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The fundamental properties of proton, fluoride, and chloride binding of the octaazacryptand L have been investigated 
by potentiometry and NMR spectroscopy. Successive protonation constants of L are 11.18(16), 9.43(08), 7.59- 
(07), 5.78(02), and 4.39(33), with the last value corresponding to a two-proton step. 'H NMR spectra at 250 
MHz indicate that proton exchange is slow on the NMR time scale in the pH region where the two-proton step 
occurs. It is proposed that this results from disruption of an intemal hydrogen bond network and heightened 
electrostatic repulsions present in tetraprotonated L. NMR data also suggest that protonation occurs predominantly 
at the secondary amines over the pH range studied. Triprotonated L binds fluoride significantly (log K = 3.6(4)) 
near neutral pH, and further protonation of L increases the fluoride complex stability (log K = 11.2(5) for the 
hexaprotonated fluoride complex). 'H NMR data show that the rate of fluoride exchange decreases with solution 
pH. The magnitude of the aqueous fluoride binding constant, the substantial NMR shifts, and the published solid 
state structure suggest fluoride is bound inside the cavity of protonated L. MM2 calculations predict the strain 
energy of L increases by 10.2 kcal/mol when the expected nitrogen-halide hydrogen bond length increases from 
that of fluoride to that of chloride. Size selectivity of L is proposed to explain the fact that fluoride is bound over 
lo7 times stronger than chloride. 

Introduction 

The molecular recognition of cations with specific geometric 
and electronic properties by macrocyclic receptors has been an 
area of extensive research over the past 25 years.'-8 More 
recently, such receptors were designed to bind neutral moleculesg 
and  anion^.^*'^-'^ In contrast to the many donor functionalities 
available for cation binding, such as nitrogen, oxygen, sulfur, 
and phosphorus, anion coordination has relied heavily upon 
positively charged ammonium and guanidinium groups. 

Of the halides, the fluoride ion provides a convenient target 
for the study of anion molecular recognition due to its tendency 
to form strong hydrogen bonds and its high hydration energy. 
Binding constants for the fluoride ion have been determined in 
solution with protonated tetraazamacr~cycles'~ protonated and 
metalated octaaza- and octaazatrioxamacrobicycles,'5-'7 a tin 
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ma~robicycle,'~J~ and porphyrin-related pentaazamacrocycles.20-24 
Activation enthalpies have been measured by NMR methods 
for fluoride binding with a fluorinated crown ether25 and with 
(8-~ilyl-l-naphthyl)boranes,2~ neutral bidentate anion binders 
containing two different Lewis acid groups. In addition, NMR 
studies suggest that fluoride associates with an amide-function- 
alized macrobicyclic azacyclophane.2' A macrocyclic phosphine 
oxide disulfoxide was recently reported which binds fluoride 
weakly.28 

In the first paper describing the synthesis of L,29 Dietrich30 
reported the X-ray crystallogaphic structure of a hexaprotonated 
cryptand-fluoride complex which provided evidence for the 
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high structural complementarity of cryptand L for the fluoride 
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each aliquot of base. Eleven data points were thereby collected over 
a pH range of 2.3- 11.4. Linear least squares analysis of the electrode 
potential (in mV) as a function of the known acid concentration (below 
pH 3.0 and above pH 10.5) provided the electrode slope and intercept. 
This slope and intercept enabled the pH electrode to measure -log 
[Hf] (designated p[H]) directly during subsequent titrations of cryptand 
L. Fluoride and chloride ion-specific electrodes were calibrated before 
cryptand-halide titrations as follows: Known amounts of fluoride 
((TMA)F or NaF) or chloride (NaCl) were added to a solution of 0.1 
M KNo3 electrolyte while the electrode potential was recorded. Linear 
least squares analysis of the electrode potential as a function of halide 
concentration enabled the electrodes to measure -log [F-] and -log 
[Cl-] (designated p[F] and p[Cl], respectively). 

Cryptand L in KN03 electrolyte was titrated with HNO3 while the 
p[H] was measured. Three separate titrations were performed, and 
173-176 data points were collected in the p[H] range 2.2-11.0 for 
each data set. Overall cryptand protonation constants (log p) were 
determined separately for each data set by nonlinear least squares 
analysis of the data using the computer program BETA.36 A weighted 
average value of each stepwise protonation constant (log k?,) was 
calculated using the equation 

L 

ion. Huntes' and R a g ~ n a t h a n ~ ~  subsequently published studies 
of metal cation complexes with both L and an unsaturated Schiff 
base precursor. We recently described a simple two-step 
synthesis and the X-ray crystallographic structure of L.33 Herein 
we report our studies of the proton, fluoride, and chloride 
binding properties of L using potentiometry and NMR spec- 
troscopy. We demonstrate that cryptand L has an extremely 
high affinity for the fluoride ion in aqueous solution, a high 
selectivity for fluoride over chloride, and an H f F -  binding 
synergism which permits complete control of the degree of 
fluoride binding by L. We have used 'H and 13C NMR to study 
the structures of this cryptand and its fluoride complex and the 
dynamics of fluoride and proton exchange. 

Experimental Section 
Materials. L was synthesized in 47% overall yield using the 

previously reported pr~cedure?~ and its purity was verified by 'H NMR 
and elemental analysis. Potassium hydroxide (carbonate free), hydro- 
chloric acid, and nitric acid titrants were prepared from concentrates 
and ultrapure water to give 0.1 M solutions. The potassium hydroxide 
titrant was standardized with potassium hydrogen phthalate (99.95%), 
and the acid titrants were then standardized against the potassium 
hydroxide. A stock solution of 0.114 M tetramethylammonium fluoride 
((TMA)F, 98%) was prepared and standardized with a stock sodium 
fluoride solution by standard addition. Stock 0.100 M sodium fluoride 
and 0.100 M sodium chloride solutions were used as received. The 
0.10 M supporting electrolyte solutions of potassium nitrate, potassium 
chloride, and cesium bromide were prepared from reagent grade 
chemicals and ultrapure water. Dilution of 70% w/w DN03 (99% 
deuterated) with D20 provided the 0.1 M DN03 solution. The 0.1 M 
NaOD solution was prepared by dilution of 40% w/w NaOD with D20. 

Potentiometry. All potentiometric equilibrium measurements were 
conducted in a water-jacketed vessel at 25.0 f 0.1 "C under ultrapure 
argon. The concentration of L in supporting 0.1 M electrolyte was 
approximately 0.002 M.34 Titrants were dispensed using either a 
Metrohm 665 Dosimat or a Radiometer ABU93 Triburette. Potentio- 
metric measurements were made using either an Orion Research EA940 
pH meter or a Radiometer ABU93 Triburette. All buretes and pH 
meters were interfaced to a personal computer to permit automated 
data collection using software developed in this laboratory. A pK, of 
13.78 (0.10 M ionic strength, 25 "C) was used in all ca lc~la t ions .~~ 
Combinatim pH electrodes were calibrated before each titration as 
follows: Typically, 0.75 mL. of standardized 0.1 M acid was added to 
15 mL of supporting 0.1 M electrolyte. Standardized 0.1 M base was 
then titrated into the solution in ten 0.15 mL aliquots. The electrode 
potential was recorded before the titration and after the addition of 
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where values of u were obtained from BETA and the sum is over n 
repetitions. The error in log K is reported as the standard deviation of 
the (log K ) ,  values and thus represents the reproducibility of titration 
results. Potentiometric equilibrium measurements of L-fluoride 
complexes were determined by titrating a 1:l L:(TMA)F solution in 
KN03 electrolyte with HN03 while both p[H] and p[F] were measured. 
Two titrations were performed, and 145- 154 data points were collected 
in the p[H] range 3.3-10.9 for each data set. Analysis of the p[H] 
data from these titrations using BETA provided overall formation 
constants (log p) of four L-fluoride complexes?' The weighted 
average values and associated errors of log &,H, (31.8(3)) and each 
log FEH, (Table 1) were calculated as described above. The stepwise 
fluoride binding constants (log KFLH.) in Table 1 were derived from 
the corresponding log ,&H, and log P ~ H ,  values. In a separate 
experiment to further elucidate fluoride complexation behavior, p[H] 
and p[F] were measured as NaF was titrated into an acidic solution of 
L in KNo3 electrolyte. For the chloride binding constant determination, 
cryptand L in KCl electrolyte was titrated with HC1 while the p[H] 
was measured.38 The weighted average and associated error for the 
chloride binding constant log PCLH, (37.36(12)) were calculated on the 
basis of seven such titrations, with each data set containing 168-198 
data points collected over a p[H] range of 2-11. In a separate 
experiment, NaCl was titrated into an acidic solution of L in KNo3 
electrolyte while p[H] and p[C1] were measured. 

NMR Spectroscopy. IH and I3C NMR spectra were acquired on 
IBM AF-250 and Bruker AM-200 NMR spectrometers, and chemical 
shifts are reported relative to TSP in D20. A 2 Hz exponential line 
broadening was applied to I3C NMR fid's prior to Fourier transforma- 
tion. An Orion EA 920 pH meter and an Ingold combination pH 
electrode for NMR tubes were utilized in making pH measurements. 
Standard pH 4, 7 ,  and 10 buffers in H20 were employed in calibrating 
the electrode. Uncorrected pH meter readings are designated pH*. 

Harris, W. R.; Raymond, K. N. J .  Am. Chem. SOC. 1979,101,6534- 
6541. BETA requires estimates of the intrinsic error in the buret (a,) 
and the pH meter (umeter). The protonation and fluoride binding 
constants reported here were computed using u, = 0.015 mL and umeter 
= 0.03 OH unit. and the chloride binding constant was comDuted using - I 

uv = 0.01 mL and ummeter = 0.03 pH unit. 
We included the association constants for HF ( K  = [HFl/[Hl[Fl, log 
K = 2.94) and HF2 ( K  = [HF2]/[HF][F], log K = 0.57) obtained from 
ref 35 when refining the L-fluoride binding constants and calculating 
the species plot in Figure 4. Due to the high fluoride affinity of 
protonated L, formation of HF and HF2 is not observed. 
Titration curves of L in KNO3 at a 1:l L:C1- ratio were identical to 
those obtained in KNO3 alone. Therefore, the chloride binding constant 
was determined using KCI as the supporting electrolyte, and the total 
chloride concentration used in the calculation was 0.11 M. 
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n equilibrium P,, log K H n  equilibrium PKH, log PFLH. equilibrium KXLH. X = F- x = c1- 

1 [LHl/[Ll[Hl 11.18( 16)' 
2 [LH21~[LHI[Hl 9.43(08) 
3 [LH31/[LHzI[Hl 7.59(07) [XLH31/[LH3I[Xl 3.6(4) 
4 [LH41~[LHd[HI 5.78(02) [FLH4lI[FJ-H3I[Hl 7.31(03) [XLH41/[LH4l[Xl 5.1(4) 
5 [~HsI/[FL%I[Hl 5.89(05) [XLH5]/[LHs][XId 28.8(4) 2 1.2(3) 
6 [LH61/[LH41[H12 4.39(33) [ ~ H s l l [ n H s l [ H ]  4.56(04) [XL&I/[LH61 [XI 1 1.2(5) 

a 0.1 M m o 3 ,  25.0 "C. 0.1 M KCl, 25.0 OC. Numbers in parentheses are the standard deviations in the least significant figures. Reference 
65 lists values for log ~ F L H ~  and log /hi,. The estimates for log K X L H ~  were obtained by assuming the two-proton step, LH4 + 2H+ * LHs, could 
be broken down into two single-proton equilibria, in which the first is 54.39/2, and their sum is 4.39. 

Solutions of cryptand (-25 mM initial concentration) were prepared 
in 0.1 M m o 3 ,  KCl, or KF in DzO. Solution pH was adjusted with 
DNO3, DCI, or NaOD. For the constant-pH fluoride titrations, the 
fluoride concentration of the solutions was adjusted through addition 
of a solution of KF in DzO, and the pH was readjusted after each 
addition of KF. 

The 'H spectrum of L at pH* 11.29 exhibits resonances at 6 2.82 
(s), 2.72 (m), and 2.55 (m) ppm. The singlet at 2.82 ppm is 
unequivocally assigned to H,. Protons Ha (2.55 ppm) and Hb (2.72 
ppm) are assigned on the basis of comparison to l-methylpipera~ine~~ 
and to N-methylated ethylenediamine~.~~ Carbon assignments of L at 

49.5 (Cc), 49.0 (C,) ppm], and pH' 11.3 [6 55.5 (Ca), 51.6 (C,), 49.3 
(Cb) ppm] are based on selective 'H-I3C decoupling experiments. 
Selective decoupling experiments in the presence of fluoride ion were 
conducted at pH* 4.4 [6 53.0 (Ca), 48.9 (Cb), 48.2 (C,) ppm] and pH' 
5.3 [6 53.2 (CJ, 48.9 (Cb), 48.8 (C,) ppm]. These carbon and proton 
assignments are further supported by the fact that carbons a to tertiary 
amines resonate further downfield than those a to secondary amines.41 

Molecular Mechanics. Molecular mechanics calculations were 
performed to determine the optimum cavity size for metal ion 
complexation by the unprotonated ligand. The conformation observed 
in the crystal structures of both the free ligand33 and the fluoride 
complex30 was used, and this is the expected conformation for minimum 
strain coordination of an anion. In these calculations, only the six 
secondary amines were bonded to the metal, as observed in the fluoride 
cryptate structure. To accomplish this, energy minimizations were 
carried out as a function of M-N bond length at 0.1 8, intervals from 
1.9 to 3.6 8, by fixing the M-N bond lengths to the desired value and 
setting their stretching force constant to 99 mdyn/A."-" Molecular 
mechanics calculations were performed with the MM2 pr0gram.4~ Input 
files were modified to allow the number of attachments to the metal 
atom to be greater than 4.& The input files were also modified to 
reproduce the model used in other calculations of transition metal- 
amine c ~ m p l e x e s . " ~ - ~ ~  These modifications included the replacement 
of N-M-N bond angles with N to N nonbonded interactions, setting 
the MM2 cubic stretch and stretch-bend terms to zero and assigning 

PH' 4.4 [6 54.0 (Ca), 49.2 (Cc), 48.9 (Cb) ppm], pH* 5.5 [6 54.2 (Ca), 
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Figure 1. Potentiometric p[H] titrations of L in the absence (curve a) 
and presence of fluoride ion (curve b). Ion-selective-electrode p[F] 
measurements in the presence of fluoride ion are shown as curve c. 
Circles, triangles, and squares indicate observed data while lines show 
calculated data. a is defined as mmol of base/mmol of L. For clarity, 
only every third data point is shown. 

a 

metal-dependent  parameter^.^^-^^ The program Chem3D Plusso was 
used to build initial sets of molecular coordinates and to plot the energy- 
minimized molecular coordinates obtained from the calculations. 

Results and Discussion 

Cryptand Protonation. Cryptand L is a polyfunctional base, 
and consequently the extent of protonation increases as solution 
pH decreases. Protonation constants for L were derived from 
potentiometric p[H] titration data5' (Figure 1, curve a circles) 
and are listed in Table 1. The species distribution diagram in 
Figure 2 illustrates the p[H] ranges over which the various 
cryptand protonation states exist. Since L possesses eight 
nitrogen atoms, it could be expected to bind up to eight protons 
to give the species LH8.52 However, under the employed 
experimental conditions LHs is the most protonated form of 
the ligand observed. Curve a of Figure 1 is best fit using a 
model in which the sixth protonation of L is coincident with 
the fifth. Therefore, the equilibrium @$ shown in Table 1 is 
formulated to involve two protons and no value for log i P 5  is 
listed.53 Published protonation constants for cyclam and one 
of its tetrasubstituted derivatives include analogous two-proton 
e q ~ i l i b r i a . ~ ~ - ~ ~  

(50) Rubenstein, M.; Rubenstein, S. Chem3D Plus; Cambridge Scientific 
Computing, Inc.: Cambridge, MA, 1989. 

(51) Protonation constants determined in CsBr electrolyte are similar to 
those determined in m03. On the basis of the expectation that Cs+ 
and Br- are bound only weakly to the cryptand, we have assumed 
that neither K+ nor NO3- binds to L significantly. 

(52) Throughout this paper, charges have been omitted for clarity, and the 
free base L is a neutral molecule. 
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Figure 2. Species plot showing the protonation states of L as a function 
of p[H] where [L],,d is 2 mM. 

P[HI 

The unprotonated cryptand L is a strong base, as indicated 
by the high value of log PI .  Protonation constants log P 2 - 4  

steadily decrease in magnitude, reflecting a decrease in the 
basicity of L with each subsequent protonation. This decline 
is well established for polyazamacrocycles and is usually 
attributed to electrostatic and statistical factors which depend 
on structural aspects including amine spacing and macrocycle 
s i ~ e . ~ ' , ~ ~  Figures 1 and 2 indicate that the protonation of LH4 
is qualitatively different from the earlier protonation steps. This 
is illustrated by the wide p[H] range of 5.8-2.8 over which 
L& exists (see Figure 2 and the sharp breakpoint in curve a, 
Figure 1, at a = 2.0). Thus, protonation occurs in two distinct 
phases: a high-pH phase (L-Lb,  above pH 4) and a low-pH 
phase (LH4-LH6, below pH 4). 

The shift in cryptand resonances with pH was followed by 
'H NMR (Figure 3). These data were evaluated using the 
method of Sudmeier and Reilley,"O whereby chemical shifts are 
used to predict the percentage of protonation at secondary and 
tertiary amine sites. Whereas the significance of this method 
must be tempered by its applicability to conformationally 
restricted polyamines, the results suggest that secondary amines 
are protonated almost exclusively in LH through L b .  These 
NMR results also emphasize the distinct protonation behaviors 
above and below pH -4. As pH* decreases from 8.8 to 3.6 in 
Figure 3, the protonation state of L progresses from LH2 to 
LH4. A gradual downfield shift in all resonances is observed 
in this pH region, and proton exchange is fast on the NMR 
time scale. As the pH decreases further, three new IH 
resonances grow in and eventually replace the original reso- 
nances. Significant broadening in this pH region indicates that 
protonation is in intermediate exchange on the NMR time scale. 
This pH range corresponds to the protonation of L b  to give 
LH6 (Figure 2) .  

(53) Separate stepwise protonation constants for LHs and L& could be 
refined, but they were highly and inversely correlated. A species 
distribution diagram computed from these values indicated that the 
concentration of LHs in solution is negligible; its maximum concentra- 
tion never exceeds 5% of the total concentration of L. 
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1.951 

3'30 3.58 i". 
5.76 LH,+LH, 

6.75 LH, 

7'24]LHz + LH, 

7.96 

8.79 LHZ 

Figure 3. pH titration of cryptand L with DCI in 0.1 M KCl monitored 
by 250 MHz 'H NMR. The cryptand protonation states as determined 
from Figure 2 are listed at right. 

Protonation of L causes upfield shifts of the 13C NMR 
resonances: Ad -1.2 (CJ, -0.2 (Cb), -2.4 (C,) ppm as pH* 
varies from 11.39 to 2.43. In the I3C spectra, amine protonation 
generally results in the upfield shift of substituent alkyl carbons, 
particularly carbons p to the protonated a m i r ~ e . ~ ' , ~ ~  The I3C 
resonance of C, shifts the most, suggesting that it is the carbon 
most affected by amine protonation in this pH region. Because 
C, is the only carbon both p and a to secondary amines, the 
large upfield shift in its resonance suggests that initial proto- 
nation occurs primarily at the secondary amines. The less 
pronounced upfield shift of C,, which is p (but not a) to a 
secondary amine, is also consistent with secondary amine 
protonation. The resonance of cb is shifted the least because it 
is only a to secondary amines. These I3C NMR observations 
further support the conclusion that amine protonation from LH 
to LH6 occurs predominantly at the secondary amines. 

Simple electrostatic arguments would suggest that at least 
one tertiary amine would be protonated in LH4-6 to maximize 
the distance between positive charges. Thus, the preferential 
protonation of the secondary amines through LH6 appears to 
contradict expectations based on electrostatic considerations 
alone. The observation of two distinct phases of protonation 
also requires some explanation. We propose that above pH 4 
the secondary amines are oriented internal to the cryptand cavity 
and participate in an intramolecular hydrogen bond network. 
Upon protonation of LH4 below pH 4, this hydrogen bond 
network is at least partially disrupted, and the cryptand 
undergoes a major conformational change involving outward 
rotation of the secondary amines to reduce electrostatic repul- 
sions. 

Evidence for this hypothesis begins with the reported crystal 
structure of the ~ r y p t a n d . ~ ~  The cryptand was crystallized from 
a high-pH aqueous solution, and the secondary amines are 
hydrogen-bonded to a surrounding network of water molecules. 
The lone pairs of the tertiary amines are directed into the cavity, 
thus shielding them from significant interaction with solvent 

(59) Sarneski, J. E.; Surprenant, H. L.; Molen, F. K.; Reilley, C. N. Anal. 
Chem. 1975, 47, 2116-2124. 
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water molecules. In the structure the N-H protons are directed 
toward the center of the cavity, and the range of adjacent N-N 
distances is 2.93-3.04 A, which is well within the range of 
typical N-H**N hydrogen bonds. These data are consistent 
with a high-pH solution conformation in which the tertiary 
amine lone pairs and the secondary amine hydrogens are directed 
into the cavity. The 'H NMR data provide strong evidence for 
a substantial conformational change upon protonation of LH4, 
given that proton exchange slows and the resonances shift the 
most between LH4 and LH6.60 We propose that this confor- 
mational change breaks the intemal hydrogen bonds and rotates 
the amines extemal to the cavity. The conformational change 
helps to reduce electrostatic repulsions and simultaneously 
enables increased intemal van der Waals interactions of the 
hydrocarbon chains. The observed two-proton step is likely a 
result of the concomitant disruption of the intemal hydrogen 
bond network. The resistance to further protonation of dipro- 
tonated c y ~ l a m ~ ~ . ~ '  and a small monoprotonated aza cage 
molecule62 has been similarly attributed to intemal hydrogen 
bonds. The greater accessibility of the secondary amines 
suggests that positive charges on protonated secondary amines 
can be more effectively dissipated to the solvent through 
hydrogen bonds. Thus, favorable solvation, hydrogen-bonding 
effects, and the conformational change itself compensate for 
electrostatic repulsions and account for preferential secondary 
amine protonation. 

Fluoride and Chloride Binding. Titration of a stoichio- 
metric mixture of L and (TMA)F with HNO3 proceeded while 
two different electrodes were used to simultaneously measure 
both p[H] and p[F] (Figure 1, curves b and c, re~pectively).~~ 
This method provides two independent measures of key solution 
species (free H+ and F-) as a function of added titrant. A model 
which includes the previously determined protonation constants 
and four fluoride complexes mH3-6 was used to fit the p[H] 
data,36 and the log KFLH, values are listed in Table 1 .64 In turn, 
these constants were used to calculate solution p m  as a function 
of a (Figure 1, solid line of curve c). The close agreement 
between this calculated p[F] curve and the aforementioned 
observed p[F] curve is further indication that the binding 
constants determined from the p[H] data provide an accurate 
model of the species in solution. The protonation and fluoride 
stability constants in Table 1 predict the p[H]-dependent solution 
speciation of cryptand and fluoride complexes plotted in Figure 
4.37 

The fact that curve b lies above curve a for a = 0-4 in Figure 
1 indicates that protonation of L is more favorable in the 
presence of fluoride in this pH range. The values of the 
protonation constants (log KHFLH,) for L-fluoride complexes 
are listed in Table 1. Comparison of the affinities of LH3 and 
FLH3 for protons indicates that fluoride binding increases this 
affinity by a factor of A similar comparison of the 
diprotonation of LI-L, and FLI-L, reveals an increase by a factor 
of lo6,'. The following equations further illustrate these 
comparisons and demonstrate the synergistic binding of protons 

(60) Similar results are observed in both C1- and NO3- media with slightly 

(61) Micheloni, M.: Paoletti, P.: Vacca, A. J. Chem. Soc., Perkin Trans. 2 
different chemical shifts. 

1978, 945-947. 
(62) Ciampolini, M.; Micheloni, M.; Vizza, F.; Zanobini, F.; Chimichi, 

S.; Dapporto, P. J .  Chem. Soc., Dalton Trans. 1986, 505-510. 
(63) No significant interaction between L and the tetramethylammonium 

cation is expected. 
(64) Use of p[H] data to determine the fluoride binding constants is 

preferable to using p[Fl data because the p[H] range where the fluoride 
species are important is well within the accurate operating range of a 
p[Hl electrode, whereas the p[F] range approaches the lower limit of 
fluoride ion detection of the fluoride electrode. 
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Figure 4. Species plot showing the cryptand-fluoride complexes as 
a function of p[H] where [Llt0d = [F-Itotal = 2 mM. 

and fluoride ion in the cryptand: 

[FLH,]'+ + [LH4I4+ = 

[FLHJ3+ + [LH6I6+ 

[FLH4I3+ + [LH3I3+ log K = 1.53(03) 

+ [LH4I4+ log K = 6.1(3) 

These equilibria also emphasize the increasing fluoride 
affinity as the degree of protonation increases. Examination 
of the species plots (Figures 2 and 4) reveals that the maximum 
concentration of LH4 occurs at pH 3.5 while the maximum 
concentration of FLI-L, occurs at pH 6.5. This cooperative H+/ 
F- binding provides for total reversibility of the extent of 
fluoride binding through pH adjustment. 

Determination of the L-chloride binding constant is com- 
plicated due to the low affinity of the cryptand for chloride. As 
a result, the binding constant could not be determined under 
stoichiometric conditions. However, the ClLH5 binding constant 
could be determined in the presence of a 55-fold excess of 
chloride. This value is listed in Table 1. A value for log 
could not be computed from the data. Because the two-proton 
step between LH4 and LH6 discussed above precludes deter- 
mination of log K H 5 ,  Table 1 lists only the lower limits to the 
chloride and fluoride binding constants log KXLH~. The equi- 
librium expression for F/Cl- exchange is shown in the following 
equation? 

[C1LH5I4+ + F- -p [FLHSl4+ + C1- 

Thus, the cryptand exhibits 7 orders of magnitude selectivity 
for fluoride over chloride. 

Figure 5 illustrates further the strength of fluoride complex- 
ation in comparison to chloride. As NaF is titrated into a 
solution of L at low p[H], p[F] (curve a) remains high before 
the breakpoint at a =1, indicating that the first equivalent of 
fluoride is strongly bound by L to form a 1 : 1 fluoride complex.66 
Also evident at a = 1 is a sharp discontinuity in the p[H] curve 
(curve b). This significant increase in p[H] as fluoride is added 
up to a = 1 illustrates the cooperative H+/F binding referred 

log K = 7.6(3) 

(65) The values for the overall formation constants /?XLH~ = [XLH5]/[LH+ 
[XI (where X is F- or C1-) are log P ~ H ,  = 45.0(3) and log /?c~LH~ = 
37.36( 12). 

(66) L is expected to bind Na+ at high p[H], but not in the acidic p[H] 
range of this experiment. NaF was therefore used in lieu of (TMA)F 
because the former may be obtained as a primary standard. 
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Figure 5. Potentiometric titrations of L with fluoride ion (curve a, 
p[F]; curve b, p[H]) or chloride ion (curve c, p[Cl]; curve d, p[H]). a 
is defined as mmol of halide/mmol of L. 
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Figure 6. pH titrations of cryptand L in 0.1 M KF, KC1, and K N 0 3  
monitored by 250 MHz 'H NMR. 

to above. Once the cryptand-fluoride complex is formed, 
further addition of fluoride beyond a = 1 causes only very small 
changes in p[H]. Fluoride in excess of 1 equiv (a > 1) exists 
unbound in solution, as indicated by the low p[F]. This is 
consistent with the 1:l fluoride cryptate observed in the crystal 
structure.30 When NaCl is titrated into a solution of L at low 
p[H], the p[C1] curve (curve c) is much lower than the p[F] 
curve (curve a) up to a = 1 and has no sharp breakpoint. This 
is in sharp contrast to the p[F] curve (curve a). Similarly, there 
is no discontinuity in the p[H] curve (curve d). Thus, there is 
no evidence for the formation of a robust chloride complex. 

The relative shifts of the 'H resonances as a function of pH* 
in 0.1 M KN03, 0.1 M KC1, and 0.1 M KF are depicted in 
Figure 6. The 'H resonances of L shift the least in the presence 
of NO3- on adjustment of pH from high (where no binding of 
anions to cryptand occurs) to low values (where anions may 
bind). Slightly greater changes in 'H chemical shifts are seen 
for L in 0.1 M KC1 relative to those for L in 0.1 M KNO3, 
indicating that the chloride ion binds to protonated cryptand 
more strongly than the nitrate ion. Substantially larger changes 
in chemical shift are observed for cryptand in 0.1 M KF as pH 
is lowered, reflecting the stronger binding of fluoride to 
cryptand. Above pH* 9, the chemical shifts of the three proton 
resonances are essentially the same in all three electrolytes. This 
supports the model represented in the speciation plot (Figure 

J U  1.111 

0.911 

3.8 3.6 3.4 3.2 3.0 2.8 2.6 
PPm 

Figure 7. Titration of cryptand with KF at pH' 4.0 f 0.1 monitored 
by 250 MHz 'H NMR. Letters above resonances refer to proton 
assignments of L, and the flu0ride:cryptand ratio is listed at right. 

4), which indicates that fluoride is not bound to L at pH 10. As 
the pH is lowered, L becomes increasingly protonated and 
thereby more able to bind anions. Thus, the relative strength 
of interaction of L with the respective anions becomes more 
apparent by 'H NMR as pH is lowered. 

Incremental additions of fluoride to solu~ons of cryptand were 
followed by 'H NMR spectroscopy while pH* was maintained 
at 4.0, 5.5, and 7.3. The spectra at pH* 4.0 are illustrated in 
Figure 7. As fractional equivalents of fluoride are added, new 
resonances proportionately grow into the 'H NMR spectra as 
the three resonances due to free cryptand disappear. Here the 
proton resonances for free and fluoride-bound cryptand are in 
slow exchange on the NMR time scale. 'H NMR at pH* 5.5 
suggest intermediate exchange while at pH* 7.3 exchange is 
fast. The progression from slow to fast exchange with increas- 
ing pH corresponds with the decreasing cryptand affinity for 
fluoride. Other heteronuclear NMR studies are in progress to 
further elucidate the exchange behavior. 

We have used molecular mechanics calculations to estimate 
the strain energy of L as a function of cavity size. The results 
of the modeling study are illustrated in Figure 8, where the total 
strain energy is plotted as a function of M-N distance from 
1.9 to 3.6 A. Conformational integrity was verified by 
generating Chem3D Plus views from the MM2 output files of 
the energy-minimized structures. This same geometry achieves 
the expected configuration for minimum strain coordination of 
an anion by the fully protonated form of the ligand where all 
N-H * *F bonds would be close to linear. The minimum strain 
energy for this conformation of the ligand occurs at a M-N 
distance of 2.91 A. It is interesting to note that the optimum 
M-N distance predicted by these calculations is nearly identical 
to the median N-F distance of 2.81 A observed in the FLh 
crystal structure.3o This is not surprising, given that the 
minimum strain cavity size for metal ion complexation occurs 
when the nitrogen donor groups are closest to their desired 
tetrahedral geometry with lone pairs oriented toward the center 
of the cavity. The predicted increase in strain energy from the 
fluoride cryptate N-F distance of 2.81 8, to the average N-C1 
distance of 3.23 A is 10.2 kcavmol, suggesting that, in this 
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Figure 8. Strain energy of cryptand L as a function of metal-nitrogen 
bond length calculated by MM2 (circles). The solid line is the best-fit 
line: strain energy = 1013.8 - 674.95(M-N bond length) + 115.85- 
(M-N bond length)2. Point A is the median N-F hydrogen bond length 
in the F%Hg fluoride cryptate crystal structure3o and point B is a typical 
N-Cl hydrogen bond length.I5 

conformation, L exhibits a significant steric preference for 
fluoride ion over chloride ion. 

The demonstrated selectivity and the extraordinary binding 
constant of the cryptand are largely due to an ideal cavity size 
match and to the small size of fluoride relative to the other halide 
ions. The small size of fluoride gives rise to strong fluoride 
hydrogen bonds and thus short hydrogen bond lengths (2.92 8, 
for F-N vs 3.23 8, for Cl-N)I5 and to a high hydration energy 
(-103.8 kcaYmol for F- vs -75.8 kcal/mol for Cl-).67 Also, 
the total charge on the cryptand is an extremely important factor. 
As successive protons are added to the cryptand-fluoride 
complex, they significantly enhance the binding of fluoride, and 
the fluoride ion likely reduces the charge repulsion in the 
protonated cryptand. This effect becomes more pronounced at 
lower pH’s, where the cryptand is more highly protonated. The 
cryptand provides as many as six positive charges in ideal 
positions for hydrogen bonding and thus presents an optimal 
environment to the fluoride ion. 

Comparison of the magnitude of the L-fluoride binding 
constants with those of other cryptands and nitrogen macrocycles 

(67) Free energies of solvation for the process X-(g) - X-(aq) are -103.8 
and -75.8 kcaUmol for X- = F- and C1-, respectively: Goldman, 
S.; Bates, R. G. J .  Am. Chem. SOC. 1972, 94, 1476-1484. 

Inorganic Chemistry, Vol. 34, No. 3, 1995 515 

indicates that L is exceptionally well suited to bind fluoride. 
Previously, the highest reported aqueous fluoride-cryptand 
association constant was for hexaprotonated 0-BISTREN (log 
KFLH~ = 4.1).15 The larger fluoride binding constant of L is 
attributed to the improved fit of fluoride in its smaller cavity. 
The highest reported macrocycle association constant measured 
in nonaqueous media is for the expanded porphyrin sapphyrin 
(log KEH, > 108).22 Differences in fluoride solvation in organic 
solvents greatly influence binding affinity and preclude direct 
comparison with aqueous systems. 

Conclusion 

Dietrich’s crystal structure of the fluoride cryptate30 and the 
magnitude of the fluoride binding constant for LH6 measured 
here strongly suggest that the fluoride ion binds inside the 
cryptand cavity in aqueous solution. Comparison of the proton 
NMR data for the cryptand which show large shifts upon 
addition of fluoride and small shifts upon addition of chloride 
(relative to nitrate) suggest that chloride does not bind inside 
the cryptand cavity. The low binding constant for chloride and 
the increase in strain energy of the ligand predicted upon 
chloride binding further support this conclusion. Dietrich’s 
crystal structure illustrates a median N-F distance of 2.81 8,, 
which is typical of N-H* *F hydrogen bonds, and the distance 
from the cavity center to all secondary amines in the crystal 
structure of the free ligand is 2.82 8,. Thus, the selectivity is 
primarily associated with the ideal match of the cryptand cavity 
with the size of the fluoride ion. 

and the 
fluoridekhloride selectivity ( 1079  of this cryptand in water are 
unprecedented. The pH-controlled reversibility of fluoride 
binding in the cryptand system (see curve F in Figure 4) yields 
an important advantage when applications in separations 
chemistry are considered. We are in the process of covalently 
attaching this cryptand to polymeric materials to explore 
potential applications. We are also derivatizing the secondary 
amines to explore the effects on anion and metal binding. 
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