/CH3C02C2H6) gave monensin 
benzyl ester (IC) (54 mg). The same procedure was used for the 
synthesis of the other ester derivatives. All ester derivatives were 
confirmed as pure materials by TLC analysis (Merck kieselgel 
60 F2&I, CH3C02C2H5/CH2C12 = 1:4, v/v). They were fully 
characterized by ’H NMR, NMR, IR, and high resolution 
F A B - ~ ~ ~ ~  spectroscopies~ Assignments for IH NMR and 13c 
NMR signals of lC* and 2b were based on previous reports,i3 

while those of 3b and 4b were characterized by comparison with 
those of parents 3a and 4a. In 1H NMR spectra of 2b and 4b, 
some signals of hydroxy protons were not observed. Selected 
spectroscop~c data for new compounds are as fo~~ows.  

Experimental Section 
Materials. The ionophores employed were obtained as follows: 

monensin (la) and its methyl ester Ib (Calbiochem); lasalocid 
(2a) (Sigma); salinomycin (3a) (Wako); nigericin (4a) (Calbio- 
chem); and nonactin (5a) (Fluka). These are all “hazardous 
comPOunds” and require careful Monensin lactone (If) 
was prepared by the procedure in the literature? Other ester 
derivatives were obtained from sodium salts of polyether anti- 
biotics and the corresDondinn bromides. A tvDical svnthetic 
procedure was as follo&.S In &e presence of cGtand[i.2.2] (50 
mg), “N3nsin sodium Salt (50 mi$ was treated with benzyl 
bromide (100 mg) in CH3CN at  room temperature for 1 day. 

(13) (a) Ajaz, A. A,; Robinson, J. A,; Turner, D. L. J. Chem. SOC., 
Perkin Trans. I 1987,27. (b) Chitradurya, K. V.; Kalpathy, R. K. E. J. 
Chem. Soc., Perkin Trans. II 1985,65. 
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Monensin benzyl ester (IC): IR (CHCI,) 1720 cm-'; 'H NMR 
(500 MHz, CDC1,) 6 0.85-2.27 (identical with parent monensin, 
45 H), 2.67 (br s, 1 H), 2.71 (m, 1 H), 3.25 (s, 3 H), 3.46 (m, 2 H), 
3.59 (m, 2 H), 3.76 (m, 1 H), 3.80 (dd, 1 H, J =  3.1,lO.O Hz), 3.86 
(d, 1 H, J = 4.7 Hz), 3.88 (br s, 1 H), 4.05 (dd, 1 H, J = 2.3, 9.1 
Hz), 4.28 (m, 1 H), 4.38 (d, 1 H, J = 9.3 Hz), 5.14 (d, 1 H, J = 
12.4 Hz), 5.20 (d, 1 H, J = 12.3 Hz), 7.30-7.39 (m, 5 H); FAB- 
HRMS ( m / e )  calcd for C49HaO11- 2Hz0 + H 725.4629, found 
725.4692. 

Monensin o-fluorobenzyl ester (ld): IR (CHC13) 1710 cm-'; 
'H NMR (500 MHz, CDCl,) 6 0.84-2.28 (identical with parent 
monensin, 45 H), 2.70 (m, 1 H), 2.79 (br s, 1 H), 3.25 (s, 3 H), 3.46 
(br s, 2 H), 3.57 (m, 2 H), 3.74 (m, 1 H), 3.81 (dd, 1 H, J = 3.0, 
10.0 Hz), 3.87 (d, 1 H, J = 4.7 Hz), 4.00 (br s, 1 H), 4.05 (dd, 1 
H, J = 2.5, 8.9 Hz), 4.28 (m, 1 H), 4.43 (d, 1 H, J = 8.9 Hz), 5.20 
(d, 1 H, J = 12.7 Hz), 5.26 (d, 1 H, J = 12.2 Hz), 7.06 (m, 1 H), 
7.13 (m, 1 H), 7.28-7.32 (m, 1 H), 7.43 (m, 1 H); FAB-HRMS ( m / e  
calcd for C43H67011F + Na 801.4565, found 801.4445. 

Monensin pentafluorobenzyl ester ( le):  IR (CHC13) 1720 
cm-'; 'H NMR (500 MHz, CDC13) 6 0.84-2.28 (identical with 
parent monensin, 45 H), 2.69 (m, 1 H), 2.72 (br s, 1 H), 3.29 (s, 
3 H), 3.46 (br s, 2 H), 3.56-3.60 (m, 2 H), 3.75 (m, 1 H), 3.82 (dd, 
1 H, J = 3.2, 9.8 Hz), 3.88 (d, 1 H, J = 4.5 Hz), 4.03 (dd, 1 H, J 
= 2.3,g.O Hz), 4.04 (br s, 1 H), 4.29 (m, 1 H), 4.44 (br s, 1 H), 5.25 
(s,2 H); FAB-HRMS ( m / e )  calcd for C4HB3011F5 + Na 873.4188, 
found 873.4233. 

Lasalocid benzyl es ter  (2b): IR (CHCl,) 1650, 1700 cm-'; 
'H NMR (500 MHz, CDC13) 6 0.76-2.25 (identical with parent 
lasalocid, 36 H), 2.20 (s, 3 H), 2.77-2.88 (m, 4 H), 3.19 (d, 1 H, 
J = 2.2 Hz), 3.42 (br s, 1 H), 3.44 (dd, 1 H, J = 2.2, 11.9 Hz), 
3.74-3.84 (m, 3 H), 5.39 (d, 1 H, J = 12.1 Hz), 5.41 (d, 1 H, J = 
11.9 Hz), 6.64 (d, 1 H, J = 7.5 Hz), 7.14 (d, 1 H, J = 7.9 Hz), 
7.34-7.45 (m, 5 H); FAB-HRMS ( m / e )  calcd for C41HmOs + H 
681.4366, found 681.4357. 

Salinomycin benzyl ester (3b): IR (CHCl,) 1700 cm-'; 'H 
NMR (500 MHz, CDC1,) 6 0.68-2.43 (identical with parent sal- 
inomycin, 50 H), 1.42 (s, 3 H), 2.20 (m, 1 H), 2.39 (m, 1 H), 2.44 
(br s, 1 H), 2.74 (m, 1 H), 3.00 (d, 1 H, J = 5.6 Hz), 3.05 (m, 1 
H), 3.18 (m, 1 H), 3.59 (dd, 1 H, J = 2.6, 10.4 Hz), 3.67 (br t,  1 
H, J = 9.3 Hz), 3.82 (4, 1 H, J = 6.9 Hz), 3.90 (d, 1 H, J = 9.3 
Hz), 4.00 (br d, 1 H, J = 8.9 Hz), 4.06 (dd, 1 H, J = 5.3, 5.9 Hz), 
4.12 (m, 1 H), 5.34 (d, 1 H, J = 12.4 Hz), 5.39 (d, 1 H, J = 12.6 
Hz), 5.98 (br d, 1 H, J = 10.7 Hz), 6.08 (dd, 1 H, J = 2.1, 10.7 
Hz), 7.28-7.45 (m, 5 H); FAB-HRMS ( m / e )  calcd for C49H76Ol1 
- HzO + H 823.5360, found 823.5369. 

Nigericin benzyl ester (4b): IR (CHC13) 1720 cm-l; 'H NMR 
(500 MHz, CDC13) 6 0.86-2.55 (identical with parent nigericin, 
53 H), 3.27 (m, 1 H), 3.33 (s, 3 H), 3.52-3.60 (m, 3 H), 3.79 (dd, 
1 H, J = 2.1, 10.5 Hz), 3.84 (m, 1 H), 3.90 (d, 1 H, J = 4.2 Hz), 
4.23 (m, 1 H), 4.31 (m, 1 H), 4.95 (br s, 1 H), 5.10 (d, 1 H, J = 
12.5 Hz), 5.23 (d, 1 H, J = 12.5 Hz), 7.29-7.37 (m, 5 H); FAB- 
HRMS ( m / e )  calcd for C47H74011 + K 853.4868, found 853.4847. 

Ion-Selective Electrode Experiments. Electrode cells of the 
type Ag; AgCl, KCl(saturated)/0.3 M NH4N03/sample solu- 
tion/membrane/O.Ol M NaCl, AgCl; Ag [membrane composition: 
1 wt % potassium tetrakis(p-chlorophenyl)borate, 3 wt % iono- 
phore, 30 wt % poly(viny1 chloride), 66 wt % dibenzyl ester] were 
used for electromotive force (emf) measurements. The membrane 
prepared was mounted on a DKK membrane electrode body to 
form an ion-selective electrode. Each emf was measured a t  pH 
= 3.0 f 0.1 with an Orion Research EA 920 ion analyzer. The 
values obtained were set into the Nicolsky-Eisenman equation 
for calculation by the separate solution method.14 

Method of Evaluation for Stability Constants. The sta- 
bility constant ( K )  for 1:l complexation is defined in eq 1, where 

(1) 

[C], [I],, and [GIo represent the concentration of complex in the 
equilibrated state, initial concentration of ionophore, and initial 
concentration of guest, respectively. Supposing that guest-induced 
change in the chemical shift of proton signal (As) can be related 
to A6- (saturated A6) as in eq 2. Thus, one can derive eq 3. 

K = [Cl/l[IIo - [Clll[GIo - [Cll 

(14) Moody, G. J.; Thomas, J. D. R. In Selectiue Ion-Sensitive Elec- 
trodes; Merrow: Herb, 1971. 

0022-3263/91/ 1956-0878$02.50/0 

A6 = [ClA6m/[Il, (2) 

4[Il,[Gl,)'~21/~2[Il,/Ab,~ (3) 

Substituting measured Ab, [I],, and [GI, values in eq 3, we de- 
termined the stability constant ( K )  by nonlinear least-squares 
treatment (Gauss-Newton method). Curves indicated in Figure 
1 were computer-calculated titration curves according to eq 3. 
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Quinodimethanes have proven to be extremely useful 
intermediates for the synthesis of cyclophanes' and other 
compounds. Their propensity toward cyclodimerization, 
polymerization, and Diels-Alder chemistry,* while an ad- 
vantage in synthetic applications, creates challenges for 
those engaged in structural studies. Nonetheless, nu- 
merous reports of the spectroscopic characteristics of these 
compounds a t  low temperatures, including electronic? 
~ibrat ional ,~ nuclear magnetic res~nance,~ and photoelec- 
tron5 spectroscopy, have appeared. Theoretical ap- 
proaches, particularly molecular orbital calculations, have 
also amplified understanding of the chemistry and struc- 
ture of these labile moleculesmB A number of isolable 
9,10-anthraquinodimethanes, e.g., l7 and have been 
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