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Anion binding by neutral hosts in organic solvents can be inhibited by the presence of alkali metal cations. The binding inhibition is due to
salt ion-pairing which increases in the order Cs* < K* < Na*. The binding inhibition can be reversed by using heteroditopic hosts that
simultaneously bind both the metal cation and the anion. The largest cation-induced enhancements are observed with the less basic anions.

Since the first report of crown ethers in 1963 Jarge number  are presented in two parts. First, we show that competing
of neutral host compounds have been prepared and evaluatethetal cations can inhibit the anion binding ability of ufiea

for their ability to associate with inorganic cations or anidns. then we show that cations can increase or decrease the anion
Most of these ion binding studies have been conducted inbinding ability of crown-conjugate2—4.

organic solvents and have used salt systems with noncom-

peting counterions. For example, cation binding studies often

o o Q
use picrate salts,and anion binding studies often use @L )]\ s g\ /2‘7/\ )k /@
e 7 3

tetrabutylammonium saltsAn obvious advantage with this NN <—o o NN
choice is the minimal interference due to ion-pairing of the v/
guest salt. In many real-life situations, however, the luxury 1 2
of noncompeting counterions is not availabl&Vhile a
. . . 0. NHCgH4CH3
number of studies have shown that competing anions can o
alter a neutral host's afflnlty_for_ its catlonlc_guest, and in o )k _(CHa)CHs
some cases change the binding selecti®itpuch less NN o NHCgH,CHs
attention has been paid to the effect of competing cations (\0/\ o
on a neutral host's anion binding abili#yIn this paper, we H.oo N e} o N O(\ox
report anion association constants for hdstgl. The results s \@ j HsC g
? it o o)
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(2) Lehn, J. M.Supramolecular ChemistrWCH: Weinheim, 1995. 3 4

(3) Cation Binding by Macrocycleénoue, Y., Gokel, G. W., Eds.; Marcel
Dekker: New York; 1990. . L . .

(4) The Supramolecular Chemistry of AnipBéanci, A., Bowman-James, Anion Binding Using Host 1.” We find that the presence
K.,(56)aCrCIa—EsL;‘ana,. E§ Eds,; \1CH:I Wéerl]nhe_lm,;997.d 3 L. Davi of certain metal cations leads to significant reductions in

omprenensge supramolecular emistrAtwood, J. L., Davies, : [ . : .
J. E. D., MacNicol, D. D., Vgtle, F., Lehn, J-M., Gokel, G. W., Eds.; amon_assocu’_mon constant_s, as determined by NMR t|_trat|on
Pergamon: Oxford, 1996; Vol. 10. experiments in polar organic solvestSor example, titration
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of 1in DMSO-dg with tetrabutylammonium acetate leads to whereas cesium propionate exists as free ions in DMSO.
Kacetate= 310 M™1. Repeating the titration experiment in the lon-pairing with a competing cation diminishes anion basic-
presence of 1 molar equiv of metal tetraphenylborate changesty'? and can lower host/anion association constants by two
KacetaelN the following way: Cs (340 M™1); K* (200 M™Y); ways. (i) The metal cation can sterically hinder the host/
Na' (90 M~%). A more dramatic example is reflected by the anion interaction. This steric effect increases with the degree
IH NMR titration curves shown in Figure 1. Titration &f of ion-pair aggregation. (ii) The associated cation lowers the
anion’s effective charge by either a polarization or a shielding
_ effect. This electrostatic effect also increases with the degree
of ion-pair aggregation.
Anion Binding Using Hosts 2-4. One way to alleviate

10.0 - g a] cation-induced inhibition of host/anion binding is to use a
o o heteroditopic host that can simultaneously bind to both the
90 » metal cation and the anidA.In this case, there is the
S .0 - o

possibility for positive cooperativity, that is, the presence of

(ppm) a metal cation increases anion association constants. Previous
g0 © " designs of salt-binding systems have used allosteric effects

o (induced fit}* and/or through-bond electrostatic efféét®
Jofammm enhance anion association ponstants. In this sec_tion of _the
’ 0 o 2'0 3'0 4'0 paper we evaluate the effectiveness of an alternative design,

namely, heteroditopic hosts with juxtaposed binding sites that
[dihydrogenphosphate] (mM)

. . . . A (6) (a) Olsher, U.; Hankins, M. G.; Kim, T. D.; Bartsch, R. A. Am.
Figure 1. Chemical shift §) for aryl-NH in 1 (initially 10 mM) Chem. Soc1993 115, 3370-3371. Olsher, U.; Feinberg, H.; Frolow, F.;
in CDsCN and 295 K upon addition of tetrabutylammonium Shoham, GPure Appl. Cheml996 68, 1195-199. (b) Lamb, J. D., in ref
dihydrogen phosphatell, presence, and, absence, of potassium 2} p 9% (JC)LMCS/GG B. ?-én(éom'\ﬁfe?’lﬁmle Sugragﬂolef:uléll_r ﬁhegmizry

i _ wood, J. L., Davies, J. E. D., MacNicol, D. D.,"gte, F., Lehn, J.-M.,
itﬁt;_agagv?;l?ﬁéaézrgzltgﬂga\]/’i%rmlw)' The signal for the alkyl-NH Gokel, G. W., Eds.; Pergamon: Oxford, 1996; Vol. 1, p 401. (d) Danil de
) Namor, A.; Ng, J. C. Y.; Llosa Tanco, M. A.; Salomon, W.Phys. Chem.
1996 100, 11485-11491. (e) Arnecke, R.; Boner, V.; Cacciapaglia, R.;
Dalla Cort, A.; Mandolini, L.Tetrahedror 997, 53, 4901-4908. (f) Bartoli,
. . . . S.; Roelens, SJ. Am. Chem. S0d.999 121, 11908-11909.
with tetrabutylammonium dihydrogen phosphate insCN (7) The carboxylate binding abilities df and related urea derivatives

results in the expected 1:1 binding isotherm, and an associaar%imrgarize(? ianughes, rI;/I P.; Smith, B. D.Org. Chem1997, 62,
; il _fitti 4492-4501 and references therein.
tion constant of 400 _M C.an be eXtraCt?d by Curve fitting (8) The detailed NMR titration procedures and the subsequent fitting of
methods If the titration is repeated with the initial host the data to a 1:1 binding model using nonlinear computer methods are
solution containing 1 molar equiv of potassium tetraphen- described in ref 7. Dilution studies show that host aggregation is very weak
- . . . and so can be ignored. A number of other host/salt systems were examined,

ylborate, then a different isotherm is observed. The first 1 ¢ they could not be analyzed due to precipitation problems.
molar equiv of dihydrogen phosphate has no affinity for the " (9E) d(a) V\?_\I/varcNM- lrll(onf alggzloc Plallrs clrr]1 OrtgaTC(tF)%)egctl_gnA]Sqwarc,

. e . . liey: ew YOorK, , Vol 1, apter 1. mid,Angew.
urea NH residues, but subsequent additions produce acpem ’ind. £d. Engl1972 11, 112-127. (c) Bordwell, F. G.; Branca, J.
“normal looking” titration curve. The same result is also C.; Hughes, D. L.; Olmstead, W. N. Am. Chem. S0d.98Q 45, 3305~

; - 3313. (d) Kaufman, M. J.; Streiwieser, 8. Am. Chem. Sod 987, 109,
obtained gS|ng DMS% a.s the .SOlvent' Apparently, t_he 6092-6097. Krom, J. A.; Streitwieser, Al. Org. Chem1996 61, 6354~
added K is able to stoichiometrically sequester the dihy- g359.

drogen phosphate which prevents host/anion binding, an33(()%0) Olmstead W.; Bordwell, F. G.. Am. Chem. S0d.98Q 45, 3299~
observation that appears to have not been reported before™™ 1) pijstra, .; Kruizinga, W. H.; Kellogg, R. M. Org. Chem1987,
We attribute this reduction in host/anion binding to the 52, 4230-4234.
S NA_nAir ik ; ; ; (12) Elimination of sodium acetylacetone ion-pairing in DMSO solution
ion-pairing equilibria shown in Figure 2. In most organic (6.6 mM) by addition of [2.2.2]cryptand increases the anion basicity by
0.5 log unit!! In addition to ion-pairing, anion basicity is further reduced
_ by ion-pair aggregation. For example, the less aggregated cesium salts of
carbon acids in ether solvents are generaty’3og units more basic than
the corresponding lithium saltd Since ion-pair aggregation is concentration
M+ + A" M*A- [M*A'] dependent, anions become less basic at higher salt concentfdtions.
n (13) Reviews that discuss salt-binding hosts: (a) Antonisse, M. M. G.;
Reinhoudt, D. N.J. Chem. Soc., Chem. Commur298 443-448. (b)
Figure 2. Salts can exist as free ions, ion-pair,s and/or aggregated Kimura, E.; Koike, T.J. Chem. Soc., Chem. Comma89§ 1495-1500.
ion-pairs in organic solvents. (c) Stibor, I.; Hafeed, D. S. M.; Lhotak, P.; Hodacova, J.; Koca, J.; Cajan,
M. Gazz. Chim. Ital1997, 127, 673-685. (d) Reetz, M. T. IrCompre-
hensve Supramolecular ChemistnAtwood, J. L., Davies, J. E. D.,
MacNicol, D. D., Vagtle, F., Lehn, J.-M., Gokel, G. W., Eds.; Pergamon:
; ; ; ; Oxford, 1996; Vol. 2, pp 553562. For a recent listing of papers that
§olvents, the salts of alkali cations do not eX|_st as f_ree I0NS, Jescribe salt binding, see ref 17b.
instead they are present as solvent separated ion pairs, contact (14) (a) Kubik, S.; Goddard, R1. Org. Chem1999 64, 9475-9486.

ion pairs, and/or aggregated contact ion pafEsen in highly ~ (b) Beer, fégg-ilg'gsltﬂ‘ilgsg - K¢ Mekinney, J. . Chem. Soc., Chem.
polar organic solvents, the salts of localized ions exist as = (15) (a) Teramae, N.; Shigemori, K.; Nishizawa,Ghem. Lett1999

associated ion pairs. For example, in DMSO (dielectric é185—318k§- (?) Pelizzzsiiglgl.;lgggnellg,l ?.;(F)ringeri,é.:gngcaro,Rc?eQ.
H : [ H 0cC., Perkin lrans. — . (C) beer, P. D.; Cooper, J. .
constant 46.5) the ion-pair association constants for sodiumgycn, Soc., Chem. Commui98 129-130. (d) Tozawa, T.. Misawa,

and potassium benzoate are 200 and 48, Ivespectively? Y.; Tokita, S.; Kubo, Y.Tetrahedron Lett200Q 41, 5219-5223.
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Table 1. Anion Association Constants in GON at 295 K

E metal Kassn NH Admax
A+ W A A entry host? cation® anion? (M-1)b (ppm)°©
P E :
M 1 2 none acetate 220 3.12
) ) N ) o o 2 2 Na*d acetate 80 3.20
Figure 3. lon-pair recognition using heteroditopic salt-binding host. 3 2 K-+ d acetate 250 3.08
4 2 Cs*d acetate 1670 2.92
5 2 none nitrate 35 1.33
allow the salt to bind to the host as an associated ion-pair 6 2 Na* nitrate 130 1.32
(Figure 3)!6-17Host structure®—48 contain either an anion- 7 2 K++ nitrate 140 1.08
binding ure& or 1,3-phthalamidé€ connected to a cation- 8 2 GCs nitrate 310 0.92
T X . . 9 3 none acetate 1280 3.91
binding crown ether; however, in each case the connecting .

. . . . 10 3 Cs acetate 770 3.76
unit contains some single bonds and is not expected to 3 none chloride 490 252
strongly transmit through-bond electrostatic effects. Hosts 15 3 Cst chloride 1280 2.20
3 and 4 each contain arN-methylanilide linkage which 13 3 none nitrate 90 1.21
adopts ecis conformation about the €N bond and places 14 3 K+ nitrate 16 1.42
the benzocrown and the urea (or phthalamide in the case of 15 3 Cs* nitrate 140 111
4) in close proximityz.oﬂ 16 4 no+ne chlor!de 2600 211

Hosts 2—4 were initially tested for their ability to bind 17 4 K chloride ¢ ¢

. . 18 4 none bromide 560 1.74
salts. They are able to extract solid KCI into §IN, as 19 4 K+ bromide 500 151
Jgdged_by changes in host_ NMR spectra. Add|t|0r_1al quall_ta- 20 4 none iodide 28 1.03
tive evidence for heteroditopic binding was gained using 21 4 K+ iodide 90 0.79

positive and negative ion FAB mass spectrometry. Samples . )

. L . . anitially [host] = [metal tetraphenylboratet 10 mM. The anion was
treated with KCI exhibited intense (M- K)* signals and added as its tetrabutylammonium séluncertainty <15%.¢ Average
weak (|\/| + Cl)— signa|s, This reflects the abi|ity a—4to change in host NH chemical shift upon saturation with anfdvietal picrate.
bind cations strongly and anions relatively weakly. Solution- ;Qg%tt';\’,?o'j;g'srerpycngkw be fitted to a 1:1 binding model, but binding
state association constants were determinedtbyNMR
titration experiments in CECN. The spectra are consistent
with a fast exchange between free and complexed speciesconstant for acetate that is 2.6 times better than that of
Titration isotherms, generated from the change in chemical chloride (entries 9 and 11), whereas in the presence bf Cs
shift of the host NH signal(s) upon addition of tetrabuty- jon host3 binds chloride 1.7 times better than acetate (entries
lammonium anion, were fitted to a 1:1 binding model using 10 and 12).
previously described computer methddhe derived as- Cooperativity Factor. The data in Table 1 was used to
sociation constants (uncertainty15%) are summarized in  generate cooperativity factors (Figure 4). A cooperativity
Table 1. Examination of these data reveals a number of
trends. In certain cases, the presence of metal cation induce_
changes in the order of association constants. For example,
in the absence of added metal cation, Hbhas an affinity 9 Host 2

for acetate that is 6 times higher than that of nitrate (compare 5 8- ]
entries 1 and 5), whereras in the presence of idas, host 3 7+ ]
2 binds nitrate 1.6 times better than acetate (entries 2 and > 6
6). In the absence of metal cation, h8dtas an association = 54
g 44 Host 4
- - : : : 8 Host 3
(16) While host2—4 were designed to bind contact ion pairs, the host o 3
structures have enough flexibility to accommodate solvent-separated ion S 9
pairs.
(17) For some recent X-ray structures of neutral hosts complexed with 14 I_l
solvent-separated ion pairs, see: (a) Levitskaia, T. G.; Bryan, J. C.; Saclebon, 0 1 — -
R. A.; Lamb, J. D.; Moyer, B. AJ. Am. Chem. So200Q 122, 554-562. £ £ 2228220 &8s 3
(b) Deetz, M. J.; Shang, M.; Smith, B. D. Am. Chem. So@00Q 122, 588388252838 & 2+~
6201-6207. << <2Z22Z22 < Z£Z
(18) The syntheses df-4 are described in the Supporting Information. S M 3 s MG 3 MG
(19) The anion binding abilities of 1,3-phthalamides are described in
ref 17b. . .
(20) (a) Itai, A.; Toriumi, Y.; Saito, S.; Kagechika, H.; Shudo, K. Figure 4. Cooperativity factors for hosta—4.
Am. Chem. Socl992 114, 10649-10650. (b) Krebs, F.; Larsen, M.;
Jargensen, M.; Jensen, P. R.; Bielecki, M.; Schaumburg, Rrg. Chem.
1998 63, 9872-9879. (c) Reference 17b. .. . . .
(21) In agreement with literature precedence, #HeNMR spectra o8 factor is simply the anion association constant in the presence
and4 provide strong evidence foras C—N conformatior?® For example, of metal cation divided by the anion association constant in

the aromatic signals 8 and 4 are significantly upfield compared to - P
analogues that are nbtmethylated, indicating that the two aromatic rings the absence of metal cation. A valud indicates that host/

in 3 and4 are cofacial. anion binding is inhibited by the ion-pairing shown in Figure
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2, whereas a cooperativity factorl reflects host/anion  solvents can be reduced by the presence of competing alkali
binding enhancement due to the ion-pair recognition shown metal cations. The binding inhibition is due to salt ion-pairing
in Figure 3. Examination of Figure 4 reveals two host- which increases in the order €s< K* < Na'. In some
independent trend@. First, the cooperativity factor for a cases the effect is very dramatic, for example, &n
specific host/anion system increases with decreasing metalstoichiometrically sequester dihydrogen phosphate in polar,
cation charge to surface area ratio, i.e.;"NaK* < Cs'. aprotic solvents (Figure 1). The binding inhibition can be
Second, the cooperativity factor for a specific host/cation reversed by using heteroditopic hosts that simultaneously
system increases with decreasing anion basicity, i.e.,<Cl  bind both the metal cation and the anion. In this case, we
Br~ <17 and CHCO,” < NOjs™. These trends are explained find that the largest cation-induced enhancements (cooper-
in the following way. Host/anion affinity is reduced by salt ativity factors) are obtained with the larger and/or less basic
ion-pairing, and the ion-paring equilibria shown in Figure 2 anions, a trend that is apparent in the results of other
are shifted to the right (i.e., ion-pairing increases) as the ions studies'#****Because of ion-pairing, it is inherently difficult
become smaller and more charge-localized. In certain casegbut not impossib#<917y to obtain large cooperativity
(when one or both of the ions are small and charge-localized),factors in organic solvents using guest salts that are composed
this inhibition effect is still observed with the crown- of small, highly localized ions.

containing hosts2—4, which suggests that the crown-

encapsulated cation is still able to sequester the anion away Acknowledgment. This work was supported by the
from the host's NH residues. This is in agreement with the National Science Foundation.

abundant crystallographic literature showing anions axially

coordinated to metal cations that are simultaneously com- SUPporting Information Available:  Synthetic and ex-
plexed inside crown ethef&23 perimental procedure® NMR spectra of host compounds.

In summary, anion binding by neutral hosts in organic This material is available free of charge via the Internet at
http://www.pubs.acs.org.

(22) Factors such as the strength and stoichiometry of the crown-ether OL0063104
metal cation interactions (which depend on the host structures) will also
affect the observed cooperativity factors, but it appears with the nonen-
capsulating crown systems reported here that salt ion-pairing has a (23) Steed, J. W.; Junk, P. @. Chem. Commun., Dalton Trank999
dominating role. 2141-2146 and references therein.
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