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A novel crown ether precursor was developed in which a rigid 4-oxa-

hexacyclo(5.4.1.26.3'10.05'9.08,11)dodecyl cage moiety ("cage functionality") was 

incorporated. Two (17-crown-5) ethers were synthesized which used this precursor as a 

component of a macrocyclic poly ether ring. A spectrophotometric method that measured 

the extraction properties of coronands toward Li+, Na+, K+, Rb+, and Cs+ picrates (alkali 

metal picrates) was implemented as a means of evaluating the capabilities of the 

synthesized coronands as extractant molecules ("host-guest" compounds). Extraction data 

obtained for the (17-crown-5) ethers was compared with that obtained for simple model 

compounds which did not possess a cage functionality. 

Nitrogen-containing coronands were also produced which contained the 4-oxa-

hexacyclo(5.4.1.26.3,1°.05'9.08'u)dodecyl cage functionality. A cage functionalized 

monoaza (20-crown-6) was synthesized via deprotection of the corresponding Af-tosylaza 

(20-crown-6) precursor compound. A A/,JV',AP'-tosylaza (20-crown-6) coronand was also 

produced. Additionally, a diamine coronand precursor and an N,N' -ditosylazacoronand 

precursor were synthesized for further work. 

A series of new cage-functionalized, bis(monoaza-) and bis-(diazacrown) ethers 

were synthesized and evaluated as alkali metal picrate extractants. Several previously 

unknown diaza(12-crown-4) ethers were prepared and employed as model compounds in 

extraction studies. 



A cage-functionalized cylindrical cryptand and a model compound were also synthesized. 

Extraction studies on the cylindrical cryptand show a high extraction avidity for Na+ 

picrate, and moderate avidities for Li+, K+, Rb+, and Cs+ picrates. 
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CHAPTER ^INTRODUCTION 

It happens frequently that the frontiers of scientific endeavor advance through the 

careful observation of unexpected phenomena. Such was the case on July 5,1962, when 

C. J. Pedersen isolated an unusual crystalline by-product from a reaction mixture and later 

carefully explored its interesting properties.1 Pedersen reacted a monoprotected catechol 

with 2-chloroethyl ether, thereby hoping to prepare bis [(2-o-hydroxyphenoxy)ethyl ether 

1. 

OTHP 

O CI l.NaOH, BuOH 
j)— OH + j j 2. deprotection 

rn 
LAJ r ' 
Figure 1. An Unexpected Result. 

Compound 2, a minor reaction product, was isolated and subsequently characterized as a 

macrocyclic polyether. Its formation was attributed to the presence of unprotected catechol 

in the starting material. The unintended condensation of two chloroether units with two 

catechol molecules in an alternating cyclic fashion can be explained readily. Pedersen, 

however, estimated that the catechol impurity was present only in minor amounts, thereby 

rendering the relatively high yield of cyclized product a curiosity in itself.2 



Of greater interest was the observation that 2 formed stable complexes with alkali 

metal cations. Pedersen desired compound 1 as a phenolic complexing agent for alkali 

metal cations, and he was surprised when his impurity showed favorable complexing 

behavior, yet its IR spectrum indicated the absence of hydroxyl fuctionalities.3 Moreover, 

the alkali metal complexes showed surprisingly high solubility in organic solvents. 

Pedersen later termed this type of macrocyclic polyether a "crown ether", and he envisioned 

that the ring rests upon the "head" of a metal cation. 

A variety of such polyethers had been reported in the chemical literature prior to 

Pedersen's serendipitous discovery. Luttringhaus synthesized compound 3 in the 

1930's, although he did not investigate its ligating properties.412-Crown-4 was produced 

via cyclooligomerization of ethylene oxide in the 1950's, but at that time, was only deemed 

"valuable as a high boiling neutral solvent".5 This useful compound languished in the 

patent literature until the time of Pedersen's work. 
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Figure 2. Compounds predating Pedersen's discovery. 



The family of "glyme" solvents, of which monoglyme (1,2-dimethoxyethane) and 

diglyme (diethylene glycol dimethyl ether) are the most extensively utilized members, have 

been known since 1925.6 These solvents are superior to THF in solvent power in many 

applications. The enhanced solvent ability of glymes toward ionic species is attributed to 

the stabilization effect brought on by coordination between metal cations and the lone-pair 

electrons on the ether oxygens. 

Useful solvent properties are also displayed by simpler ethers such as diethyl ether 

and THF, traditionally the solvents of choice for Grignard and other organometallic 

reactions. A number of naturally occurring materials are intriguingly similar to crown type 

compounds. Most notable examples are the porphyrins, derivatives of porphine 4 and the 

antibiotic valinomycin 5. Compound 5 forms a selective complex with potassium cations 
IT 

and transports potassium through biological membranes against concentration gradients.7 

Pedersen's findings were published as a detailed paper cataloging the synthesis of 

around fifty new crown compounds.8 Additionally, he described the complexes that were 

formed between these compounds and such cations as the alkali metals, Ag (I), Hg (I), Hg 

(II), Pb (II), and the alkaline earth metals. This new class of materials displayed an 

astonishing ability to form complexes with hard cations such as those in the alkali metal 

group. Such ion-dipole interactions were unknown before this time.9 

Pedersen detailed what would become the basic tenets of host-guest chemistry. IR 

spectra indicated the absence of hydroxyl fuctionality. He achieved high reaction yields in 

the face of entropic disadvantages. Pedersen stated: "The ring closing step, either by a 

second molecule of catechol or a second mole of bis(2-chloroethyl) ether, was facilitated by 

the sodium ion, which by ion-dipole interaction 'wrapped' the molecule around itself in a 

three-quarter circle and disposed them to ring closure."10 This concept of cation-mediated 

cyclization now is known simply as the "template effect". 



Pedersen noted that the stability of the complex formed between the crown 

compound and its "guest" is a function of the ability of the guest species to fit within the 

constraints of the macrocyclic ring's cavity.11 The idea of a 'size-fit' relationship obviously 

is important to the design of selective extraction agents. Pedersen even produced crown-

type compounds that contain sulfur as a substitute heteroatom in the crown ring.12 

The similarities between valinomycin's mode of action in the body and the abilities 

of Pedersen's materials to form stable complexes with various cations were noted by 

Lehn.13 By working under the hypothesis that a three-dimensional cavity would result in 

increased complex stability, Lehn embarked upon the synthesis of the "cryptands". 

These compounds typically employ a pair of nitrogen atoms as bridgeheads along with 

polyether spanning units. Lehn also extended his work to the previously unexplored field 

of anion extraction.14 The emphasis of Lehn's work became the careful design of receptors 

intended for specific targets. He termed this pursuit of selective complexing materials the 

field of "supramolecular chemistry". 

An example of Lehn's first cryptand synthesis is given below:15 
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Figure 3. Lehn's first cryptand synthesis. 

1.C1C0(CH2)20(CH2)20CH2C0C1; ii. B ^ ; iii. H+, OH" 



Lehn's contribution was followed by a tremendous increase in the number of 

researchers in the field of supramolecular chemistry. The preorganization of ligating 

heteroatoms in cryptands inspired others to explore many variations on this theme. 

Compounds that incorporate multiple crown ether units in one molecule (the 

macropolycyclic polyethers) display especially intriguing properties. A recent review 

surveys the scope of the applications of macropolycyclic polyethers; The structural 

complexity attendant with these compounds is both beautiful and humbling.16 

An important application of crown compounds was developed by Donald J. Cram. 

Cram had already distinguished himself through his work with optically active materials, 

and he hoped that crown ethers could be used as agents for chiral resolution and 

separation. Cram and his coworkers used space-filling models to aid their design strategy 

through careful consideration of the interplay between host and guest species.17 In this 

way, the gap between synthetic chemistry and biochemistry was narrowed. Cram began by 

designing materials that could (on a simpler level) selectively complex enantiomers and 

thereby partially resolve a racemic mixture. This capability lies within the miraculous 

province of enzymes. A notable achievement was the synthesis of a "man-made" enzyme, a 

basket-shaped molecule that successfully mimicked the function of the natural enzyme 

chymotrypsin.18 

A variety of strategies have been devised by various groups in chiral macrocyclic 

polyether design. The first crown ether that contained optically active components was 

reported in 1972 by Wudl and Gaeta.2 These workers incorporated L-proline units into 

diazacrown 9. A number of crown compounds containing carbohydrate residues are also 

known.19 As a host of optically active sugars are plentiful and inexpensive, this seems to be 

a useful approach. Compound 10 below is a £)-mannitol-containing 22-crown-6.20 

The most widely recognized method used to prepare chiral macrocyclic polyethers 

involves Cram's use of 1,1' bisnaphthol moieties. The axial chirality exhibited in such 



atropisomeric systems is responsible for the enantiomeric discrimination seen therein. The 

required 2,2'-dihydroxy-l,r-binapthyl can be prepared readily from 2-napthol. This diol 

can be incorporated into crown compounds in the same manner that has been used to 

incorporate other dialcohols. The chiral diol can be resolved via preparation of its 

monomenthoxyacetic ester or the corresponding cinchonine salt of its phosphate ester.21 

Compound 11 was used for enantiomeric resolution of racemic a-phenethylamine, and it 

was found to function stereoselectively.22 
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Figure 4. Chiral Coronands. 

Much of the research in the field of coronand chemistry has closely paralled the 

lines pursued by Cram and Lehn, who explored the applications and properties of 

macrocyclic polyethers and cryptands. In recognition of their contributions Donald J. Cram 



and Jean-Marie Lehn were jointly awarded the Nobel Prize in Chemistry in 1978 along 

with Charles J. Pedersen, the founding father of the field of host-guest chemistry. 

Classification of Crown Compounds. 

The field of crown chemistry contains its own jargon, which should be clarified. 

The original nomenclature system is attributed to Pedersen, who devised a simple set of 

rules by which crown ethers could be named.23 The system originally was applied to 

polyether macrocycles that contain only oxygen heteroatoms. The designation "X"-crown-

"Y", was used, wherein the value for X was the total number of atoms in the crown 

skeleton, and the value for Y describes the number of heteroatoms. It is assumed that 

ethylene units, -CH2CH2-, intervene, and even today the vast majority of crown ethers and 

related compounds display this substitution pattern. The repeating ethyleneoxy unit has 

important advantages over methyleneoxy and propyleneoxy units. Examination of 

methyleneoxy moieties reveals them to be ketal linkages, which are hydrolytically unstable. 

This is not an issue when propyleneoxy is the repeating unit, but heteoatom to guest 

binding ability seems to suffer as the heteroatoms are removed from each other via the 

introduction of additional intervening carbon atoms.24 

The usefulness of this methodology immediately becomes apparent when even the 

simplest examples are considered. IUPAC nomenclature for "18-crown-6" is 

1,4,7,10,13,16-hexaoxacyclooactadecane, a rather cumbersome designation which is not 

immediately helpful. However, in many cases, the use of unwieldy but unequivocal 

IUPAC nomenclature is necessary. Many crown ethers have been synthesized that contain 

both ethyleneoxy and propyleneoxy (-OCH2CH2-) bridges. 

Several families of polyether macrocycles have been recognized. The following 

terminology will be adopted herein: 



Crown Ether. The crown ethers contain a repeating ethyleneoxy unit and possess 

only oxygen atoms as heteroatoms in the macrocyclic backbone. Common members of this 

class include 12-crown-4, 15-crown-5, and 18-crown-6. 

Coronemd: This is a more general term that includes macrocyclic polyethers in 

which some or all oxygen atoms have been replaced by different heteroatoms. There are 

many examples in the literature of thiacrowns, which have one or more oxygen atoms 

replaced by sulfur25, and also azacrowns, which use nitrogen as a substitute for oxygen.26 

When considering polyaza- and polythiacoronands, as well as compounds having a mixture 

of different heteroatoms in the same ring, the reliance upon IUPAC nomenclature 

increases. 

Podand: While not strictly classifiable as crown ethers, podands are open-chain 

analogs of macrocyclic polyethers. Although these compounds do not bind to alkali metals 

as strongly as their cyclic counterparts, they nevertheless are effective complexing agents.27 

Podands are much more cost-effective as phase transfer catalysts and thus might serve 

effectively in industrial applications. 

CV> nnn 
Jo J 'S ° / r ° 0 O OCH3 
\ _ _ o ^ \ o ^ \ o O OCH3 

lr „ ty B i4 
A crown ether. A coronand. A podand. 

Figure 5. Nomenclature examples. 

Cryptand: Cage-like polycyclic crown compounds are known as cryptands when 

the linkages between bridgehead nitrogens are ethylenedioxy units. This distinction is 



needed to set them apart from the "in-out" bicyclic amines designed by Simmons and 

Park28 that lack ligating heteroatoms in their bridging arms. A simple system for naming 

these compounds is in common use, wherein the cryptands are named from the number of 

heteroatoms in the bridging arms. Thus, 15 is termed "[2.2.2]-cryptand." 
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Figure 6. Examples of a cryptand (15)15 and a lariat coronand (16). 

Lariat coronands and bis-crowns: These are modifications of the cryptand design 

wherein complexation sites are present that extend beyond those in the polyether ring. 

Lariat coronands possess pendent arms attached at one end to the macrocyclic ring, while 

bis-crown ethers contain two separate crown moeities situated within the same molecule. 

O N 

N A N 
\ _ / V 7 17 

Figure 7. A Cylindrical Macrocyclic Polyether.31 

Three ring systems interacting in one molecule. 
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The bis-crowns have the ability to form intramolecular 2:1 ("sandwich-type") complexes in 

solution and thus may show unique ligating behavior. 

Cryptates: A distinction must be made between cryptands, which are uncomplexed 

bicyclic crown compounds, and cryptates, which are complexes that contain these 

materials. 

Cylindrical macrotricyclic poly ethers:: The strong binding ability of cryptands has 

led to the design of multidentate macrocyclic ligands that possess increasingly elaborate 

topology. Recently, cylindrical macrotricyclic polyethers have become viable synthetic 

targets, and a variety of synthetic strategies have been developed with this end in mind. 

Such compounds consist of two coronand rings linked together by two bridging arms.30 

This design allows considerable room for modification; in this way, complexation 

characteristics can be "fine tuned" to a certain extent. Cylindrical macrotricyclic polyethers 

contain two cavities in the coronand rings which may be "cinched up" or "let out" by 

incorporating longer or shorter bridging units between the coronands. The synthesis of 

these interesting materials will be discussed subsequently in greater detail. 

Synthesis of Macrocyclic Polyethers and Related Materials. 

The predominant reaction utilized to prepare crown ethers is the Williamson ether 

synthesis. This reaction is well understood, and there are myriad accounts of the 

Williamson synthesis in the literature.32 It is a classic example of SN2 

substitution reaction wherein a nucleophile (an alkoxide) attacks a substrate carbon site that 

bears a suitable leaving group; inversion of configuration occurs at the reaction site in the 

substrate. A typical example of a crown ether synthesis employs NaH to form the 

dialkoxide of a polyethylene glycol in an inert solvent such as THF.33 A THF solution of a 

polyethylene glycol ditosylate or dihalide is added slowly by means of an addition funnel, 

and the resulting reaction mixture is refluxed until the reaction has progressed to 
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completion. A useful manual describes relevant synthetic procedures that have been 

employed in this connection.34 

It was soon recognized that the ease with which long-chain polyethers can be 

cyclized is a notable phenomenon. Large rings traditionally have been formed in highly 

dilute media to favor the statistical probability of intramolecular cyclization vs. 

intermolecular oligomerization. Early workers recognized that reaction yields could be 

optimized through judicious selection of metal cations present in the reaction system; in 

such instances, the use of high dilution conditions is not necessary.35 

OTs 
.0 
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(X 

-OTs 

O O 

<X 

Figure 8. Cation mediated polyether cyclization: The Template Effect. 

Evidence suggested that a template effect was in operation. This concept was first 

suggested by Greene36 and was investigated in two important ways. First, the effect of 

concentration on reaction yield was probed by synthesizing 18-crown-6. At first, this 

crown ether was synthesized by using a solution of 0.04 M in starting reactants in an 

appropriate reaction solvent. Subsequently, the concentration of reactants was increased to 

0.09 M. The reaction yields thereby obtained were similar despite the fact the concentration 

of the starting materials had been doubled. This finding suggests that intermolecular 

reaction is not increased to a great extent when the reaction is run at higher reactant 
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concentrations. Next, a crown-forming reaction that employs KO-*bu as base was 

compared to one using (/zBu)4N
+OH'. Greene36 observed that although the ratios of the two 

products seen in both reactions (18-crown-6 and 21-crown-7, respectively) were 

comparable in both experiments, the yields and reaction rates were significantly lower in 

the latter case. This result suggested that some cations promote cyclization more effectively 

than others. 

Another study by Mandolini and Masci also investigated the template effect. They 

cyclized the same starting material to benzo 15-crown-5 by using various hydroxide bases. 

Through analysis of kinetic measurements performed for each separate experiment, 

they found a "size-fit" relationship between templating cation and precursor. 

Tetraethylammonium hydroxide was found to possess appropriate basicity to 

facilitate reaction, but the size of the (nBu)4N
+ cation is too large to template the potential 

ring system into a conformation useful for ring formation. Lithium cation from LiOH is 

also inefficient, because Li+ cation is too small to coordinate with the heteroatoms in the 

chain. Ma+ and K+ ions were found to be the most effective cyclization agents in this 

system.37 Such empirical data has been generalized to permit correlation of optimal 

coordinating cation template with desired ring size.38 

The role of the template effect in some circumstances can be dramatic. "Resinous 

gums" (assumed to be polymeric condensation products) were formed in the reaction 

between 1,11 diamino-3,6,9-trioxaundecane andpyridine-2,6-dicarboxaldehyde; The 

desired macrocycle was obtained in "good yield" when the reaction was templated with 

Pb(SCN) 39 
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Table 1. Correlation of target crown ether and cation template. 

Crown Ether Favored Cation Template 

(cavity size in Angstroms) (ionic diameter in Angstroms) 

12-Crown-4 (1.2) Li+ (1.20) Mg++(1.30) 

14-Crown-4 (1.2-1.5) 

15-Crown-5 (1.7-2.2) Na+ (1.90) Ca^ (1.98) 

18-Crown-6 (2.6-3.2) K+ (2.66) Sr" (2.26) 

21-Crown-7 (3.4-4.3) Rb+ (2.96) Ba~ (2.70) 

Cs+ (3.38) 
* 

An interesting result was noted by Desvergne and Bouas-Laurent40 when they tried 

to cyclize compound 18 to form the unusual 12-crown-4, i.e., 19 (figure 9). The 

photochemically allowed [2 + 2] cycloaddition was only successful when photolysis was 

performed in the presence of Li+ cation! They stated that "in the presence of LiC104, used 

in slight excess (2-5 equivalents), irradiation of [18] gives the photoisomer [19] ...which 

W 
/ \ - 0CH2(CH20CH2)2CH20 

18 

f ) hv, LiC104 

19 
Figure 9. The template effect produces an unusual 12-crown-4. 
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is then 'cation-locked'". Apparently, ion-dipole interactions between Li+ and oxygen result 

in a suitable conformational alignment to allow the photochemical reaction. 

Three general strategies have been used to prepare coronands and the related three 

dimensional macrocycles (cryptands, cylindrical macrocycles, etc.). The first method relies 

upon the templating effect discussed previously. The cavity dimensions of the target 

compound are estimated, and an appropriate metal cation is chosen that has an ionic radius 

which closely approximates the target compound's ring interior. This is the procedure of 

choice when preparing all oxygen-containing crown ethers and thiacoronands. 

The second method is the two-step condensation method. This technique is often 

employed to synthesize nitrogen-containing coronands. A useful review of azacoronand 

synthetic methods is given by Gokel, et al.M Initial condensation between a primary amine 

and an acid chloride affords a secondary amide which subsequently is reduced to the 

desired secondary amine. Polymerization by-products are an obvious hazard that 

accompanies reactions between Afunctional amines and acyl chlorides. This undesired 

side-reaction generally can be minimized by using the high-dilution method described 

below. 

The two-step condensation method described above is essentially a protection/ 

deprotection scheme designed to circumvent over-alkylation of the primary amine. It has 

additional advantages in that (i) chromatographic purification of amides is much easier than 

that of amine mixtures, and since (ii) the second reductive step often can be performed in 

essentially quantitative yield. 

A useful modification of the two-step condensation method is the technique 

developed by Richmond and Atkins.42 Tosylamides first are deprotonated by using an 

approriate base (e.g. NaOEt or NaH) and then are reacted with a polyethylene glycol 

disulfonate or dihalide. The reduced reactivity of tosylamide salts toward polyethylene 
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glycol ditosylates (relative to the Schotten-Bauman type condensation mentioned above) 

results in high yield of the cyclization product. 

Ts N 
N ' +Na 

] N Ts 
DMF, 100C° 

20 

Tss / \ ,Ts 
.N 

Ts ' \ / Ts 

reduction 

H / \ H 
• N N. 

h ' \ / h 

Figure 10. A two step condensation: The Richman-Atkins procedure. 42 

21 

The azacoronand is obtained after reduction of the iV-tosylazacoronand. Lithium 

aluminum hydride in refluxing THF provides a useful reducing agent for this purpose.43 

Alternatively, a mixture of HBr/HOAc in the presence of excess phenol can be used,44 as 

can dissolving metal reduction performed in NH3/ THF45 In practice, a primary amine can 

be converted into a primary tosylamide by using a typical protocol.46 Thus, a purified 

tosylamide is converted into to its Na+ salt, which subsequently may be isolated or can be 

used in situ. Dimethylformamide (DMF) is a useful solvent for this purpose. 

A useful alternative procedure has been reported by Lukyanenko and coworkers. 

Many coronand preparations require anhydrous solvents and carefully dried equipment. 

Water can react with sensitive bases like NaH, which are often used in stoichiometric 

quantities to avoid side reactions. Traces of water may also solvate cations in the reaction, 

thereby reducing their potency as templates. The improved procedure reported by 
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Lukyanenko, et al. employs phase transfer catalysis (PTC) in the tosylamide cyclization 

step. The reported yields of coronands prepared by using this procedure are impressive.47 

Inexpensive (n-Bu)4N
+ halide salts are used as phase transfer catalysts and are dissolved in 

water along with LiOH, NaOH, and KOH. Toluene solutions of the tosylamide and 

ditosylate reactants are added subsequently. These conditions employ inexpensive, 

recoverable solvents, offer a simple workup procedure, and do not require elaborate care in 

preparation. This method may lend itself to industrial application. 

Although reactions of this type are run in fairly concentrated media (>0.01 M), the 

question of the importance of a templating effect in promoting the cyclization of 

tosylamides has been the subject of some debate. An unexpected result was obtained by 

Richman and Atkins48 when they cyclized a tritosylamine salt with JV-tosyldiethanolamine 
* 

ditosylate by using a tetramethylammonium templating cation. Although the yield thereby 

obtained was somewhat lower than the corresponding Na+-templated reaction in which, a 

50% yield of tetra iV-tosyl diaza (12-crown-4) was realized. This finding is remarkable in 

that the +N(CH3)4 cation is expected to be much too large to facilitate the precoordination of 

heteroatoms responsible for the template effect. 

An explanation for this result has been offered by Shaw.49 In cyclization reactions 

with tosylamides, a considerable reduction in the conformational flexibility of the uniting 

chains is imposed by the rigid amide functionality. The tosylamide moiety offers some 

structural preorganization to the system that differs from the manner in which templating 

cations cause polyether chains to align in conformations favorable for ring formation49 The 

lessened rotational freedom in the former reactions promotes high product yields in the 

absence of a templating influence. 

Lukyanenko and coworkers50 found that other twelve-membered ring aza-

coronands were most effectively synthesized when cyclizations were performed in the 

presence of LiOH. However, they obtained negligible differences among the reaction yields 



17 

of the larger ring azacoronands when Na+ or K+ was used as the templating cation. In 

addition to this evidence, the yield of N,N '-ditosyldiaza (12-crown-4) was reduced from 

90% to 41% when the base was changed from LiOH to (nBu)4N
+OH .50 Again, a large 

cation was used as the templating cation in a reaction, and once again a substantial yield of 

cyclized material was obtained unexpectedly. 

It is generally believed that a templating effect plays a role in Richman-Adkins 

cyclization, as is the case for the Williamson ether cyclization reactions that are utilized for 

crown ether preparations. This conclusion follows from the observation that product yields 

decrease dramatically when an appropriate-sized templating cation replaces an unreasonably 

large one. There are, however, other forces at work. Base strength is an important factor in 

these reactions, since an appropriately strong base is needed to deprotonate tosylamides. A 

potential nuisance are the competing E2 -type eliminations seen in primary halides and 

sulfonates that can occur under basic conditions. The number of variables that accompany 

tosylamide cyclizations renders evaluation of cation templating mechanisms unusually 

difficult. 

The results of a study that involves the roles of leaving groups, reactant 

concentration, and the effects of different metal carbonates have been reported by Chavez 

and Sherry.51 Their general conclusion is that bromides and mesylates serve as the best 

leaving groups. The chlorides and tosylates employed in their work reacted more slowly 

and afforded slightly lower yields of cyclized products than do bromides and mesylates. 

Iodides were found to be unacceptable, since they were simply too reactive to be useful. 

Interestingly, Cs2C03 and KjCC^ proved to be equally effective as templates to promote the 

formation of relatively small ring systems. 

An obvious drawback of the two-step condensation method is the requirement of 

protection/deprotection sequences. Additional steps require additional effort and may result 

in reduced isolated product yields. The OTs group is a useful protecting moiety, since it is 
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easily and cleanly removed in a variety of ways. However, its molecular weight is large 

relative to that of a small coronand compound, and the resulting loss in product weight 

after its removal may be rather disheartening in small scale work. Nevertheless, due to 

practical considerations incurred during the preparation and purification of amines, this 

approach remains one of the preferred routes to synthesize azacrowns. 

The third technique is the high-dilution method and this is the method which is most 

often employed to prepare cryptands. The origin of its use in the synthesis of host 

molecules is generally attributed to Lehn.52 Specialized equipment is required, i.e. a pair of 

precision dropping funnels. Rapid and reliable mechanical stirring is also needed; round-

bottom glassware that contains inset baffles frequently is used to assure optimal agitation. 

As the method implies, the reaction is run at low reactant concentrations. In this 

way, intramolecular condensation to form macrocycles is favored over intermolecular 

condensation that would lead to polymeric byproducts. Condensations between diamines 

and polyethylene glycol diacid chlorides are frequently carried out using this procedure. A 

typical procedure involves simultaneous gradual addition of diaza-(18-crown-6) and a 

diacid chloride into a pool of toluene, during a period of 10 hours.53 The final concentration 

of diacid chloride is 4 mmol/L. The diazacoronand (with NE^ in toluene) is placed in one 

precision funnel, and the diacid chloride (as a solution in toluene) is placed in the other. 

The two solutions are metered into the toluene at such a rate that neither is present in large 

excess. 

Cryptand synthesis often involves two high-dilution procedures and two reduction 

steps. The initial high dilution condensation between a diacid chloride and a diamine 

produces a macrocyclic diamide. The diamide is purified and subsequently is subjected to 

reduction, typically by using a hydride reducing agent such as LiAlH4-THF. The resulting 

azacoronand again is purified and then is used in the succeeding steps. The sequence of 
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reactions involved in the preparation of cryptands when the high-dilution method is 

employed is illustrated in figure 3. 

A second high dilution condensation is run between the azacoronand and another 

equivalent of diacid chloride, and the cryptand precursor is isolated for the final reduction 

step. Importantly, diborane is the reagent of choice to produce cryptands in good yield. 

Hydride reducing agents are too potent for this purpose and may lead to decomposition. 

Analytical Methods Used to Evaluate Coronands and Related Materials. 

The ability of coronands, cryptands and related substances to form effective host-

guest complexes with various cations and neutral molecules has found manifold 

applications. These host systems can solubilize inorganic salts in organic solvents and 

thereby can function as phase transfer reagents. Additionally, they may be employed as 

extractants, by removing inorganic undesirables from aqueous solutions. The myriad 

purposes to which host molecules have been applied will be outlined subsequently (vide 

infra). It is important first to discuss the methods by which the complexation properties of 

host molecules are evaluated, as their synthesis is often guided by knowledge gained via 

application of analytical techniques. 

A variety of methods have been applied to this problem, most commonly UV 

spectrophotometric, potentiometric titration, calorimetric, and NMR titration techniques. 

Data obtained from this work is reported either as percent extraction values, or more 

commonly in the form of extraction/association coefficients. 

A simple procedure that has been utilized by this author involves 

the spectrophotometric evaluation of the extraction abilities of host molecules toward alkali 

metal picrates.54 In this study, values are expressed as extraction percentages. Experimental 

details are described on page 107. 
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In order to perform these experiments, a small portion of a solution of the host 

analyte in an organic solvent is shaken with an equal volume of an aqueous solution of the 

appropriate alkali metal picrate salt. Vials that contain standard solutions of a pure organic 

phase that does not contain the host molecule are prepared alongside the experimental vials. 

The samples are shaken mechanically for a fixed time period and then are allowed to settle. 

Aliquots are withdrawn from the experimental vial (which contains the host molecule) and 

also from the standard vial (no host included). Each aliquot is diluted in a solvent that is 

transparent to the range of wavelengths used for analysis, and the appropriate 

measurements are taken with a UV spectrophotometer. Comparison then is made between 

the absorption values of the sample which contains a host molecule, and a sample that does 

not. Beer's Law55 is used to relate the absorbances and to calculate the percentage of alkali 

metal picrate which was transferred into the organic phase via complexation with a host 

molecule. 

Equation 1: Absorbance = (extinction coefficient) x (light path length) x ([picrate]) 

Since the extinction coefficients and the light path length are the same in both the 

standard vial measurement and the measurement of the vial that contains the host 

compound, the following relation can be applied: 

Equation 2: (Absorbance ofaqueousphaseinstandardvial / Absorbance ofaqueousphaseinanalytevial)) = 

([picrate] jn phase / [picrate] inaqueousphase) 

The final values are reported not as a relation of picrate remaining in the aqueous phases of 

the standard vial versus the analyte vial, but instead as percentages of metal picrate that has 

been transferred into to the organic phase via association with the host. The relationship 

between measured absorbance and picrate concentration in the aqueous phase can be 

rewritten accordingly: 
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Equation 3: Percent extraction = [ (Absorbance 0faque0usphasej„standardviai - Absorbanceofaqueous 

phase in analyte v i a i ^ ( A . b S O r b & n C e o f a q u e o u s phase in analyte vial) l ^ 1 0 0 

Good analytical practice requires (i) the preparation of four or more identical 

standard vials alongside an equal number of analyte vials and (ii) the use of averaged 

absorbance values from each set. The precision of the analyst's technique is evaluated on 

the basis of standard deviations among runs. A detailed description of the statistical method 

used to process data in this way is given in the appendix to this dissertation. 

Eqn. 4 

Ka 

H 0 S t a q u e o u s phase aqueous phase (Host/ M * Complex) X organic phase 

A study which reported association coefficients was also based on the results of UV 

spectrophotometric measurements.56 These measurements afford equilibrium constants for 

the expression shown in equation 4. Here, M+X" represents an alkali metal picrate. 

The experimental method used is similar to the one described previously with a 

few variations. Two centrifuge tubes are prepared, one of which serves as a "standard" 

tube. In the standard tube are placed water (1.0 mL) and host compound solution (0.075 M 

in CHClj, 0.2 mL). The other tube is charged with a portion of the alkali metal picrate 

solution (typically 0.015 M in water, 1.0 mL) along with the host compound solution 

(0.075 M in chloroform, 0.2 mL). The tubes then are stirred magnetically at high speed 

during 3 minutes, after which time the organic and aqueous phases are separated by 

centrifugation. 

A significant variation from the method described previously arises at this point. 

Aliquots from the organic phase are withdrawn via syringe from each tube and 
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subsequently are diluted with CH3CN for use in UV spectrophotometric analysis. The 

method detailed by Cram and coworkers56 measures the absorption of alkali metal picrate 

extracted into the CHC13 phase and compares the value thereby obtained to a standard 

which contains no alkali metal picrate that may be extracted by a host. The percent 

extraction method discussed above measures the amount of alkali metal picrate extracted 

from the aqueous phase into the organic layer. 

Once again, the diluted aliquots are sampled in the UV spectrophotometer at 380 

nm, and Beer's law is used to calculate the number of millimoles of alkali metal picrate 

present in the CHC13 layer. The organic layer from the standard tube is measured against 

pure CHjCN, and the absorbance values thereby obtained are subtracted from the 

absorbance values obtained for the analyte vial (which contains both picrate and host). The 

number of millimoles of host compound present in the aliquot are calculated from the 

aliquot volume and the original concentration of the CHCl3host solution. From this data, 

the first information needed to calculate the association coefficient (Ka) is acquired, i.e. the 

guest to host molar ratio, R. This quantity is defined in equation 5. 

Eqn. 5 

R = (millimoles picrate saltinorganicphase) / (millimoles of 

organic phase) 

Next, the distribution coefficients for the alkali metal picrate salts between CHC13 

and water were determined by measuring the equilibrium shown in equation 6. 
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Eqn. 6 

[ M + ] H 2 0 + [ X ] H2O ^ [ M + X ] CHCI3 

Experimentally, the distribution constant can be determined easily. Thus, an 

aqueous alkali metal picrate solution (200 mL) of known concentration (typically 0.02 M) 

is shaken in a closed separatory funnel. The phases then are separated, and the CHC13 layer 

is very carefully drained from the separatory funnel. The CHC13 is concentrated in vacuo 

on a rotary evaporator, and the residue thereby obtained is diluted with CH3CN in a 

volumetric flask for UV spectrophotometric analysis at 380 nm. Once again by using 
if 

Beer's law, the quantity of alkali metal picrate salt that has been transfered into the organic 

phase in the absence of a host molecule can be determined. This value, [G+X"], is used to 

calculate Kd(equation7). 

Eqn. 7 

1 > r x W < [ M \ o [ x " 1 H 2 o ) 

Thus armed with the distribution coefficient Kd, and the molar ratio R, of host to 

picrate, the association constant can be calculated by using equation 8: 

Eqn. 8. 

R 
Ka = 

(1-R) Kd {[G,] ^ H i ] C H C l 3 ( V
C H C 1 3

/ V
H 2 q ) ) 2 
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Here, [G1]H20 represents the initial guest concentration (alkali metal picrate) in the aqueous 

phase. The term [H,] denotes the initial host concentration in the CHC13 phase. VCHci3 is the 

volume of the CHC13 layer used in the extraction experiment, and VH20 denotes the volume 

of the aqueous layer used. The basis by which this equation was derived has been 

discussed by Cram and coworkers.63 

The techniques described thus far can be employed conveniently, since high quality 

UV spectrophotometric instrumentation is accessible to most laboratory workers. The use 

of these instruments is a straightforward exercise and lies generally within the realm of the 

average synthetic chemist's experience. There are manifold other techniques in use; and the 

methods available for this purpose have been surveyed by Martell and Hancock (see table 

2). 57 

Table 2. Methods Available for Determining Complex 

Equilibrium Constants 

Standard Methods 

Potentiometry 
Spectrophotometry 
Specific metal ion electrodes 
Nuclear magnetic resonance spectroscopy 
Polarography 
Ion Exchange 
Colorimetry 
Ionic conductivity 
Distribution between two phases 
Reaction kinetics 
Partial pressure measurements 
Solubility measurements 

Competition Methods for Strong Complexes 

Ligand-ligand competition measured potentiometrically 
Metal-metal competition measured spectrophotometrically 
Ligand-ligand competion measured spectrophotometrically 
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The most widely utilized technique is potentiometry. A good example of this 

method is given by Quici and coworkers.58 Extraction constants were evaluated via two-

phase extraction experiments in which a CHC13 solution of a host molecule was placed in 

contact with an aqueous solution of an alkali metal halide. The aqueous phase was 

subjected to potentiometric titration for halide, and extraction coefficient data was obtained 

from these measurements. Large compilations of extraction data are available in various 

reviews, and the methods used to obtain this data are often included therein.59 Data 

obtained by using different methods should be evaluated critically. Careful synthetic design 

that is supported by analysis of space filling models and by computational results has 

fostered a rational approach to ligand synthesis. An excellent review that is concerned with 

the design of ligands for selective complexation was published recently.60 

Selective Ligand Design Considerations. 

The design of host systems that bind selectively with one guest is an important area 

in the field of host-guest chemistry. Antibiotics such as valinomycin function by selective 

extraction and transport of metal cations in the body. The design and synthesis of 

compounds that can be used to treat heavy metal poisoning in humans are of obvious 

therapeutic importance. 

1. Selection of donor atoms. Heteroatom selection is an important consideration. A 

useful first step is to match the guest to a host heteroatom based on Pearson's hard/soft acid 

and base principle.61 "Soft" acids and "hard" acids are expected to coordinate well with 

"soft" bases and "hard" base respectively (see table 3).60 

Correlations between certain guest cations and heteroatoms have been established in 

macrocyclic polyether systems. Crown ethers employ ether oxygens as coordinating sites, 

and, as expected, these "hard base" moieties coordinate well with "hard acid" guests. 

There is also an effect on ligand selectivity when additional oxygen atoms 
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Table 3. A Classification of Acids and Bases According to the HSAB 
Principle of Pearson. 

Acids 

Hard Soft 

H+, Li+, Na+, K+, 

Be2+, Mg2+, Ca2+, Sr2+, Ba2+ 

Al3+, Sc3+, Ga3+, In3+, La3+, 

Gd3+, LU3+, Cr3+, Co3+, Fe3+, As+3 

Si4+, Ti4+, Zr4+, U&, Th4+, U4+ 

Pu4+, Ce4+, W04+, Sn4+, 

U02+, V02+, MO03+ 

Cu+, Ag+, Au+, Tl+, Hg+ 

Pd2+, Cd2+, Pt2+, Hg2+ 

CH3
+Hg, CO(CN)5

2", Pt4+ 

Te4+, Br+, f 

Bases * 

Hard Soft 

H20, OK, F , CH3C02", P04
3 ' 

so4
2-, cr, co3

2-, C1O4, NO3-
ROH, RO", R20, NH3, RNH2 

NH2NH2 

R2S, RSH, RS; r, SCN 

S203
2", R3P, R2AS, (RO)3P 

CN", RNC, CO, C2H4, H", R 

are included as donor sites. Hancock and Martell offer the following statement as their first 

rule of ligand design: "Addition of groups containing neutral oxygen donor atoms to an 

existing ligand leads to an increase in selectivity of the ligand for large metal ions over 

small metal ions."62 

This interesting phenomenon is illustrated graphically as a plot of A log K vs. ionic 

radius (See figure 11 below)62. Thus the differences among the stabilities of cryptand 

[2.2.2]-M+n complexes were compared with the stabilities seen in the diaza(18-crown-6)-



27 

M+n complexes as a function of guest ionic radius. Note that the same linear trend is also 

seen for the corresponding M+n complexes of an open chain analog (ethylenebis(oxy-2-

ethylamine) and diaza(18-crown-6). A further curiosity that becomes apparent upon 

inspection of Figure 11 is the linear relationship that exists over the range of various M+n 

ions. 

Figure 11. Complex stability as a function of guest 
ionic radius62 

AlogK 

0 # . U 

IONIC KAOIUS I 

2. Consideration of macrocyclic ring size. Binding affinity also roughly follows a 

"size-fit" rule, since coronands complex well with guests that closely approximate their 

cavity size.70 However, there are some notable exceptions to this generalization. For 

example, the tetraazamacrocycles do not appear to adhere to the "size-fit" generalization. As 

cavity size in the tetraazamacrocycles increases, complex stability decreases relative to 

larger cations and increases for smaller cations.64 This aberrant behavior was explained in 

terms of the conformational preferences of the different tetraazacoronands. 
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Calculations performed on various conformers of tetraazamacrocycles indicate that 

the selectivity patterns are governed not by the degree to which a cation nestles inside the 

ligand's cavity but instead by how well a cation can associate with the donor sites as they 

are arranged in the ligand's most favorable conformation.64 The correlation between guest 

size and the cavity dimensions seems to hold best with coronands that contain neutral 

oxygen donor atoms, i.e. the crown ethers. 

Cavity size is an important consideration in selective ligand design. With respect to 

selectivity, Martell and Hancock60 offer a second axiom: "Increase of chelate ring size leads 

to a greater degree of complex destabilization for larger metal ions than for smaller metal 

ions." Of the two crowns shown in Figure 12, the substituted 14-crown-4 (23) contains a 

larger ring size than does the substituted 12-crown-4 (22) and thus might be expected to be 
•? 

more selective for Na+ ion vis-a-vis the smaller Li+ ion. In fact, this is not the case; the 

substituted 14-crown-4 actually is more selective for Li+!65 

X OCH3 

CO2H cfycfhr -a 
\ 1 22 I I 23 n-C10H2, 

Figure 12. A larger macrocylic ring system (23) often shows greater selectivity, 
over smaller ones (22) toward certain metal cations. 

3. Preorganization. The topological arrangement of donor atoms in a macrocyclic 

ligand plays an essential role in determining complex stability and ion selectivity 

preferences. This fact soon became evident, when very high binding capacities were 

displayed by the cryptands. A common structural feature in such three dimensional host 



29 

molecules is the bridgehead nitrogen; Linkages that contain donor atoms may be held in 

close mutual proximity, thereby maximizing binding potential. 

The varied classes of host molecules may be ordered on a preorganization 

continuum. At the lowest level are the open chain compounds that contain Lewis base 

electron donor sites. The glymes serve as examples in this regard. These substances 

possess little or no preorganization and show weak ligating abilities. Such materials find 

few applications other than as polar, aprotic solvents. 

Next in the progression are chelating ligands, e.g. ethylenediaminetetraacetic acid 

(EDTA), which due to its intrinsic rigidity is somewhat preorganized. Crown compounds 

that contain large cavity sizes follow. An overly flexible ring displays little ability to 

preorganize its donor atoms properly in order to bind with a guest. This difficulty may also 
t? 

occur in cryptands in cases where the bridging arms are too long. The advantages gained 

from structural complexity and the incorporation of many donor atoms may be lost if the 

donor sites are unable to organize themselves constructively about a guest. 

Next in the hierarchy are the small coronands and the "sepulcrates" (i.e.,all 

nitrogen- containing cryptand analogues). These materials are fairly rigid, and donor atoms 

are preorganized in an array that is useful for host-guest binding. 

Small cryptands, porphyrins, and spherands occupy the category of highest 

preorganization. The spherands, first synthesized by Cram and coworkers,66 are unusual 

in that these compounds employ an array of aromatic rings to orient donor atoms favorably. 
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The binding cavity that results is quite small, wherein the oxygen atoms lie at 

approximately octahedral positions.66 Not surprisingly, the binding behavior of the 

spherand shown in Figure 13 is outstanding. It is highly specific for small cations and 

extracts Li+ and Na+ at trace levels from reagent grade KOH! 

Many original approaches are known in which host donor sites are incorporated at 

H,C 

CH3 

Figure 13. A spherand: a marvel of preorganization. 

advantageous positions in host molecules. The "molecular scaffolding" of Warrener and 

coworkers67 situates crown ether rings at varied distances in an attempt to force 

cooperativity between two proximal ligands. Bis-crowns and cylindrical macrocycles use 

linking units to bring coronand rings together, thereby increasing preorganization. As the 

level of preorganization increases, selectivity between guests is expected to increase 

accordingly. 
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Applications of Crown Ethers and Related Materials. 

Crown ethers, coronands, cryptands, and other host-guest compounds possess two 

especially useful properties. Pedersen recognized their first unusual feature, i.e. the ability 

to solubilize inorganic salts or alkali metals in organic solvents.68 Synthetic organic 

chemists have made considerable use of this ability, as it provides a way of introducing 

ionic species into reaction media in which they normally are insoluble. Secondly 

host-guest compounds can function as complexing agents that are capable of selective ion 

capture, separation, or transport. Appropriately constructed host compounds can remove 

trace impurities from bulk material; hence the potential for recovery and reuse of the 

extractant exists. Examples of these developed functions for host compounds will be 

discussed in turn, and a short survey of recent specialty applications then will be given. 

1. Host compounds are used to solubilize inorganic salts. Host compounds 

are used extensively in synthetic organic chemistry to introduce ionic materials into 

nonpolar media with concomitant anion activation. A "naked" anion accompanies the 

cation-host complex in solution. The anion is not solvated in solvents of low polarity. The 

ability of the anion to donate electrons is thus increased, thereby resulting in increased 

anionic nucleophilicity and basicity. A naked anion lacks the steric disadvantages of 

solvated anions, and it can react with greater facility at hindered reaction sites. Pedersen 

used dicyclohexyl 18-crown-6 (DC-18) to promote effective hydrolysis of a hindered t-

butyl ester in those instances when the normal protocol failed.69 

2. Oxidative procedures performed in organic solvents that employ 

inexpensive KMn04 have been reported. Use of KMn04 previously was limited to 

oxidations performed in aqueous systems. This proved problematic with a great number 

of organic compounds, which display low water solubilities. A well-known technique that 
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.CH, excess KOH 
n-PrOH 

H3C (\ /) COOBu 
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no reaction 

COOK 
25 

CH3 KOH (0.154 M)/DC-18 NCH3
 9 4 % 

toluene 26 

Figure 14. Saponification performed using DC-18 complexed KOH 

has been employed for the oxidation of water-insoluble organic compounds is the use of 

'purple benzene". Purple benzene is easily prepared by using dicyclohexyl (18-crown-6), 

dry benzene, and KMn04. Purple benzene promoted oxidation of rrans-stilbene to benzoic 

acid occurred quantitatively under mild reaction conditions (i.e. at ambient temperature) 

after a short time.70 

Valuable advantages in substitution reactions have been realized. Fluoride ion, in 

most cases a very poor nucleophile, readily undergoes SN2 reaction when the reaction of 

interest is performed in the presence of crown ethers. Thus, 1-bromooctane is converted 

to 1-fluorooctane in 92% yield, by using KF and 18-crown-6.71 

Many crown ethers serve as superior phase transfer catalysts. They have found 

application in liquid-liquid phase transfer reactions in much the same way that quaternary 

ammonium and phosphonium salts have been used.72 An interesting difference is that 

crown ethers also can serve as solid-liquid phase transfer catalysts. 

Quaternary ammonium salts are used in liquid-liquid phase transfer reactions 

wherein the ammonium salt is dissolved in water. Thus, the use of crown ether liquid-

solid phase transfer reactions offers a distinct advantage in applications that require 

anhydrous conditions, since water can be excluded from such reactions. 
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The results of studies that are concerned with the design of metal cation receptors 

bearing lipophilic chains have been published recently.73 A high degree of lipophilicity is 

incurred via incorporation of pendant hydrocarbon arms into the skeleton of a host 

molecule. Presented later in this work is an alternative way to prepare lipophilic host 

molecules, i.e. by incorporating a unique oxa-cage hydrocarbon unit into the backbone of 

the host molecule. 

l.Host molecules as extractants. Host molecules have been used as selective 

extractants in a variety of different processes. A promising medicinal application involves 

the in vivo removal of poisonous heavy metal ions. Foremost among these are Hg2+ and 

Pb2+, both of which are cumulative neurotoxins. The results of experiments with rats that 

had been injected with cryptand [2.2.2] and Sr2* found that only 19% of the original Sr2* 

dosage remained in the rats' bodies after 3 days. By way of comparison, 70% of the 

original dosage of Sr2+ was detected in a control group that received no cryptand 

injection.74 

A drawback to the use of crown compounds in chelation therapy is the degree of 

toxicity that many crown compounds possess. Dibenzo 18-crown-6 has a lower LD50 

value than glyme, ethylene glycol, or ethylene glycol monomethylether and thus is a more 

potent toxin.75 Biological activity is a function of chemical structure; suitable 

functionalization of promising medicinal candidates can lead to a constructive balance 

between toxicity and therapeutic value. A number of coronand drug therapies are under 

evaluation, e.g., the use of radioactive rubidium complexes for organ imaging and for use 

in chemotherapy.76 

3. Specialty Applications of Host Compounds. Many other uses for host 

compounds have been described.For example, the design of "molecular switches" has 

been a popular pursuit. Molecular switches are ligands that exhibit some measurable 
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physical behavior which is different when the ligand is ion-complexed from the 

corresponding behavior displayed by the noncomplexed ligand. 

Often these compounds contain chromophores or fluorophores in the macrocyclic 

skeleton. Spectral shifts and altered emissive properties are observed due to electron 

donor-acceptor interactions that occur between the ligand and a guest. Thus, when a 

fluoroionophore derived from monoaza 18-crown-6 was functionalized with 4-amino-iV-

methyl-1,8-napthalimide, hypsochromic shifts were observed in fluorescence emission 

spectra of this species upon introduction of Ca^ and Ba** ions.77 

Thus,the compound shown in Figure 15 is an effective chemosensor for Mg2+, but it does 

Figure 15. A chemosensor for magnesium. 

not fluoresce when complexed with other alkaline earth metal cations.79 Other fluorophoric 

moeities include anthracene and napthalene units.78 

An interest in "molecular machines" underlies these research endeavors. 

Architecture on nanoscale levels may lead to more effective information storage and transfer 

technologies when the limits of the capabilities of silicon-based electronics are approached. 

Chemical compounds that show measurable physical responses in controllable situations 

may provide ultrafast information systems for the future.80 



CHAPTER TWO: CAGE FUNCTIONALIZED CORONANDS 

The synthesis of host-guest materials that display unusual properties as phase 

transfer catalysts and ion extractants (both cationic and anionic) is an active pursuit. Much 

work underway is intent on "fine tuning" existing coronand technology in an effort to 

satisfy the demands of real-world applications. Coronand compounds are commonly 

evaluated by two criteria, i.e., (i) the physical properties of the macrocyclic system (e.g. 

solubility in various media, fluorescence behavior of complexed vs. uncomplexed host) 

and (ii) the complexation behavior exhibited by the coronand. 

Specific physical properties are important in certain applications. Phase transfer 

catalysis (PTC) is a valuable method used to perform a wide variety of synthetic organic 

transformations, particularly oxidation81 and substitution82 reactions. Considerable 

activation of anion reactivity often occurs in PTC reactions.83 Anions in nonpolar media are 

only weakly solvated, and their lessened association with cations that are complexed with a 

host molecule results in heightened nucleophilic potency. 

Phase transfer catalysts transport reagents from an aqueous phase into an organic 

solvent wherein reaction occurs. Typically the reagent being "transferred" is an inorganic 

salt which is sparingly soluble in nonpolar organic solvents. Complexation with a phase 

transfer reagent (which is highly soluble in the organic phase) facilitates contact between 

inorganic substances and organic substrates dissolved in organic solvents. Thus, phase 

transfer catalysts must be highly lipophilic.84 

Crown ethers display impressive qualities as phase transfer catalysts. They exhibit 

increased thermal stability relative to classical "onium" PTC reagents (quaternary 

ammonium and phosphonium salts).85 Ammonium salts are particularly susceptible to 
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CarX Cat+Y" 
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Figure 16. Schematic of a phase transfer catalyzed reaction. The PTC catalyst transports 

X" into an organic phase where it reacts with substrate RY.81b 

Hofmann-type elimination reactions.85 Phase transfer catalysts derived from coronands, 

though generally more expensive to produce, may survive recycling and reuse better than 

the "onium" reagents. 

Additionally, the complexation capabilities of host systems are important in metal 

ion extraction applications. Foremost are considerations of host avidity and host selectivity. 

Avidity is the measure of a coronand compound's ability to extract ions from an aqueous 

phase into an organic layer, whereas selectivity refers to a coronand's capacity to 

discriminate among different guests. 

The development of novel host systems that incorporate pentacyclo-

[5.4.0.0.2'603,I°.05'9]undecane (PCU) units into coronand systems is described herein. The 

use of PCU moieties in host molecules confers lipophilicity upon the resulting cage-
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functionalized coronand. This effectively increases their value as metal extractants and as 

phase transfer reagents. The fashion in which the PCU unit is incorporated results in the 

formation of unique coronand compounds that contain a pivotal fiirano oxygen atom 

anchored rigidly across the hydrocarbon cage. 

The complexation affinities of these materials toward alkali metals also have been 

investigated by using a spectrophotometric metal extraction technique. The extraction 

abilities of the PCU-functionalized coronand compounds have been compared with 

corresponding model coronand materials that lack this structural modification. This was 

done in an effort to assess the merits of PCU-containing systems. 

Prior art: Cage-functionalized coronands that predate this study. 

A few coronand compounds that include hydrocarbon units have been reported in 

the chemical literature prior to this study. Dicyclohexyl (18-crown-6) was one of the first 

crown ethers produced by Pedersen. Its pronounced lipophilicity relative to 18-crown-6 

renders it useful as a PTC reagent in modern synthetic work.86 

More recently a family of 1,4-bridged cubyl crown ethers were produced by 

Moriarty and coworkers.87 These crowns employ a cubyl unit primarily as a rigidifying 

spacer that contain no complexing heteroatoms. In addition, their lipophilicity is enhanced 

relative to non-cubyl crowns. Some of these materials undergo Rh(II)-catalyzed 

rearrangement to 1,4-bridged 1,3,5,7-cyclooctatetraene (COT) functionalized crown ethers. 

It was suggested87 that these rigidified systems potentially could be useful for the 

construction of ion-selective electrodes. 

Compound 29, reported by Kanematsu et al,iS was synthesized by using a 

procedure similar to that used previously to prepare the parent pentacyclo-

[5.4.0.02'6.031°.05'9]undecane-8,ll-dione (PCU-8,ll-dione). A 15-crown-5-containing 

enedione underwent [2 + 2] cycloaddition to give the cage-functionalized crown in 
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C 
Figure 17. Cage-functionalized coronands predating this work. 

quantitative yield. This compound may be further functionalized via nucleophilic additions 

at the ketone sites. The stability of this compound is questionable, however, as PCU 

compounds functionalized with electron-donating substituents in the 1- and/or 7-positions 

of PCU-8-11-diones may undergo ring-opening in the presence of protonic or Lewis acids. 
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Compound 3088b possesses the interesting feature of a oxygen atom that spans a PCU 

cage. The presence of two ketal moieties reduces its desirability as an extractant as this 

molecule is expected to be unstable in the presence of aqueous acid.88c 

Compound 3189 was produced in the Marchand research group, and its extractant 

properties were investigated. This material is an effective extractant; it displays high 

avidities toward K+ and Rb+. Compound 31 incorporates four crown ethers into one 

molecule. It appears that the close mutal proximity of the opposing crown ethers allows 

them to work cooperatively to complex M+ cations via formation of two 2:1 "sandwich" 

complexes. 

30 ,88b 

Figure 18. A PCU-functionalized crown ether possessing two ketal moieties. 
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Figure 19. A "tetra-crowned" molecular cleft. 

A similar approach was pursued by Warrener and coworkers90, who employed 

rigid hydrocarbon molecular racks ("mol racks") as a scaffold for situating crown ethers in 

such a way that they might complex cations cooperatively via 2:1 "sandwich" complex 

formation. 

Synthetic design of a cage-functionalized crown ether precursor. 

A precursor compound like that shown in Figure 20 was sought which contains (i) 

a carbocyclic cage present in the macrocyclic ring of a coronand and (ii) a heteroatom 

anchored rigidly within the cage framework. Several synthetic challenges were experienced 

before success ultimately could be achieved. 
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Figure 20. Target coronand precursor molecule that features a lipophilic cage, an 'anchored' 
oxygen, and pendent arms functionalized with a reactive sites X. 

Nuc Nuc 

Figure 21. Compound 33 may undergo "self-protection" as a hemiketal, prohibiting a 
second nucleophilic addition. 

It is well documented91 that nucleophilic additions to PCU-8,11-dione are often 

accompanied by intramolecular transannular reaction. This mode of "self protection" seen 

in these systems prohibits reaction by a second nucleophile. This phenomenon is illustrated 

in Figure 21. 
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CH3MgI 

L1AIH4 

34 

OH 35 

Figure 22. Examples wherein two nucleophilic additions to 33 occur in an endo-endo 

fashion: a Grignard addition92 and a reduction.93 

In spite of this observation, nucleophilic attack on the carbonyl carbon atoms of 

PCU-8,11-dione by two equivalents of an organometallic species was considered to be 

potentially promising strategy. Nucleophilic attack by the Grignard reagent upon the exo 

faces of the carbonyl groups was anticipated, in keeping with literature precedent.92,93 

Some examples of such procedures in the chemical literature include (i) the addition of 

CH3MgI to 33 to give the endo-endo diol 3492 and (ii) treatment of 33 with LiAlH4 to 

afford the corresponding endo, endo diol, 3593. 

In work performed with Dr. Kaipenchery Ajay Kumar, several approaches were 

devised and subsequently were evaluated. All of these involved organometallic addition 

reactions to diketone 33. This diketone is a versatile starting material that can be prepared 

in large quantities from inexpensive reagents, i.e. cyclopentadiene and p-benzoquinone.94 

Figure 23 lists preliminary attempts in this regard that were not successful. 
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Figure 23. Unsuccessful preliminary attempts to synthesize a suitable diol by using various 
organometallic reagents. 

An organozinc Reformatskii reagent95 was prepared in the first trial. Ethyl 

bromoacetate was added to a benzene solution of diketone 33 in the presence of Zn 

powder. The reaction was difficult to control as a result of the violent frothing concomitant 

with ethyl bromoacetate addition. The major product unfortunately proved to be a hemiketal 

resulting from the addition of Grignard reagent followed by transannular self-protection as 

in Figure 21; accordingly, this strategy was abandoned. 
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Next, an attempt to prepare di-f-butyl ester of diketone 33 was undertaken by 

reacting 33 with the lithium enolate of f-butyl acetate. This procedure did afford compound 

37 in low yield (10-30%), but a more efficient method was required, since multiple 

additional synthetic steps are required beyond this point which require substantial stocks of 

compound 37. 

A third option involved addition of Grignard reagents to 33. A Grignard reagent 

with a protected aldehyde functionality was added to a THF solution of 33; however, the 

results thereby obtained were not promising. The Grignard reagent proved to be somewhat 

difficult to prepare, and isolated product yields were low. 

Dr. G.V.M. Sharma suggested that the addition of vinylmagnesium halide, a 

relatively unhindered Grignard reagent, to 33 might be investigated. Vinylmagnesium 

bromide is available commercially as a solution in THF. Indeed, the reaction proved to be 

successful. This breakthough led to the development of a useful synthetic scheme which 

H2C= CHMgBr 

O 33 

TsOH 

benzene reflux 
% 

\ 

V 

BH3-THF 

Figure 24. Synthetic strategy employed to prepare cage-functionalized diol 39. 
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led ultimately to the cage functionalized coronands and cryptands discussed in this 

dissertation. 

The procedure devised for this purpose is shown in Figure 24. Addition of excess 

vinylmagnesium bromide to 33 provides the exo-8, exo-ll- divinyl-endo-l 1-diol, 39 in 

59% yield after purification. Compound 39 next was subjected to dehydration in a Dean-

Stark apparatus in benzene in the presence of p-toluenesulfonic acid (p-TsOH). The 

corresponding divinyl ether 40 was obtained in 77% yield after column chromatographic 

purification as a clear, sweet-smelling oil. 

Subsequent hydroboration of 40, performed by using BH3-THF96 followed by 

oxidative workup with basic H202, gave the corresponding diol ether, 41 as a colorless, 

microcrystalline solid. This compound may be further functionalized via subsequent 

conversion to the corresponding ditosylate, dibromide, or a diamine vide infra. 

Typical Williamson ether syntheses employ an alkoxide which functions as a 

nucleophile toward an electrophilic carbon that bears a good leaving group. It was useful in 

some cases to prepare the bis(alkoxide) of 41 and then react the resulting dianion with a 

ditosylate or dihalide. Later work required substitution by an alkoxide or amine on a PCU 

derivative that contains tosylate or other leaving groups. Generally speaking, the material 

which proved to be difficult to synthesize in our coronand reactions was used as the 

dialcohol (to be subsequently converted into its dialkoxide). Thus, 41 was used to prepare 

the first PCU-functionalized crown ethers. 

Established methods97 were employed to prepare 42, a PCU-functionalized 17-

crown-5 ether. Diol 41 was added to a suspension of NaH thereby forming the 

corresponding conjugate base of 41. To the resulting mixture was added a solution of 

triethylene glycol ditosylate, and the reaction mixture was heated at reflux for ca. 18 hours. 

Following workup and product purification, the desired crown ether was obtained in 60% 

yield as a clear, colorless oil. 
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Compounds 42 and 43 are new, cage-functionalized 17-crown-5 coronands. They 

do not possess the disadvantage inherent in compound 30 (unstable ketal sites) and are not 

subject to the "push-pull" fragmentation reactions of the kind that are anticipated when 

OTs 

0 ^ / " 0 

NaH, THF 

O OTs Or 
O OTs 
v _ y 

NaH, THF 

n 

n 

Figure 25. Synthesis of PCU-functionalized 17-crown-5 compounds 42 and 43. 

compound 29 comes in contact with acidic substances. These are 'true' crown ethers, 

containing only ethyleneoxy (-CH2CH20-) and propyleneoxy (-CH2CH2CH20-) linkages 

in the macrocyclic ring. 
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Several topological features of these compounds merit attention. First, the oxygen 

atom present in the hydrocarbon cage is anchored rigidly, thereby reducing conformational 

flexibility in the ring system. Additionally, this crown ether possesses two diasterotopically 

CH-

KOH 

aqueous dioxane 

MCPBA 

45 

H30+ 

OH 

NaH, THF 

OH 

47 48 

Figure 26. Synthesis of 48 by Dr. Kata Mlinaric-Majerski and Mr. Goran Kragol. 

nonequivalent faces. Most monocyclic crown compounds are symmetrical and offer 

equivalent options for approach by guest ions or molecules, thereby allowing no distinction 

to be made between "topside" us. "bottomside" attack. The presence of the oxahexacyclic 

cage in 42 and 43 renders the faces of these crown ethers diasterotopically nonequivalent. 

Additionally, the cage moiety lends increased lipophilicity to these crown ethers. 

This benefit make them attractive as potential phase transfer catalysts. 
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The conformational flexibility of cage-functionalized crown ether 43 is further 

decreased relative to 42. An ort/io-disubstituted benzene ring in 43 serves to 'lock' one of 

the ethyleneoxy units in such a way that the mobility of the phenolic oxygen atoms in this 

unit is severely restricted. It was thought that such structural modifications could alter the 

complexation behavior of the resulting crown ethers relative to that of the corresponding 

parent macrocyclic ether systems. The phenolic oxygens are weakened Lewis bases vis-a-

vis those in 42, and the extraction capabilities of 43 suffer as a result of this difference. 

Compound 48 is derived from 1,3-dibromoadamantane and has structural features 

similar to those in 42 and 43. Compound 48 was prepared by Dr. Kata Mlinaric-Majerski 

and Mr. Goran Kragol98 (Ruder Boskovic Institute, Zagreb, Croatia). Compound 48, 

[l,3-(2-oxaadamantano)]-17-crown-6, also possesses an anchored oxygen and a 

lipophilicity-enhancing hydrocarbon moiety. Compound 48 differs from 42 in that it 

contains a ketal moiety within the crown ether, and, as such, the crown ether unit may 

suffer cleavage of the macrocyclic ring when placed in contact with aqueous acid. The 

synthesis of compound 48 is shown in Figure 26. 

Compounds 42,43, and 48 were subjected to alkali metal picrate extraction by 

using 5mM of each host in CHC13. The extraction profiles of these compounds were 

compared respectively to the corresponding extraction data obtained at the same 

concentration by using 15-crown-5, benzo-15-crown-5, and 18-crown-6. These 

compounds were selected as model host systems in an attempt to evaluate the merits or 

disadvantages incurred via incorporation of the cage functionalities in 42,43, and 48. 

Additionally 15-crown-5,18-crown-6, andbenzo-15-crown-5 are inexpensive materials 

which are commercially available. 

While they differ slightly in ring dimensions [i.e. the extraction behavior of 15-

crown-5 models is being compared with cage-functionalized 17-crown-5 compounds (42, 

43) and that of 18-crown-6 is being compared with cage-functionalized 17-crown-6 (48)], 
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the number of heteroatoms in each experimental compound (i.e. 42,43, and 48) is equal 

to that of the corresponding model compound, in each case. However, it should be 

recognized that each model compound differs slightly in ring dimensions from that of the 

corresponding cage-functionalized coronand. 

Alkali metal picrate salts99 were freshly prepared via reaction of picric acid with 

Li+, Na+, K+, Rb+, and Cs+hydroxides. The salts were dried in vacuo overnight prior to 

use. Aqueous solutions of the alkali metal picrate salts were prepared by using deionized 

water. The concentration of the picrate salt solutions in each case was 5.0 mM. 

Extraction vials that contained the host solutions and the alkali metal picrate 

solutions were prepared. These vials were shaken mechanically, and the vials then were 

allowed to stand undisturbed for one hour. Aliquots were withdrawn via syringe and were 

diluted to 25 mLwith CH3CN prior to analysis. Absorptions were measured at 374 nm by 

using a UV-visible spectrophotometer at 374 nm. Data thereby obtained were utilized in 

percent extraction calculations. The details of this procedure are given in Appendix 1 along 

with the absorbance values recorded in these studies. Statistical methods used to process 

the data are also reported in Appendix 1. 

An experiment to probe the hydrolytic stability of 48 to the conditions used during 

the extractions was performed. The pH of the Na+picrate solution was determined to be 7.2 

by using a pH meter. Compound 48 was subjected to the extraction procedure described 

above and subsequently was recovered for spectral analysis. IR, 'H NMR, and 13C NMR 

spectra of the recovered host showed no evidence of decomposition. The same procedure 

when performed by using Li+ picrate, afforded the same result. On the basis of these 

experimental results it was concluded that 48 is stable to the conditions employed in the 

alkali metal picrate extraction studies. 
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Table 4. Results of alkali metal picrate extractions for PCU-functionalized crowns and 

model compounds. 

Host Molecule 

C o O 

o cr> 

Li+ 

Percent of Picrate extracted (%) a 

Na+ K+ Rb"1 Cs+ 

2.3 ±0.2 13.9 ±1.3 14.3 ±0.3 9.6 + 0.8 BLDb 

2.8 ±0.3 18.5 ±1.0 29.0 ±0.2 8.4 ±1.3 BLDb 

r - o o 

V 
c° * 

0 P - O 
BLDD 11.8± 1.8 19.3 ±1.9 5.9 ±1.2 4.1 ± 1.2 

BLDb 10.6 ±0.6 10.0 ±1.8 5.7 ±1.5 2.3 ±0.9 

"Averages and standard deviations calculated for data obtained from three 
independent extraction experiments (15-crown-5,42, benzo-15-crown-5, and 
43). bBLD = Below limit of detection 

When the extraction avidity of 42 is compared with that of the corresponding 

model compound (i.e. 15-crown-15), it can be seen from the data in Table 4 that both 

compounds extract strikingly similar amounts of Li+, Rb+, and Cs+ picrates. An important 

distinction is seen in the ability of 42 to extract Na+picrate relative to 15-crown-5. Thus 42 

displayed 33% greater avidity toward Na+ than did 15-crown-5. Likewise, compound 42 

proved to be a superior K+ extractant relative to 15-crown-5. The PCU-functionalized 17-
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crown-5 ether 42 extracts twice as much K+ picrate when compared to the extracting ability 

of the corresponding model compound (i.e. 15-crown-5). 

When the extraction avidities of compound 43 and that of its corresponding model 

system benzo-15-crown-5 are compared, a number of similarities again are seen. The 

percent extraction values of 43 and benzo-15-crown-5 closely parallel one another for Li+, 

Na+, Rb+, and Cs+. An interesting difference is seen for the corresponding K+ picrate 

extraction values. Compound 43 is an inferior K+extractant relative to benzo-15-crown-5, 

the former extracts ca. half as much K+picrate as does benzo-15-crown-5. 

Comparison of extraction data for 42 and 43 reveals that both compounds show 

similar avidities for Li+, Rb+, and Cs+ picrates. Extraction abilities for these cations are low, 

consistent with "size-fit" cavity-to-guest size constraints. Rings of this size are too large to 

form stable complexes with Li+ and presumably are too small to extract larger cations like 

Rb+ and Cs+. Compound 42 is a far superior extractant vis-a-vis 43 with respect to Na+ 

and K+. Almost twice as much Na+ picrate was extracted in these experiments by using 

compound 42 than by using 43; furthermore 42 was found to be nearly three times more 

effective than 43 toward extraction of K+ picrate. 

These differences in extraction avidities seen for the two cage functionalized crown 

compounds 42 and 43 presumably arise from (i) a difference in conformational flexibility 

between the two crown compounds and (ii) differences between the Lewis basicities of the 

heteroatoms in the two ring systems. With regard to the first point, it seems logical that the 

benzannulated PCU-crown 43 should suffer a decreased ability to orient its heteroatoms in 

favorably for efficient host-guest complextion. Two oxygen atoms in this system are 

immobilized by the adjacent benzene ring in this system and thus are not as free to act as 

"pivot points". This decreased mobility may be responsible in part for the observed 

decreased alkali metal picrate extraction capability of 43 vis-a-vis that of 42. 
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Additionally, the phenolic oxygens in compound 43 are less basic than the 

remaining (aliphatic) ether oxygens in the ring system of 42. These weaker electron-pair 

donors form weaker associative complexes; thus it seems reasonable that extraction abilities 

of 43 are decreased relative to 42. 

Calculations performed by Dr. B. Ganguly suggest that compound 43 (see Figure 

28) may adopt a more puckered ring conformation due to the increased rigidity of this 

system relative to macrocycle 42. Comparison of the optimized structures for 42 (Figure 

27) and 43 (Figure 28) indicates the increased flexibility of 42 as evidenced by the ability 

of the the oxygen atoms in this system to adopt a mutually staggered conformation, to 

Compound 43 possesses oxygen atoms that are "locked" into eclipsed 

conformations, thereby reducing the effective cavity size of the macrocycle. Extraction data 

suggests that 43 is a poor extractant relative to 42; these calculations provide some 

theoretical basis for this phenomenon. 

Percent of Picrate extracted (%)a 

Host Molecule Li+ Na+ K+ Rb+ 
Cs 

r~O 0~\ 
o j 1.9 ±0.8 4.5 ±0.6 68.2± 0.6 56.6 ± 1.3 30.3 ±0.9 

r\ 
O O-^ 

48 

< \ 2.4±0.5 23.1 ±0.7 39.0±0.9 19.7 ±1.2 7.5±0.4 

a 'Averages and standard deviations calculated for data obtained from at least 
three independent extraction experiments (18-crown-6, and 48). 

Table 5. Alkali metal extraction results for oxaadamantyl 17-crown-6 (48) and the 
corresponding model compound (18-crown-6) 
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Figure 28. Monte Carlo optimized conformation of 42 generated using AMBER force 

field. Calculations performed by using MacroModel™ (<1000 iterations). 
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The extraction results for compound 48 and those of its corresponding model 

compound, 18-crown-6, are shown in Table 5. Compound 48 displays an avidity for Li+ 

similar to that shown by 18-crown-6. However, the extraction capabilities toward the other 

cations in the alkali metal cation series contrast markedly between the two compounds. 

Compound 48 displays decreased avidity toward K+, Rb+, and Cs+ but increased 

avidity toward Na+ relative to that of 18-crown-6. Compound 48 can extract nearly five 

times the quantity of Na+ vis-a-vis 18-crown-6 and 48 exhibits higher selectivity for Na+ 

vs. K+ relative to 18-crown-6. 

When the extraction profiles of the different cage-functionalized crown compounds 

42, 43, and 48 are compared, it can be seen that the extraction profile of PCU-

functionalized crown 42 most closely resembles that of compound 48 (see Tables 4 and 

5). However, when compared with the extraction behavior of 42, crown ether 48 displays 

enhanced avidity toward Na+ (ca. 25%), K+ (ca. 37%), Rb+ (ca. 35%) and Cs+. 

PCU-functionalized Azacoronands. 

Two cage-functionalized azacoronand compounds were synthesized as potential 

extractant molecules. The first of these compounds is a PCU-functionalized monoaza-20-

crown-6, compound 55. The procedure used to prepare this compound is shown in Figure 

30. Dimesylate 53100 is a useful precursor for the synthesis of azacrowns, since 53 can be 

prepared in large quantities from 2-(chloroethoxy)ethanol and p-toluenesulfonamide by a 

convenient literature procedure. 

The N-tosyl monoaza-20-crown-6 (54) was synthesized via Williamson ether 

synthesis by starting with PCU diol (41). The unprotected monoaza-20-crown-6, 55^ was 

produced via reduction of 54 by using LiAlH4 in refluxing THF. 

Compound 55 has the advantage of being "connectable" with other materials 

through amide/amme linkages by using the nitrogen atom in the macrocyclic ring. Attempts 
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to synthesize bis-azacrowns that incorporate PCU-functionalized coronands would be 

expected to result in the formation of diastereotopic mixtures due to the facial 

nonequivalence inherent in PCU-functionalized coronands. Compound 55 could be 

incorporated into bis-azacrowns that do not suffer from this disadvantage, since rotation 

about an amide or amine linking point is energetically feasible. 

TsCl, Et3N, DMAP 

CH2C12 OTs 

Figure 29. Synthesis of ditosylate 56. 

A second candidate anion extractant was prepared in a different fashion. Thus, a 

tris(tosyloxyaza)-20-crown-6 coronand (i.e. 60, see Figure 32) was prepared by using the 

Richman-Atkins method101 of sulfonamide cyclization. A successful procedure was devised 

by using the ditosylate of compound 41 and tritosylamide 59. 

The ditosylate of compound 41 was prepared using the method shown in Figure 

29. A solution of 41 in CH2Cl2was reacted with TsCl in the presence of N(Et)3 and 4-

(W-dimethyl(amino))pyridine (DMAP), thereby affording ditosylate 56. 

Tris(tosylamide) 59 was synthesized by converting dimesylate 53 into the corresponding 

diazide which subsequently was reduced to afford the corresponding diamine. This 

method for the formation of diamines from ditosylates or dimesylates is an effective 

alternative to classic techniques, such as the Gabriel synthesis103 of diamines from 
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Figure 30. Synthesis of a cage-functionalized monoaza-20-crown-6 55 
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Figure 31. Synthesis of tris(iV-tosylamide) 59. 

dihalides. Product yields are high, and little purification is required at each step in the 

synthesis. Purification of the resulting diamine, often an especially troublesome operation, 

generally is not required, since pure diamines are obtained by using this method. 
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Dimesylate 53 was reacted with NaN3 in dimethylsulfoxide (DMSO) thereby affording 

diazide 57 in 95% yield. The resulting diazide can be purified via column chromatography 

on silica gel. The purified diazide thereby obtained was dissolved in CH3OH, and the 

resulting solution was shaken with 10% Pd/C in a Parr shaker under 55 psi H2 for 18 

hours. In this way, 58 was converted into the desired tris(iV-tosyl)amide 59, as depicted 

in Figure 31.104 
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Figure 32. Synthesis of cage-functionalized tris(iV-tosylaza)-20-crown-6 60. 
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Figure 33. Synthesis of PCU-functionalized diamine 63 and PCU-functionalized 
ditosylamide 64 
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The disodium salt of 59 was prepared in DMF and was heated to 80°C. A solution of 56 in 

DMF then was added via dropping funnel. Tris(iV-tosylaza)-20-crown-6 (60) was obtained 

as a colorless microcrystalline solid following purification of the reaction product. 

A pair of precursor compounds for PCU-functionalized coronands and cryptands 

was developed. These compounds were prepared by using the same methodology that was 

employed previously to synthesize compounds 57, 58, and 59. The syntheses of PCU-

functionalized diazide 62, diamine 63, and ditosylamide 64 are shown in Figure 33. 

NH2 

65 

Figure 34. Adamantidine. 

Additionally, some structural features that 63 has in common with 1-amino-

adamantane ("adamantidine") 65 should be noted. Adamantidine exhibits antiviral activity105 

and it is anticipated that 63 may show biological activity as well. Both 
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compounds contain amine functionalities attached to a lipophilic cage of carbon atoms. It is 

believed that the enhanced lipophilicity offered by the adamantane structure in 65 allows 

this compound to cross the blood-brain barrier and act upon the central nervous system.106 

Lipophilic moieties facilitate the transport of drugs containing them through cell membranes 

and enhance their activity toward the lipophilic regions of receptor molecules. 



CHAPTER THREE: PREORGANIZED CAGE-FUNCHONALIZED MACROCYCLES 

Since the first crown ethers were reported by Pedersen117, many variations on host-

guest compounds have been explored. Initially, changes were made on simple monocyclic 

systems to produce coronands of varied ring size. This led to the now well-known "size-

fit" concept118 of host-to-guest complexation. Thus, the stability of complexes formed 

between guest species (cations, anions, or neutral molecules) and a host macrocycle 

correlates directly with the degree to which dimensional similarity exists between the host 

and guest. 

Subsequent variations on macrocyclic systems led to further discoveries. Some 

complexation selectivity is achievable by varying the donor atoms in the place of oxygen; 

many combinations of heteroatoms have been tried.119 For example, substitution of sulfur 

for oxygen in compounds 65 and 66 reduces the ability of the resulting crown ether to 

S / \ S 
f—O S H r O O—1 

65 L J 66l 1 
- o ( H L 0 o 

A > / s 
form complexes with alkali metal cations but greatly increases the affinities of these hosts 

toward Ag+.12 0 

Similarly, coronand compounds have been functionalized in many ways in an effort to 

enhance their complexation properties toward specific guests. Some examples in this regard 

include of the incorporation of pyridyl moieties into coronand systems121 and the synthesis 

of benzannulated crown compounds.122 Despite much effort, few simple 
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monocyclic coronands show a high degree of specificity toward guest species which 

possess dimensions that are similar to those of the host system. 

A major advance in the field of host-guest chemistry was made by Jean-Marie Lehn 

and his coworkers, who introduced three-dimensional complexation agents. Cryptands 

were among such systems to be reported.113 Lehn developed an effective method for 

producing such compounds by using high dilution condensation reactions between diacid 

chlorides and diamines.114 Lehn's method is described on pages 4 and 18 of this 

dissertation. Subsequent reduction of the resulting bis-amides formed gave cryptands in 

reasonable overall yield. An example of this procedure is given in Figure 35. 

O. O 
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Ts Ts O 

H—N N - H 

</V> benzene, Et3N 

1. BH3-THF 

2. K, liq.NH3 

Lr 

C 'J 

Figure 35. Cryptand synthesis. 

The construction of such macrobicyclic polyethers proved worthwhile; a significant 

enhancement in complexation properties was realized through the use of cryptands as host 
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systems. The encapsulation of cations by cryptands is responsible for the superior 

performance seen with these materials relative to monocyclic analogues. An example in this 

regard can be seen by comparing complexation abilities of [2.2.2] cryptand 8 (see page 4 

of this dissertation) and those of a corresponding monocyclic coronand 6. For example, 

the K+ complex of 8 is more stable than the corresponding complex of K+with 6 by a factor 

of 105.115 

This "cryptate effect" appears to be general. Thus, the stabilities of cryptand 

complexes of metal ions (cryptates) are ca. 3-5 orders of magnitude higher than those of 

analogous monocyclic coronands.116 

Figure 36. A highly preorganized "soccer ball molecule"120 

It has been noted that a pronounced correlation exists between complex stability and the 

quality of the "match" (i.e. "size-fit") between guest dimension and host cavity size.117 

High selectivities toward extraction and/or complexation of many alkali and alkaline earth 

cations by cryptands have been reported. Recent reviews offer large compilations of 

complexation data.118 
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Further advances include the synthesis of macropolycyclic polyethers and related 

materials that contain increasingly complicated topologies. Lehn and coworkers reported 

the first spherical macrotricyclic polyether 70.119 These "soccer-ball molecules" have 

provided some of the most stable complexes known. Compound 70 contains four nitrogen 

atoms poised at the corners of a tetrahedron and six oxygen atoms located at the corners of 

an octahedron. The Cs+ complex of 70 appears to be the most stable Cs+ complex to have 

been reported to date.120 

This chapter details the synthesis and extraction properties of a cage-functionalized 

cryptand, a series of cage-functionalized bis-crowns, and a cage-functionalized 

"molecular box". Simple monocyclic coronands were prepared as comparative models for 

use in extraction studies. The methods used to synthesize these model systems are also 
£ 

described herein. These materials were designed to include all the advantages incorporated 

in compounds 42,43,55, and 61 with the added benefits of enhanced avidity and 

enhanced selectivity toward specific alkali metal cations. 

Synthesis and extraction properties of a cage-functionalized cryptand. 

Recently, several highly lipophilic cryptands have been reported in the chemical 

literature.121 The need for complexing agents that display very high selectivities and 

avidities but which function in a biological setting has fostered these advances.122 Some of 

the practical applications for receptors that meet such qualifications are (i) the use of mAg3+ 

in radioimmunotherapy123 (ii) lipophilic transfer agents used to transport Na+ across 

liposome membranes124 and (iii) the use of ligands that are capable of immobilizing and 

transporting radioactive Rb+ for organ imaging.125 

Additionally, compound 71 was prepared for use as an anion activator.126 This 

cryptand is functionalized with a long hydrocarbon chain that serves to enhance the 
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lipophilicity of the resulting molecule. It is unusual that a proton becomes encapsulated 

within the cryptand's cavity; complexation presumably occurs along the macrocycle's outer 

A 4 H 2 9 

+ N - H 

126 Figure 37. A lipophilic cryptand. 

perimeter. These materials have been shown to function as extremely effective phase 

transfer catalysts.127 In addition, they are useful synthetically as anion activators. 

Incorporation of a 4-oxa-hexacyclo[5.4.1.02'6.03'10.05'9.08'n]dodecyl cage moiety 

provides an attractive means to enhance the lipophilicity of host-guest systems. Previous 

systems employed a pendant hydrocarbon chain128 for this purpose. However, the 

incorporation of rigid carbon cages offers a more compact alternative. Additionally, one of 

the oxygen atoms in the macrocyclic ring structure becomes immobilized by virtue of cage 

annulation. This 'anchored' oxygen resides in the cavity of the cryptand. As was the case 

with 42 and 43, it was our hope that rigidification of heteroatoms in the host system would 

enhance the ability of the resulting crown ether to form stable complexes with a variety of 

guest systems. 

The synthesis of cryptands is not a straightforward exercise. The classic method 

developed by Lehn involves several steps and requires the use of specialized equipment.129 

Large quantities of starting materials may be required for success under high dilution 
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Figure 38. Synthesis of a PCU-functionalized [2.2.1] cryptand 73 by Dr. Sulejman Alihodzic. 
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conditions, and isolated product yields often are low. Several reviews provide details of 

Lehn's method and also include other methods for cryptand synthesis.130 

Compound 73 was prepared by Dr. Sulejman Alihodzic using a method similar to 

one reported in the literature.131 An advantage to the use of this method is that protection 

and deprotection of secondary amines is not necessary. The required starting materials can 

be prepared readily on large scale. Thus, l,4,10,13-tetraoxa-7-16- diazacyclooctadecane 

(i.e. "4,13-diaza-18-crown-6,74) was produced via literature procedure.132 Compound 56 

is made simply by iV-tosylation of compound 48. Compound 72 results via the base-

promoted substitution reaction of 56 with 74. The high yield of 74 obtained from this 

reaction may be attributed to the judicious choice of Na+ as templating cation. 

Dr. Alihodzic obtained 72 as the corresponding Na+ complex with "OTs as the 

counterion. The free ligand, 73, was obtained by prolonged extraction of complex* 72 

from aqueous solution into CHC13. 

A sample of cryptand 73 was subjected to extraction analysis. Cryptand 73 was 

compared initially against two model compounds. The first of these was 4,13-diaza-18-

crown-6 (74). This material was readily available, since it had been employed previously 

in the synthesis of cryptand 73. As a model compound, however, 74 possesses several 

obvious deficiencies. It is not entirely consistent to compare the extraction behavior of a 

secondary amine (74) with that of a tertiary amine (73). In addition to the inherent 

differences between the Lewis basicity of secondary and tertiary amines, additional 

substituents on nitrogen may sterically hinder complexation. 
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Figure 39. Synthesis of model compound 76. 

Another model compound was devised; thus, N, iV'-diethyl-4,13-diaza-18-crown-6 

(compound 76) was chosen for this purpose, since it is structurally more similar to 

cryptand 73 than is 74. This material was synthesized in two steps; hence, 4,13-diaza-

18-crown-6 (74) was acetylated to produce diamide 75, which was subsequently reduced 

by using LiAlH4, thereby providing model compound 76. Our synthesis of 76 is shown in 

Figure 39. 

Extraction analysis of 73,74, and 76 were undertaken; the results thereby 

obtained are shown in Table 6. Examination of the extraction data in Table 6 suggests that 

indeed the "macrobicyclic cryptate effect" is operative. Cage-functionalized cryptand 73 is 

a superior extractant for all alkali metal cations tested. The alkali metal cation data suggests 
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Host Molecule 

ro~or\ 
KPN f T H 

\ 0 O l / v u v 74 

Percent of Picrate extracted (%)a 

Li+ Na+ K+ Rb+ Cs+ 

11.0±0.7 10.4 ±1.3 13.0±2.0 9.1 ±0.8 10.1 ±0.3 

° N ^ / 3.3 ±0.5 22.4±0.6 34.8 ±0.8 21.2 ±0.7 16.0±0.7 
76 

OrHO 
O O 

73 

39.8 ±0.8 95.1 ±0.8 89.7 ±1 .2 56.1 ±0.1 33.7 ±0.7 

"Averages and standard deviations calculated for data obtained from at least 

three independent extraction experiments. 

Table 6. Alkali metal picrate extraction profile of PCU cryptand 73 and model compounds. 

that cryptand 73 may be selective for Na+ and K+ vis-a-vis the other metals in the series, as 

this host displays shows very high avidities toward these ions compared to its 

complexation behavior toward Li+, Rb+, Cs+.The alkali metal picrate data suggest that 73 

might act selectively to extract Na+or K+from a mixture of other cations in the series, as the 

avidities of 73 for Na+ and K+ are markedly higher than than those for Li+, Rb+, or 

Cs+. The validity of this assertion might be assessed through competition experiments 

wherein a free ligand is exposed to more than one guest species at once.133 The observed 

preference for one guest at the expense of another would be a concrete measure of such 

selectivity. 

The extraction results shown in Table 6 were obtained individually for each alkali 

metal picrate. The data suggest a degree of selectivity in the ability of 73 to form complexes 
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with specific alkali metal cations. However, it would be desirable to perform direct 

competition experiments by using mixtures of alkali metal picrates in order to gain 

additional direct evidence in this regard. 

Comparison of the extraction abilities of model compounds 74 and 76 with 

cryptand 73 clearly indicates that the increased preorganization of compound 73 results in 

a large increase in extraction efficiency for compound 73 relative to that of 74 and 76, 

respectively. Cryptand 73 is ca. 10 times more effective at extracting Li+ than is model 

compound 76; in addition, 73 is ca. twice as effective at extracting Cs+ vis-a-vis 76. 

Extraction efficiencies for Na+, K+, and Rb+ for 73 relative to 76 lie between these 

values. Compound 73 is ca. 9 times more effective at extracting Na+ than model 

compound 74; in addition, 73 is ca 3 times more effective at Cs+ extraction than is 74. 

In an effort to assess the role of the anchored oxygen present in cryptand 73 in 

alkali metal picrate extraction, an additional pair of model compounds was prepared. These 

compounds, synthesized by Dr. Kata Mlinaric-Majerski and Tatjana Sumanovac, were 

subjected to extraction analysis. The first of these model systems, i.e. 80, was prepared as 

shown in Figure 40. Diol 77 was converted into the corresponding ditosylate 78, which 

subsequently was subjected to base promoted reaction with l,4,10,13-tetraoxa-7,16-

diazacyclooctadecane. Compound 79 was isolated as the corresponding Na+ complex 

which was extracted with in H20/ CHC13 to provide ligand 80. This compound is similar 

to cryptand 73 in that it possesses a macrocyclic ring connected to a lipophilic hydrocarbon 

moiety. It lacks a bridging heteroatom, and, as such, 80 is not a true cryptand. 

Model compound 85 contains a lipophilic hydrocarbon moiety and possesses a 

higher degree of preorganization than does 80. Compound 85 is a true cryptand in that it 

contains heteroatoms that are oriented in a three-dimensional manner about a central cavity 

The heteroatoms associated with the cage do not bridge across its skeleton, however. They 

are attached between the adamantyl portion and the remainder of the macrocycle. 

Model compound 85 was prepared in several steps from 1,3-dibromoadamantane. 

Reaction of 81 with ethylene glycol and AgN03 provided compound 82. This was 

converted into the corresponding ditosylate 83, which subsequently was subjected to base 

promoted reaction with l,4,10,13-tetraoxa-7,16-diazacyclooctadecane to afford the 

corresponding Na+ complex, 84. The free ligand was obtained via aqueous extraction of 

NaOTs from CHC13. 
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Figure 40. Synthesis of 80 by Dr. Kata Mlinaric-Mayerski and Tatjana Sumanovac 
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Host Molecule 

Percent of Picrate extracted (%)a 

Li Na+ K1" Rb+ 
Cs+ 

11.2 + 0.4 22.4 ± 0.6 46.7 + 0.5 25.4 + 0.7 22.1 +0.7 

16.2 ±0.6 21.9 ±0.2 19.2±0.5 21.2 ±0.7 18.1 ±0.6 

39.8 ±0.8 95.1 ±0.8 89.7 ±1 .2 56.1 ±0.1 33.7 ±0.7 

"Averages and standard deviations calculated for data obtained from three 

independent extraction experiments 

Table 7. Alkali metal picrate extraction profile of PCU cryptand 73 and model compounds 

Model compounds 80 and 85 were subjected to extraction analysis. The results 

thereby obtained are shown in Table 7. 

Comparison between the extraction profiles of model compounds 80 and 85 

underlines the pivotal role played by the anchored oxygen atom in cage-fiinctionalized 

cryptand 73 in promoting complexation with alkali metal cations. Model compound 80 

displays inferior complexation ability relative to 73. This result is to be expected, since 

cryptand 73 possesses an additional ligating heteroatom. Moreover, the decreased 

extraction avidities of 80 relative to 73 may result in part from the steric inference of the 

bridging methylene unit present in 80. In fact, the extraction profile of 80 strongly 
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Figure 41. Synthesis of 85 by Dr. Kata Mlinaric-Mayerski and Tatjana Sumanovac 
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resembles that of model compound 76, iV.JV'-diethyl 4,13-diaza-18-crown-6. Thus, the 

cage moiety is not responsible for the greatly enhanced extraction avidities seen with PCU 

cryptand 73. The extraction data suggests that conformational influences on the 

macrocyclic ring by the cage moiety are not primarily responsible for the increased 

extraction values observed for 73. 

More interesting is the comparison of extraction data between cryptand 73 and 85. 

Compound 85 contains an additional heteroatom and thus is expected to perform as an 

ionophore in a manner similar to that of 73. However, this expectation is not borne out by 

experiment Cryptand 73 is far superior as an extractant to 85 for all alkali metal picrates 

tested! Cryptand 73 is ca. 4 times more effective at Na+extraction than is 85 and ca. 2 

times more effective than 85 as a Cs+ extractant. Values for the extraction of Li+, K+, and 

Rb+ by 73 lie between these limits. 

An explanation for this phenomenon must lie in the positioning of the additional 

oxygens in 85. Compound 85 performs almost identically to model compound 76 (N,N'~ 

diethyl-4,13-diaza-18-crown-6, see table 6) as an alkali metal picrate extractant. Only slight 

differences are seen between the abilities of 76 and 85 to extract Li+ and K+. This 

similarity suggests that 85 is not acting effectively as a cryptand but is instead no more than 

a hindered monomacrocyclic (crown ether) extractant. The promixity of the two oxygen 

atoms in 85 to the adamantyl cage presumably is responsible for this result. The steric 

influence of the neighboring cage inhibits the ability of these heteroatoms to complex 

effectively with alkali metal cations. 

Cage-functionalized Bis-crown Ethers. 

The observation of sandwich-type complex formation between crown ethers and 

metal cations was first reported by Smid and coworkers.134 The compounds that display 

this behavior contain two individual crown ethers linked together in close mutual 

proximity. Many such bis-crown ethers exhibit unique cation binding qualities; a vast 

number of these bis-crown ethers have been synthesized and tested. Figure 42 shows an 

example of a bis-crown ether. Several useful reviews are available that include the 

synthesis of these materials.135 
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c f : x r x x f ^ 
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Figure 42. A bis-crown ether. X=C(0)(CH2)6C(0) 135 

Many synthetic methods for synthesizing bis-crown ethers have been reported. The 

ease with which benzo-15-crown-5 may be prepared coupled with the elevated reactivity of 

the 4'-position in benzo(15-crown-5) toward undergoing electrophilic aromatic substitution 

make this an attractive starting material.136 Many examples of bis(benzocrown ethers) have 

been reported. 

An alternative method used to link crown ether units into bis-crown ethers involves 

the coupling of azacoronands. Typically,this involves substitution reactions between 2 

equivalents of an azacoronand and a ditosyl or dihalo linking agent. Many azacoronands are 

commercially available or can be prepared by starting with inexpensive starting reagents. 

A pair of cage-functionalized bis-(monoazacrown ethers) were synthesized with Dr. 

K. Ajay Kumar and Dr. Suleman Alihodzic as shown in Figure 43. Commercially available 

monoaza-(12-crown-4) and monoaza-(15-crown-5) were employed as starting materials 

along with PCU ditosylate 56 as a linking agent. 

These compounds offer several unique features. Both contain a lipophilic 

hydrocarbon moiety incorporated between a pair of azacoronands. This enhances the 

solubility of these compounds in organic solvents and thus increases their value as potential 

metal ion extractants. Additionally, the presence of two independent azacoronand 

functionalities offers the intriguing possibility that these moieties might act cooperatively to 

form "sandwich"-type complexes wherein a guest ion resides between the two "arms" of 

the molecule. 
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Figure 43. Synthesis of cage-functionalized bis-(monoazacrown ethers) 89 and 90. 

In the case 89, there is an additional feature that should be noted. Thus 89 incorporates 

two monoaza-( 12-crown-4) units into one molecule. The small cavity dimensions of 

monoaza( 12-crown-4) limit the extraction abilities of this macrocycle when used alone. It 

was hoped that two azacrown molecules tethered together as a bis-(monoazacrown ether) 

could interact cooperatively to form "sandwich" complexes with metal cations. 

The results of alkali metal picrate extraction studies on 89 and 90 are shown in 

Table 8. Monoaza(l 2-cro wn-4) (87) was chosen as a model compound for cage-

functionalized bis(monoazacrown ether) 89. In order to compare the extraction efficiencies 
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of compounds 87 and 89, it is important to carry out extraction experiments by using a 

solution of model compound 87 which is twice as concentrated as that of 89. This allows 

Percent of Picrate extracted (%)a 

Host Molecule Li+ Na+ K+ Rb+ Cs+ 

8.2 ±0.6 8.0 ±0.4 8.3 ±0 .3 6.2 ±0 .9 9.2 ±0 .4 O Or 87 

10.6 ±0.6 8.6 ±0 .3 8.8 ±0.5 7.4 ±0 .9 8.9 ±0.7 

© ^ 
19.9 ±0.7 35.9 ± 1.0 32.1 ±0.7 16.8 ±1.5 2 .4±1 .0 

90 

"Averages and standard deviations calculated for data obtained from at least 

three independent extraction experiments. 

Table 8. Alkali metal picrate extraction profile of PCU bis-(monoazacrowns) 89, 90 and 
model compound 87. 

for the presence of two azacoronand molecules incorporated in bis-(monazacoronand) 89. 

A consistent comparison must involve a model system which has available the same 

number of macrocycle equivalents as are present in the host system of interest. 

The data shown in Table 8 provide no evidence for the existence of cooperativity between 

the two azacrown moeities in compound 89. Indeed, 89 shows little avidity toward any of 

the alkali metal picrates tested, with all values lying near ca. 10% of picrate extracted. 

Comparison of these results with corresponding extraction data for 87 [monoaza(12-

crown-4)] suggests that there is no advantage gained by incorporating two monoaza(12-
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crown-4) units into a bis-crown. Indeed, the extraction profiles of compounds 87 and 89 

are nearly identical. Extraction studies performed by using compound 90 show low 

avidities toward Li+, Rb+, and Cs+ and moderate values toward Na+ and K+ . This 

information combined with the poor extraction behavior seen for compound 90 forced us 

to consider other bis-crown systems. 
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Figure 44. Synthesis of iV-benzyl A '̂-tosyl diaza-(12-crown-4) 137 

OH 

O OH 
J 

Next, cage-functionalized bis(diaza-12-crown-4) compounds were designed. Diaza(12-

crown-4) is prohibitively expensive. In addition, the presence of two reactive secondary 

amine sites in diaza-(12-crown-4) complicated this pursuit. A viable alternative was found 

in the literature137 wherein a diprotected diaza-12-crown-4 (compound 91) may be 

deprotected selectively. In this way, one amine site in diaza-12-crown-4 is available for 
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Figure 45. Synthesis of 93 and 94 

Figure 47. Synthesis of bis-(diaza 12-crown-4) ethers 93 and 94. 

alkylation, and byproduct formation is thereby minimized. TV-Benzyl W-tosyldiaza (12-

crown-4) 91 was prepared readily, as shown in Figure 44.137 

Deprotection of 91 may be accomplished selectively. Hydrogenolysis reductively cleaves 

the benzyl group to give A^-tosyldiaza-(12-crown-4); only one active site is 
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available in the resulting molecule for alkylation. Alternatively, the tosyl group may be 

reduced by using LiAlH4 thereby affording N-benzyl diaza-(12-crown-4). For the purposes 

of this study, the former strategy proved to be more effective. 

Two equivalents of debenzylated crown 92 were combined with one mole of 

ditosylate 56 as bridging agent to form the corresponding cage-difunctionalized bis(iV-

tosyldiaza-12-crown-4) 93. The method used to prepare this compound is shown in Figure 

45. 

Compound 93 was subjected to LiAlH4 reduction to the corresponding bis-(diaza-

12-crown-4) (94). An attempt to produce 94 by using a different route failed. When the 

strategy shown in Figure 46 was attempted, the final hydrogenolysis step proved 

problematic. It is possible that traces of thiophenol remained from previous steps, and this 

impurity might function as a catalyst poison thereby impeding deprotection. For this 

reason, the procedure shown in Figure 45 was preferred. For alkali metal picrate extraction 

studies, a pair of specialized model compounds were deemed necessary. Compound 99 

was considered appropriate as a model for bis-crown 94. Model 99 was synthesized from 

97 in two steps. Thus, acetylation of 97 under typical conditions gives //-acetyl N'-

tosyldiaza(12-crown-4) 98. Subsequently, this compound was reduced by using LiAlH4 to 

give model compound 99. 

Compound 97 was synthesized as a model compound for 93. Alkylation of 92 

gave the desired iV-ethyl iV'-tosyldiaza(12-crown-4) (97). Synthesis of both model 

compounds 97 and 99 is shown in Figure 49. Again, analytical solutions of models 97 

and 99 were prepared at twice the concentration of that of compounds 93 and 94, 

respectively, so that a direct comparison among the various systems could be made. The 

results of alkali metal picrate extraction experiments are shown in Table 9. 
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Figure 48. An alternative method that might have been used to synthesize 94 proved 
unsuccessful 
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Figure 47. Synthesis of model compounds 97 and 99. 

Inspection of the extraction data in Table 9 for model compound 97 and bis-crown 

93 shows that neither compound avidly extracts the alkali metal picrates examined. 

Furthermore, no evidence for cooperativity between the crown "arms" in compound 93 is 

evident. Extraction data for compound 93 and model 97 are essentially identical for all 

picrates in the series. Both compounds show negligible avidities even for the small Li+ 

cation. This may result from the influence of the tosyl groups on the ligating power of the 

nitrogen atoms. 

The extraction data obtained for compounds 99 and 94 was more encouraging. 

Compound 99 serves as a reasonably good extractant for Li+ picrate (as would be expected 

based on 'size-fit' considerations) and tapers off in extraction efficiency as guest cationic 

size increases. Compound 94 is equally effective in the extraction of Li+ picrate but is 

more effective as Na+ and Rb+ extractants than its model compound, 99. Indeed, 

compound 94 is ca. twice as avid for all alkali metal cations tested, except for Li+. This 

result provides evidence that cooperativity between crown moeities in such bis-crown 
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Percent of Picrate extracted (%)a 

Host Molecule Li+ Na+ K+ Rb+ Cs+ 

T O O 
/ ~ C o 3 T S 9 7 8.5 ±0.7 1.4 ±0.5 2.8 ± 0.5 1.1 ±0.9 1.6±0.3 

O v r~\ 

>NOs 7.9 ±0.5 1.9 ±0.3 6.1±0.1 6.0±0.7 6.5±0.5 

u ^ 9J t s 
C N CT 

Ts v J 93 

rcr> 
^ 0 5 H 40.3 ±0.5 34.9±0.7 24.3 ±0.6 19.2 ±0.7 15.3 ±0.7 

99 

n rvL 41.7±0.6 55.6 ±0.8 44.3±0.5 34.8±0.1 31.6±0.5 

^ 94 

aAverages and standard deviations calculated for data obtained from at least 
three independent extraction experiments 

Table 9. Alkali metal picrate extraction profile of PCU bis (diazacrowns) 93 and 94 and model 
compounds 97 and 99. 

systems is attainable. In this way, small crown ethers are used to extract cation guests that 

are much larger than the macrocycle's cavity size via 2:1 "sandwich" complexation. It is 

possible that the degree of cooperativity seen with these systems (though promising only in 

the case of compound 94) suffers from entropy effects due to the amount of 
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conformational flexibility offered by the "arms" of the bis-crown. By decreasing the 

distances between the two crown moieties cooperativity should be further enhanced. 

The extraction data in Table 9 suggest that cooperativity between two diaza-12-

crown-4 moeities in a cage-fimctionalized bis(diaza 12-crown-4) ether might provide 

enhanced extraction avidity toward alkali metal picrates relative to diaza-(12-crown-4) 

ethers that function independently. In an effort to maximize cooperativity between the two 

crown moieties in such bis-crown ethers, it seemed promising to link the two crown ethers 

with an additional linking arm. The resulting compounds have two lateral cavities (formed 

by the crown ether moeities) and one central cavity. Such macrotricyclic coronands are 

called "cylindrical cryptands"139, and many such compounds show highly selective and 

highly avid extraction behavior. Such compounds were first reported by Lehn as 

byproducts in a synthesis of [1.1.1] cryptand 101.138 
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Figure 48. The first cylindrical cryptand, 102, was obtained as a reaction byproduct. 

Several controlled syntheses of these compounds have been developed. A recent 

paper discusses the various strategies available for the synthesis of cylindrical cryptands.139 

A number of lipophilic, cylindrical cryptands have been developed. These 

compounds employ hydrocarbon functionalities as a means to enhance lipophilicity.152 
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Compound 104 (Figure 51) was found to be very selective for extraction of Na+ 

vis-a-vis K + and Li+.137 

104 

Figure 49. A Na+- selective cylindrical cryptand. 

A lipophilic cylindrical cryptand was formed by cyclizing PCU-functionalized bis-

(diaza 12-crown-4) ether 94. a , a'-Dibromoxylene was chosen as a linking agent. The 

method used to synthesize this new cage-functionalized cylindrical cryptand is shown in 

Figure 50. 

The overall method used to synthesize compound 105 is that reported by Quici and 

coworkers.153 The protection/deprotection operations shown in Figure 47 are laborious, but 

their use minimizes oligomeric byproduct formation. Purification of reaction mixtures 

containing straight chain amine byproducts proved problematic in other cases. Compound 

105 was prepared by using the method shown in Figure 50 in an effort to minimize 

byproduct formation. 

Compound 105 features two small diazacoronands which are incorporated into one 

compound in such a way that they are held within close mutual proximity. This was done 

in an effort to force cooperativity between the two rings and thereby to enhance extraction 

capability relative to that of 93 and 94, respectively. 

Additionally, 105 utilizes a source of lipophilicity that is different from that found 

in systems like 104. A compact carbocyclic cage enhances the lipophilicity of this system 

and thereby increases the potential value of compound 105 as a phase transfer catalyst. 
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A model compound again was needed for alkali metal picrate extraction analysis. 

An appropriate compound was synthesized in three steps,as shown in Figure 51. 

Acetylation of 92 provided N-tosyl-AT-acetyl diaza(12-crown-4) in 79% yield. iV-ethyl 

diaza (12-crown-4) was obtained via LiAlH4 reduction of 98 in THF. Alkylation of 99 by 

N O 

O N O N 

Na2C03, CH3CN 

Br 

Br 

Figure 50. Synthesis of PCU functionalized cylindrical cryptand 

using (Et0)2S02 gave model compound 106 in 56% yield. 

Solutions of 106 and 105 were prepared for extraction analysis. Once again, the 

solution of the model compound was prepared at twice the concentration of the 

experimental compound for reasons stated previously. The results of relevant alkali metal 

picrate extraction experiments are shown in Table 10. 

Examination of the extraction data in Table 10 indicates that substantial benefits can 

be obtained via the increased preorganization attendant with cylindrical cryptand 105 vis-

a-vis bis(diazacrown) 94. Cylindrical cryptand 105 functions as a superior extractant 

toward all metal ions tested relative to its corresponding model (106). The data also 

suggests that cryptand 105 might prove to be selective for Na"*" complexation in 
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Figure 51. Synthesis of model compound 106. 

competitive extraction experiments, since 105 shows a pronounced avidity toward 

extraction of Na+ picrate (86%)vis-a-vis the M+ picrates of next-nearest size (Li+ and K+). 

"Forced cooperativity" between the l,4-diaza-(12-crown-4) moieties results in 

greatly increased extraction avidities for cylindrical cryptand 105 relative to that of the cage 

bis(diazacrowns) shown in Table 9. Constraining two diaza-12-crown-4 moieties in a 

molecular box in a manner that places them in close mutual proximity was a successful 

strategy. In this way, a highly avid alkali metal ion extractant resulted from this work 

which may prove to be a selective Na+ complexing agent. 

Model compound 106 is quite avid for Li+ picrate, but it extracts other metal 

picrates inefficiently. This observation suggests that 106 might itself serve as a selective 
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Host Molecule 

106 

Percent of Picrate extracted (%)1 

Li+ Na+ K+ Rb4 Cs+ 

46.9 ±0.4 12.4 ±1.4 11.8 ±0.7 10.4 ±0.9 6.8 ±0.3 

66.8 ±0.2 86.0 ±0.3 58.0 ±0.6 62.4 ± 0.4 65.3 ±0.1 

105 

"Averages and standard deviations calculated for data obtained from three 
independent extraction experiments 

Table 10. Alkali metal picrate extraction profile of PCU cylindrical cryptand 105 and model 
compound 106 

extractant for Li+ in the event that the ability of 106 to discriminate between Li+ and other 

cations can be established via competition experiments. 



EXPERIMENTAL SECTION 

Melting points are uncorrected. Absorption intensities of alkali metal picrate 
solutions were measured at 374 nm by using a Hewlett-Packard Model 84524 Diode 
Array UV-visible spectrophotometer. An Orion Research Digital Ionalayzer/501 pH 
meter equipped with a glass electrode was used to obtain pH measurements of alkali 
metal picrate solutions at 25 °C. The pH meter was standardized at pH 4.0 and pH 7.0 
against standard sodium phosphate buffer solutions. Elemental microanalyses were 
performed by personnel at M-H-W Laboratories, Phoenix, AZ. 

ex0-8-ex0-ll-Divinylpentacyclo[5.4.O.O2>6.O3'lo.O5>9]undecane-enefo 
-8-enrfo-ll-dioI (39). To a solution of 3394 (1.00 g, 5.74 mmol) in dry THF (10 mL) 

under argon was added with stirring vinylmagnesium bromide in dry THF (22.9 fiiL of a 

1M solution, 22.9 mmol). The resulting solution was stirred at ambient temperature for 3 

h and then was heated to 50 °C and was stirred at that temperature for an additional 12 h. 

The reaction mixture was cooled to 0 °C via application of an external ice-water bath, and 

the reaction was quenched via addition of cold saturated aqueous NH4CI (10 mL). The 

resulting aqueous suspension was extracted with EtOAc (3 x 30 mL), and the combined 

organic layers were washed with water (10 mL). The organic layer was dried (MgS04) 

and filtered, and the filtrate was concentrated in vacuo. The residue was purified via 

column chromatography on silica gel by eluting with 20% EtOAc-CH2Cl2, thereby 

affording 39 (780 mg, 59%). Recrystallization of this material from CH2Cl2-hexane 

afforded analytically pure 39 as a colorless microcrystalline solid: mp 66-67 °C; IR 

(nujol) 3180 (m), 2980 (s), 1610 cm*1 (m); *H NMR (CDCI3) 8 1.08 (AB, JAB = 10.1 Hz, 

1 H), 1.52 (AB, = 10.1 Hz, 1 H), 1.79-2.20 (m, 8 H), 4.90-5.22 (m, 4 H), 5.71-5.89 (m, 

2 H); 13c NMR (CDCI3) 8 33.9 (t), 40.1 (d), 41.2 (d), 44.4 (d), 51.1 (d), 76.9 (s), 112.8 

(t), 142.7 (d). Anal. Calcd for Ci5Hi802: C, 78.23; H, 7.88. Found: C, 78.21; H, 8.00. 

3,5-Divinyl-4-oxahexacyclo[5.4.1.02'6.03'1°.05»9.08'11]dodecane (40). 
To a solution of 39 (1.00 g, 4.34 mmol) in dry benzene(30 mL) was added TsOH (81 mg, 
0.43 mmol), and the resulting mixture was refluxed in a Dean-Stark apparatus until the 
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distillate became clear (ca. 2 h). The layers in the distillate were separated, and the 

organic layer was washed sequentially with water (10 mL), 10% aqueous NaHCC>3 (10 

mL), and water (10 mL). The organic layer was dried (MgS04) and filtered, and the 

filtrate was concentrated in vacuo. The residue thereby obtained was purified via column 

chromatography on neutral alumina by eluting with 1:1 CH2Cl2-hexane. Pure 40 (715 

mg, 77%) was thereby obtained as an oil; bp 210-213 °C (1 mm Hg); IR (neat) 2985 (s), 

1150 cm"1 (m); N M R (CDC13) 8 1.56 (AB, JAB = 10.0 Hz , 1 H) , 1.94 (AB, JAB =10 .0 

Hz, 1 H), 2 .50 (br s, 2 H), 2 .72 (br s, 6 H) , 5.08-5.32 (m, 4 H) , 6 .21-6.33 (m, 2 H) ; 1 3 C 

NMR (CDCI3) 8 41.8 (d), 43.5 (t), 44.5 (d), 49.2 (d), 58.9 (d), 96.0 (s), 114.5 (t), 136.3 

(d). Anal. Calcd for C I 5 H I 6 0 : C, 84.87; H, 7.60. Found: C, 84.68; H, 7.50. 

3,5-[2',2"-Bis(hydroxyethyl)]-4-oxahexacyclo[ 5.4.1.02>6.03'10.05»9' 

.08'11] dodecane (41). To a solution of 40 (610 mg, 2.87 mmol) in dry THF (20 mL) was 

added with stirring a 1 M solution of BH3THF in dry THF (2.84 mL, 2.84 mmol), and 

the resulting mixture was stirred at ambient temperature for 6 h. The reaction mixture 

was cooled to 0°C via application of an external ice-water bath. To this cooled mixture 

was added dropwise with stirring aqueous NaOH (1 mL of a 30% solution, 7.5 mmol) 

followed by 30% aqueous H2O2 (1.8 mL, excess). The resulting mixture then was heated 

to 40°C and was stirred at that temperature for 1 h. The reaction mixture was cooled and 

then was extracted with EtOAc (3 x 20 mL). The combined organic extracts were washed 

with water (10 mL), dried (MgSC>4), and filtered, and the filtrate was concentrated in 

vacuo. The residue was purified via column chromatography on silica gel by eluting with 

30% EtOAc-hexane. Pure 41 (600 mg, 85%) was thereby obtained as a colorless 

microcrystalline solid: mp 153.0-153.5 °C; IR (nujol) 3320 (m), 2980 cm-1 (s); *H NMR 

(CDCI3) 8 1.52 (AB, JM = 10.3 Hz, 1 H), 1.70-2.05 (m, 4 H), 2.28-2.69 (m, 9 H), 3.50-

3.86 (m, 6 H); 13C NMR (CDCI3) 8 34.3 (t), 41.4 (d), 43.5 (t), 44.1 (d), 47.7 (d), 58.2 (d), 

60.0 (t), 96.4 (s). Anal. Calcd for C15H20O3: C, 72.55; H, 8.12. Found: C, 72.65; H, 8.06. 

Crown Ether 42. To a suspension of NaH (21.5 mg, 0.85 mmol) in dry THF (5 
mL) under argon was added dropwise a solution of 41 (86 mg, 0.43 mmol) in dry THF 
(15 mL), and the resulting solution was stirred at ambient temperature for 0.5 h. To the 
reaction mixture was added dropwise with stirring a solution of 41b(195 mg, 0.43 mmol) 
in dry THF (25 mL) during 1 h. The resulting mixture was refluxed for 10 h, at which 
time the reaction mixture was concentrated in vacuo. Water (20 mL) was added to the 
residue, and the resulting aqueous suspension was extracted with CH2CI2 (4 x 20 mL). 
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The combined organic layers were dried (MgSC>4) and filtered, and the filtrate was 

concentrated in vacuo. The residue was purified via column chromatography on neutral 

alumina by eluting with 20% EtOAc-CH2Cl2. Pure crown ether 42 (90 mg, 60%) was 

thereby obtained as a colorless oil; IR (neat) 2980 (s), 1150 cm-1 (m); *H NMR (CDCI3) 

8 1.48 {AB, JAB = 10.2 Hz, 1 H), 1.82 (AB, J„ = 10.2 Hz, 1 H), 1.90-2.64 (m, 12 H), 3.56-

3.80 (m, 16 H); NMR (CDCI3) 8 32.3 (t), 41.4 (d), 43.5 (t), 43.8 (d), 48.1 (d), 58.8 

(d), 68.3 (t), 70.2 (t), 70.8 (t), 71.5 (t), 94.5 (s). Anal. Calcd for C21H30O5: C, 69.59; H, 

8.34. Found: C, 69.70; H, 8.60. 

Crown Ether 43. To a suspension of NaH (21 mg, 0.88 mmol) in dry THF (5 

mL) under argon was added dropwise a solution of 41 (110 mg, 0.44 mmol) in dry THF 

(15 mL), and the resulting mixture was stirred at ambient temperature fo 0.5 h. To the 

reaction mixture was added dropwise with stirring a solution of 41c(223 mg, 0.44 mmol) 

in dry THF (25 mL) during 1 h. The resulting mixture was refluxed for 14 h, at which 

time the reaction mixture was concentrated in vacuo. Water (15 mL) was added to the 

residue, and the resulting aqueous suspension was extracted with CH2CI2 (3 x 30 mL). 

The combined organic layers were dried (MgSC>4) and filtered, and the filtrate was 

concentrated in vacuo. The residue was purified via column chromatography on neutral 

alumina by eluting with 20% EtOAc-CH2Cl2. Pure crown ether 43 (112 mg, 62%) was 

thereby obtained as a colorless oil; IR (neat) 2985 (s), 1610 (w), 1130 cm"1 (m); 1H NMR 

(CDCI3) 8 1.40-2.78 (m, 14 H), 3.64-4.26 (m, 12 H), 6.80-7.00 (m, 4 H); « c NMR 

(CDCI3) 8 34.3 (t), 41.4 (d), 43.5 (t), 43.9 (d), 48.3 (d), 59.1 (d), 69.0 (t), 69.25(t), 69.5 

(t), 94.8 (s), 112.6 (d), 120.8 (d), 148.8 (s). Anal. Calcd for C25H30O5: C, 73.15; H, 7.37. 

Found: C, 73.23; H, 7.15. 

l-Hydroxy-3-hydroxymethyI-2-oxaadamantane (47). To a suspension 

of 4614 (1.01 g, 6.1 mmol) in water (25 mL) was added aqueous HCIO4 (0.25 mL of a 

70% solution, catalytic amount), and the resulting mixture was stirred at ambient 

temperature for 3 h. The reaction mixture then was neutralized via careful, dropwise 

addition of saturated aqueous NaHCC>3, and the resulting aqueous suspension was 

extracted with CHCI3 (3 x 20 mL). The combined organic extracts were dried (MgSC>4) 

and filtered, and the filtrate was concentrated in vacuo. Compound 47 (500 mg, 45%) 

was thereby obtained as a colorless microcrystalline solid: mp 114-116 °C (lit.15 mp 116-

117 °C); IR (KBr) 3350 (s), 3220 (s), 2930 (s), 2910 (s), 2870 (m), 1370 (m), 1340 (m), 

1140 (s), 1075 (s), 1045 (s), 1015 (s), 990 (s), 910 cnr* (m); lH NMR (CDCI3) 8 1.38 (d, 



94 

7= 12.3 Hz, 2 H), 1.72-1.81 (m, 8 H), 2.36 (br s, 2 H), 2.89 (br s, 1 H), 3.41 (s, 2 H), 3.89 

(tar s, 1 H); 13C NMR (CDC13) 8 28.8 (d), 34.1 (t), 35.0 (t), 40.8 (t), 69.2 (t), 77.1 (s), 94.8 

(s). This material was used as obtained in the next synthetic step without additional 

purification or characterization. 

Crown Ether 48. Sodium hydride (1.28 g of a 50% w/w suspension in mineral 

oil, 26.7 mmol, was washed with pentane (3 x 40 mL) under nitrogen to remove the 

mineral oil. The pentane was decanted after the last washing, and dry THF (300 mL) was 

added under nitrogen to the residue. The resulting suspension was heated to reflux. To 

this refluxing mixture was added dropwise with stirring a solution of 47 (480 mg, 2.63 

mmol) and tetrethyleneglycol ditosylate (1.31 g, 2.63 mmol) in dry THF (200 mL) during 

16 h. After addition of these reagents had been completed, the resulting mixture was 

refluxed for an additional 4 days. The reaction mixture was allowed to cool gradually to 

ambient temperature, and excess NaH was destroyed via careful, dropwise addition of 

water (ca. 2 mL). The resulting mixture was filtered, and the filtrate was concentrated in 

vacuo. Water (200 mL) was added to the residue, and the resulting aqueous suspension 

was extracted with CH2CI2 (4 x 50 mL). The combined organic extracts were dried 

(MgSC>4) and filtered, and the filtrate was concentrated in vacuo. The residue thereby 

obtained, a yellow oil, was purified via column chromatography on alumina (activated, 

grade I) by eluting with 2% MeOH-CH2Cl2. Pure 48 (530 mg, 60%) was thereby 

obtained as a colorless oil: bp 140 °C (10'3 mm Hg); IR (KBr) 2920 (s), 2860 (s), 1470 

(m), 1450 (m), 1350 (m), 1295 (m), 1250 (m), 1180 (m), 1100 (br, s), 990 (m) 945 cm*1 

(m); ! H NMR (CDCI3) 8 1.34 (AB, JAB = 13.0 Hz, 2 H), 1.61 (AB, = 12.4 Hz, 2 H), 

1.73 (br s, 2 H), 1.79 (d, J= 13.0 Hz, 2 H), 1.89 (d, 7= 12.4 Hz, 2 H), 2.36 (br s, 2 H), 

3.36 (s, 2 H), 3.60-3.86 (m, 16 H); NMR (CDCI3) 8 28.7 (d, 2 C), 34.7 (t), 35.3 (t, 2 

C), 38.3 (t, 2 C), 60.0 (t), 69.9 (t), 70.4 (t, 2 C), 70.6 (t, 2 C), 70.7 (t), 71.1 (t), 76.3 (s), 

77.5 (t), 96.5 (s). Anal. Calcd for Ci8H3o06: C, 63.14; H, 8.83. Found: C, 63.19; H, 8.91. 

Mono[N-tosyIaza(20-crown-6) ] ether 54. Into a 250 mL round-bottom flask 

that was fitted with an argon inlet were placed NaH (77 mg of a 60% dispersion of NaH 

in mineral oil, 3.2 mmol) and dry THF (10 mL). To the resulting mixture under argon 

was added dropwise with stirring a solution of 41 (400 mg, 1.6 mmol) in dry THF (40 

mL). After addition of the THF solution of 41 had been completed, the resulting mixture 

was stirred at ambient temperature during 1 h. To the resulting solution was added 

dropwise with stirring a solution of 53 (805 mg, 1.6 mmol) in dry THF (90 mL) during 2 
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h, at which time the reaction mixture was refluxed for 36 h. The reaction mixture was 

filtered, and the filtrate was concentrated in vacuo. The oily residue thereby obtained was 

purified via column chromatography on silica gel by eluting with 50% EtOAc-hexane. 

Pure 54 (365 mg, 41%) was thereby obtained as a pale yellow oil; IR (film) 2951(s), 2868 

(s), 1341 (m), 1165 (m), 1122 (s), 736 cm*1 ( m ) ; ^ NMR (CDC13) 8 1.47 (AB, =10.3 

Hz, 1 H), 1.79 (AB, =10.3 Hz, 1 H), 2.00 (t, J = 6.1 Hz, 2 H), 2.38-2.40 (m, 5 H), 

2.56-2.63 (m, 6 H, 3.37-3.70 (m, 20 H), 7.28 (AB, J„ = 8.3 Hz, 2 H), 7.71 (AB, JAB = 8.3 

Hz, 2 H); 13C NMR (CDCI3) 8 21.4 (q), 32.4 (s), 41.5 (d), 43.5 (q), 43.9 (d), 47.9 (d), 

49.6 (t), 58.9 (d), 68.3 (t), 70.0 (t), 70.4 (t), 71.1 (t), 94.5 (t), 136.8 (s), 143.1 (s). HRMS 

Calcd for C30H4jNO7S: [Mr + H]+ 560.2688. Found (high-resolution chemical ionization 

mass spectrometry): [MT + H]+ 560.2682. HRMS data obtained by Dr. J. Brodbelt, 

University of Texas at Austin. 

Monoaza(20-crown-6) ether (55). A solution of 54 (146 mg, 0.26 

mmol) in dry THF (20 mL) was added carefully and portionwise a slurry of LiAfH4 (100 

mg, 2.6 mmol) in dry THF (10 mL). After all of the reducing agent had been added, the 

resulting mixture was refluxed for 3 days. The reaction mixture was allowed to cool 

gradually to ambient temperature and then was quenched via careful, gradual addition of 

EtOAc (15 mL). The resulting mixture was gravity-filtered, and the filtrate was 

concentrated in vacuo. The residue thereby obtained was purified via column 

chromatography on neutral alumina by eluting with EtOAc . Pure 55 (71 mg, 1.2 mmol) 

was thereby obtained as a yellow oil; IR (film) 3448 (s), 2945 (s), 2862 (s), 1122 cm-1 

(s); *H NMR (CDCI3) 8 1.51 (AB, JAB = 10.2 Hz, 1 H), 1.84 (AB, =10.2 Hz, 1 H), 2.00 

(m, 4 H) 2.38-2.40 (m, 7 H), 2.56-2.64 (m, 4 H), 2.71- 2.73 (m, 1 H) 2.83 (t, J= 5.6 Hz, 

4 H), 3.55-3.70 (m, 16 H); *C NMR (CDCI3) 8 32.3 (t), 41.6 (d), 43.5 (s), 44.2 (d), 48.1 

(d), 49.8 (t), 59.1 (d), 68.2 (t), 70.1 (t), 70.4 (t), 71.0 (t), 94.6 (t). HRMS Calcd for 

C23H35NO5: [MT + H]+ 406.25935. Found (high-resolution chemical ionization mass 

spectrometry): [Mr + H]+ 406.25930. HRMS data obtained by Dr. J. Brodbelt, University 

of Texas at Austin. NMR spectroscopy performed at the University of North Texas. FT-

IR spectroscopy performed at the University of North Texas. 

l,ll-Diazido-3,9-dioxa-6-[(4'-methylphenyI)suIfonylaza]undecane 
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(57). A solution of 53 (500 mg, 0.99 mmol) and NaN3 (149 mg, 2.3 mmol) in DMSO (20 

mL) was heated with stirring at 90 °C for 6 h. The reaction mixture was allowed to cool 

gradually to ambient temperature and then was poured over ice (25 g). The resulting 

aqueous suspension was extracted with CH2CI2 (10 x 30 mL). The combined organic 

layers were dried (MgS(>4) and filtered, and the filtrate was concentrated in vacuo. The 

oily residue thereby obtained was purified via column chromatography on silica gel by 

eluting with CH2CI2. Pure 57 (348 mg, 89%) was thereby obtained as a colorless oil; IR 

(film) 2960 (m), 2870 (m), 2109 (s), 1588 (w), 1452 (w), 1348 (m), 1292 (m), 1164 (m), 

1132 cm-1 (m); lU NMR (CDCI3) 8 2.40 (s, 3 H), 3.35 (t, J = 4.7 Hz, 4 H), 3.41 (t, J = 

5.7 Hz, 4 H), 3.58 (t, J = 5.3 Hz, 4 H), 3.66 (t, J = 4.4 Hz, 4 H), 7.30 (AB, = 8.4 Hz, 2 

H), 7.70 (AB, JAB = 8.3 Hz, 2 H); 13C NMR (CDCI3) 8 21.5 (q), 48.9 (t), 50.8 (t), 69.7 (t), 

70.3 (t), 127.2 (d), 129.7 (d), 136.8 (s) 143.4 (s). Anal. Calcd for C15H23N7O4S: C, 

45.32; H, 5.84. Found: C, 45.58; H, 5.65. 

l,ll-Diammo-3,9-dioxa-6-[(4'methyIphenyl)sufonylaza]undecane 
(58). A solution of 57 (2.1 g, 5.3 mmol) in MeOH (40 mL) was allowed to react with H2 

(g) at 55 psig on a Parr shaker apparatus at ambient temperature during 18 h. The reaction 

mixture was filtered through a Celite® pad to remove spent catalyst, and the filtrate was 

concen-trated in vacuo. Compound 58 (1.98 g, 98%) was thereby obtained as a colorless 

oil; IR (film) 3379 (br, s), 2931 (m), 2881 (m),1574 (m), 1485 (m), 1323 (s), 1163 (s), 

1116 cm"1 (s); iH NMR (CDCI3) 8 1.97 (s, 4 H) 1.2 (s, 3 H), 2.75 (t, J= 5.1 Hz, 4 H), 

3.31-3.57 (m, 8 H), 3.51 (t, J= 5.9 Hz, 4 H); NMR (CDCI3) 8 21.5 (q), 41.7 (t), 48.9 

(t), 69.6 (t), 73.0 (t), 127.2 (d), 129.6 (d), 136.7 (s), 143.3 (s). This material was used as 

obtained in the next synthetic step without additional purification. Spectral data (IR, 

'HNMR, 13CNMR) matched data reported in the literature.140 

l,6,ll-(A',Ar',N"tristosylamino)-3,9-dioxa-6-[(4'methyIphenyl) 
sufonylazajundecane (59). A mixture of 58 (1.85 g, 5.36 mmol), TsCl (2.85 g, 14.5 

mmol, excess), NaOH (591 mg, 14.8 mmol, excess), Et2<3 (10 mL), and water (10 mL) 

was stirred at ambient temperature for 16 h, during which time an oil was observed to 

have separated from the reaction mixture. The resulting mixture was extracted with 

CH2CI2 (3 x 30 mL), and the combined organic layers were washed with water (2 x 20 
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mL). The organic layer was dried (MgSC>4) and filtered, and the filtrate was concentrated 

in vacuo. The residue thereby obtained was purified via column chromatorgraphy on 

silica gel by using a 0-20% EtOAc-CH2Cl2 gradient elution scheme. Pure 59 (2.57 g, 

73%) was thereby obtained as a tacky semisolid; IR (film) 3284 (s), 3057 (w), 2930 (m), 

2872 (m), 1604 (m), 1327 (s), 1155 cm*1 (s); *H NMR (CDC13) 8 2.40 (s, 6 H), 2.41 

(s,3H), 3.12 (t, J = 5.5 Hz, 4 H), 3.24 (t, J = 5.2 Hz, 4 H), 3.46 (t, J = 5.5 Hz, 4 H), 3.54 

(t, J = 5.2 Hz, 4 H), 7.27 (m, 6 H), 7.71 (m, 6 H); 13C NMR (CDCI3) 8 21.4 (q), 42.7 (t), 

49.1 (t), 69.2 (t), 69.7 (t), 126.9 (d), 127.1 (d), 129.6 (d), 129.7 (d), 135.8 (s), 137.0, 

143.2 (s), 143.6 (s). Spectral data (IR,'HNMR, 13CNMR) matched reported literature 

data.140 NMR spectroscopy performed at the University of North Texas. FT-IR 

spectroscopy performed at the University of North Texas. 

Cage-functionalized iV,iV',iV"-tosyItriaza (20-crown-6) (60). To a 

dispersion of NaH (0.65g, 28.2 mmol) in dry DMF (5 mL) was added a solution 59 (23 

mg, 3.5 mmol) in DMF (40 mL). The resulting slurry was stirred at ambient temperature 

during 1 h and then was filtered rapidly. The clear filtrate, which contained the disodium 

salt of 59, was placed in a 250 mL round-bottomed flask that was fitted with an argon 

inlet, and the solution was heated to 80 °C via application of an external hot-water bath. 

To this heated solution under argon was added dropwise with stirring a solution of 56 

(2.0 g, 3.5 mmol) in dry DMF (35 mL) during 1 h. After all of the DMF solution of 56 

had been added, the resulting mixture was heated with stirring at 80 °C for an additional 

1 h. The external heating bath was removed, and the reaction mixture was allowed to cool 

gradually to ambient temperature and then was stirred at that temparature for 3 days. The 

reaction mixture then was concentrated in vacuo, and the residue thereby obtained was 

purified via column chromatography on silica gel by using a gradient elution scheme (1:9 

EtOAc-hexane followed by 1:3 EtOAc-hexane). Pure 60 (1.95 g, 641 mmol) was thereby 

obtained as a colorless microcrystalline solid: mp 125-126 °C; IR (film) 2957 (s), 2962 

(s), 2256 (w), 1670 (s), 1450 (m), 1338 (s), 1159 cm'1 (s); *H NMR (CDCI3) 8 1.95 (m, 4 

H, 2.38-2.56 (m, 17 H), 2.87 (s, 3 H), 2.95 (s, 6 H), 3.30 (m, 20 H, 7.29 (AB, Tab = 8.7 

Hz, 6 H), 7.66 (AB, JAB = 8.7 Hz, 6 H); NMR (CDCI3) 8 21.9 (q), 31.7 (s), 36.8 (q), 

41.8 (d), 43.9 (t), 44.3 (d), 46.5 (d), 48.1 (d), 48.3 (t), 49.7 (t), 59.0 (d), 70.6 (t), 71.4 (t), 

94.6 (t), 127.4 (d), 127.5 (d), 130.1 (d), 130.4 (d), 137.7 (s), 137.9 (s),143.5 (s), 143.8 (s). 



98 

Anal. Calcd for C44H53N3O9S3: C, 61.02; H, 6.40. Found: C, 61.20; H, 6.20. NMR 

spectroscopy performed at the University of North Texas. FT-IR spectroscopy performed 

at the University of North Texas. 

3,5-[2',2"-Bis(azido)]-4-oxahexacyclo[ SAl.O^.O3'10^5'9^8'11] 
dodecane(62). To a solution of NaN3 (373 mg, 5.74 mmol) in dry DMSO (40 mL) was 

added 56 (1.3 g, 2.29 mmol). The mixture was heated at 90 °C for 6 h, when it was 

poured onto ice (100 g), and the resulting aqueous mixture was extracted with Et^O (3 x 

50 mL). The ether layer was washed with water (10 x 50 mL) to remove residual DMSO 

and then was dried over MgS04. The ether layer was concentrated in vacuo, and the 

resulting residue thereby obtained was purified by column chromatography (silica gel) by 

eluting with 10% EtOAc/ hexanes. Pure 62 (531 mg, 77%)was obtained as a colorless oil; 

IR (film) 2966 (m), 2864 (m), 2098 (s), 1263 cm'(w); 'H NMR (CDC13) 8 1.55 (AB, JAB 

= 10.6 Hz, 1 H), 1.91 (AB, Jm = 10.6 Hz, 1 H), 2.07 (t, J = 7.4 Hz, 4 H), 2.40-2.73 (m, 8 

H), 3.36 (t, / = 7.5 Hz, 4 H); 13C NMR (CDC13) 8 31,5 (t), 41.5 (d), 43.5 (s), 44.2*(d), 

47.9 (t), 48.0 (d), 58.7 (d), 94.2 (t); Anal. Calcd for CI5HI8N60: C, 60.37; H, 6.08. 

Found: C, 60.31; H, 6.05. 

3,5-[2',2"-Bis(amino)]-4-oxahexacyclo[ SAl.O2'6^3'10^5*9.*)8'11]-
dodecane (63). A solution of 62 (430 mg, 1.44 mmol) in MeOH (20 mL) was shaken on 

a Parr hydrogenation apparatus with 10% Pd/C (100 mg) under H2 (55 psi) for 18 h. The 

reaction mixture was filtered on Celite® and the filtrate was concentrated in vacuo. Pure 

63 was obtained as a pale yellow oil, in essentally quantitative yield. IR (film) 3335 (bs), 

2941 (s), 2870 (s), 1593 cm1 (s); 'H NMR (CDC13) 8 1.50 (AB, = 10.54 Hz, 1 H), 1.90 

(m, 5 H), 2.30-2.80 (m, 12 H); 13C NMR (CDC13) 8 36.8 (t), 39.2 (t), 42.0 (d), 43.6 (s), 

44.7 (d), 48.4 (d), 59.0 (d), 95.9 (t). 

Compound 63 was further characterized via subsequent conversion to the 

corresponding Bis-(Af,JV'-tosylamino) derivative. Thus, a mixture of 63 (290 mg, 1.18 

mmol), H20 (5 mL), Et20 (5 mL), NaOH (130 mg, 3.26 mmol), and TsCl (620 mg, 3.26 

mmol) was stirred at ambient temperature overnight. The resulting mixture was extracted 

with CH2C12 (3x15 mL). The combined organic extracts were dried (MgS04) and 

filtered and the filtrate was concentrated in vacuo. The residue thereby obtained was 

purified via column chromatography (silica gel) by eluting with 10% EtOAc/CH2Cl2. 

Pure 64 (484 mg, 80%) was obtained as a colorless oil; IR (film) 3261 (br, s), 3043 (w), 
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2928 (m), 2870 (m), 1903 (w), 1591 (s), 1423 (s), 1329 (s), 1153 (s) cm"1; !H NMR 

(CDClj) 8 1.47 (AB, JM = 10.6 Hz, 1 H), 1.79 (AB, JAB = 10.6 Hz, 1 H), 1.88 (t, J= 5.4 

Hz, 4 H), 2.40 (m, 8 H), 3.03 (m, 4 H), 5.22 (t, J = 5.5 Hz, 2 H), 7.28 (AB, JAB = 8.1 Hz, 

4 H), 7.74 (AB, JAB = 8.1 Hz, 4 H); 13C NMR (CDC13) 8 21.9 (q), 31.6 (t), 40.6 (t), 41.7 

(d), 43.9 (s), 44.4 (d), 47.9 (d), 58.5 (d), 96.2 (t), 127.6 (d), 130.2 (d), 137.4 (s), 143.7 (s). 

Anal. Calcd for C29H32N205S: C, 62.79; H, 6.18. Found: C, 62.59; H, 6.01. 

Na+(cryptate)"OTs (72). A mixture of 74 (0.25g, 1.07 mmol), 56 (0.650 g, 1.07 

mmol), and Na2C03 (490 mg, 4.65 mmol) in CH3CN (60 mL) was refluxed for 4 days. 

The reaction mixture was allowed to cool gradually to room temperature, then filtered, 

and the filtrate was concentrated in vacuo. The residue was purified via column 

chromatography on silica gel by eluting with 5% MeOH-CH2Cl2, thereby affording 72 
(414 mg, 57%) as a colorless microcrystalline solid. Recrystallization of this material 

from CH2C12-Et20 afforded analytically pure 72: mp 198-190°C. IR (KBr) 2943 (s), 2809 

(s), 1467 (s), 1359 (m), 1314 (s), 1208 (s), 1098 (s), 1032 (s), 712 (s), 677 cm"1 (s); 'H 

NMR (CDC13) 8 1.49 (AB, JAB = 10.5 Hz, 1 H), 1.71-1.77 (m, 4 H), 1.85 (d, 7=10.5 Hz, 

1 H), 2.24 (s, 2 H), 2.34 (br s, 2 H), 2.46-2.56 (m, 18 H), 3.36-3.61 (m, 16 H), 7.02 (AB, 

J =1.1 Hz, 2 H), 7.80 (AB, 7= 7.7Hz, 2 H); ,3C NMR (CDC13) 8 21.2 (q), 30.1 (t), 40.9 

(d), 43.3 (t), 43.7 (d), 47.0 (d), 53.0 (t), 54.1 (t), 57.4 (d), 67.3 (t), 67.4 (t), 68.5 (t), 68.5 

(t), 97.3 (s), 126.3 (t), 127.9 (d), 137.8 (s), 145.1 (s). Anal. Calcd for C34H49N2OgNaS: C, 

61.06; H, 7.38. Found: C, 61.27; H, 7.24. 

Cage-Functionalized Cryptand (73). A solution of 72 (300 mg, 

0.45 mmol) in CHC13 (10 mL) was extracted with H20 (3 x 50 mL). The combined 

organic extracts were concentrated in vacuo. The residue was dissolved in hexane (30 

mL) and filtered, and the residue was concentrated in vacuo. Pure 73 (174 mg, 81%) was 

thereby obtained as a viscous oil. IR (neat) 3386 (m), 2969 (s), 2871 (m), 1650 (w), 1476 

(m), 1305 (m), 1109 (s), 906 (m), 821 cm'1 (m); 'H NMR (CDC13) 8 1.43 (AB, Jm = 10.3 

Hz, 1 H), 1.72-1.81 (m, 5 H), 2.25 (s, 2 H), 2.44 (s, 6 H), 3.36-3.61 (m, 16 H); 13C NMR 

(CDC13) 8 30.1 (t), 41.1 (d), 43.5 (t), 43.6 (d), 47.6 (d), 50.9 (t), 54.2 (t), 58.0 (d), 70.3 (t, 

4C), 70.98 (t, 3 C), 71.02 (t, 2 C), 95.01 (s). A gated-decoupled 13CNMR experiment was 

performed to provide integration information from the 13CNMR spectrum. Anal. Calcd 

for C27H42N205: C, 68.32; H, 8.92. Found: C, 68.18; H, 8.71. 



100 

iV,iV-Diacetyl[diaza(18-crown-6)] (75). To a vigorously stirred solution of 

diaza-18-crown-6 (0.6 g, 2.3 mmol), 4-(dimethylamino)pyridine (DMAP, 56 mg, .46 

mmol), and Et3N (809 mg, 8 mmol) in CH2C12 (30 mL) was added Ac20 (520 mg, 5.1 

mmol). The resulting mixture was refluxed gently overnight, and then was allowed to 

cool to ambient temperature. The mixture was washed with HzO (3 x 30 mL), and the 

organic layer was dried (MgS04) and then concentrated in vacuo. Purification via column 

chromatography (silica gel) by eluting with 10% EtOAc-CH2Cl2 gave 75 as a clear oil 

(1.2 mmol, 54%); IR (KBr) 2950 (s), 1612 (m), 1450 (m), 1122 (s) cm'1; !H NMR 

(CDC13) 5 2.10 (s, 6 H), 3.57-2.63 (m, 24 H).,3C NMR (CDC13) 8 22.0 (q), 22.1 (q), 47.3 

(t), 47.5 (t), 50.2 (t), 50.3 (t), 69.9 (t), 70.5 (t, 2C), 70.8 (t), 70.9 (t), 71.0 (t), 71.2 (t), 71.4 

(t), 171.3 (t, 2C). A gated-decoupled 13CNMR experiment was performed to provide 

integration information from the 13CNMR spectrum. Anal. Calcd for C16H30N2O6: 

C,55.46; H, 8.73. Found: C, 55.57; H, 8.63. 

7V,iV-Diethyl[diaza(18-crown-6] (76). To a solution of 75 (150 mg, 0.43 

mmol) in THF (10 mL) was added LiAlH4 (200 mg, 0.52 mmol). The reaction mixture 

was refluxed 3 days, at which time EtOAc (1.5 g) was added cautiously to quench excess 

LiAlH4. The reaction mixture was filtered, and the filtrate was dried (MgS04) then 

concentrated in vacuo. The residue thereby obtained was purified via column 

chromatography on silica gel by eluting with 50% EtOAc/CH2Cl2. Pure 76 (138 g, 95%) 

was obtained as a clear oil. Spectral data (IR, 'HNMR, and 13CNMR) matched data 

reported previously.155 

4-(/7-Toluenesulfonyl)-10-ethyl-l,7,-dioxa-4,10-diazacyclo-
dodecane (97). To a solution of 92 (450 mg, 1.37 mmol) in dry CH3CN (10 mL) at 

ambient temperature was added anhydrous Na2CC>3 (290 mg, 2.74 mmol). The reaction 

vessel was capped with a rubber septum, and the contents were purged with argon. Di-

ethyl sulfate (211 mg, 1.37 mmol) was added dropwise with stirring to the reaction 

mixture. After all of the alkylating agent had been added, the reaction vessel was fitted 

with a heating mantle, and the reaction mixture was refluxed overnight. The reaction 

mixture then was allowed to cool gradually to ambient temperature. The reaction mixture 

was filtered, the residue was washed with CH2CI2 (15 mL), and the combined filtrates 

were concentrated in vacuo. The residue, a yellow oil, was purified via column 

chromatography on neutral alumina by eluting with 1 : 1 CH2Cl2-hexane. Pure 97 (140 

mg, 29%) was thereby obtained as a pale yellow oil; IR (film) 3049 (w), 2928 (s), 2868 

(s), 1686 (m), 1603 (m), 1450 (m), 1327 (s), 1111 (s), 800 cm*1 (m); NMR (CDCI3) 8 
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1.01 (t, J = 7.1 Hz, 3 H), 2.48 (s, 3 H), 2.54 (m, 6 H), 3.26 (t, J = 5.3 Hz, 4 H), 3.53 (t, J 

= 4.6 Hz, 4 H), 3.82 (t, J = 5.2 Hz, 4 H), 7.29 (AB, 7ab = 3.3 Hz, 2 H), 7.67 (Afl, 7AB = 

8.3 Hz, 2 H); 13C NMR (CDC13) 8 12.7 (q), 22.0 (q), 50.9 (t), 51.1 (t), 55.4 (t), 69.8 (t), 

70.8 (t), 127.8 (d), 130.1 (d), 136.5 (s), 143.7 (s). Anal. Calcd for C17H28N2O4S: C, 

57.28; H, 7.92. Found: C, 57.32; H, 7.90. 

N-Acetyl-iV'-toIuenesulfonyldiaza(12-crown-4) (98). To a solution 

of (92)6 (240 mg, 0.73 mmol) in CH2CI2 (15 mL) at ambient temperature was added 

sequentially 4-(N,iV-dimethylamino)pyridine (DMAP, 20 mg, 0.15 mmol) and Et3N (221 

mg, 2.19 mmol). The reaction vessel was capped with a rubber septum, and AC2O (81 

mg, 0.8 mmol) was added dropwise with stirring to the reaction mixture. After all of the 

N-acylating agent had been added, the reaction vessel was fitted with a heating mantle, 

and the reaction mixture was refluxed overnight. The reaction then was allowed to cool to 

ambient tem-perature, and water (2 mL) was added dropwise with stirring to quench the 

reaction. After all of the water had been added, the reaction mixture was stirred at 

ambient temperature for 15 minutes. The resulting aqueous suspension was placed in a 

separatory funnel, and the layers were separated. The organic layer was washed with 

water (2x5 mL). The organic layer was then dried (MgSC>4) and filtered, and the filtrate 

was concentrated in vacuo. The oily residue was purified on neutral alumina by eluting 

with CH2CI2. Pure 4 (176 mg, 65%) was thereby obtained as a colorless oil; IR (film) 

3001 (w), 2937 (m), 2870 (m), 1635 (s), 1437 (m), 1344 (m), 1130 (s), 727 cm"1 (m); *H 

NMR (CDCI3) 8 2.07 (s, 3 H), 2.35 (s, 3H), 3.17 (m, 4 H), 3.39 (t, J = 4.8 Hz, 4 H), 3.55 

(t, J = 4.4 Hz, 2 H), 3.66 (t, J = 4.4 Hz, 2 H), 3.74 (m, 4 H), 7.25 (AB, 7ab = 8.2 Hz, 2 

H), 7.60 (AB, JAB = 8.2 Hz, 2 H); NMR (CDCI3) 8 21.9 (q), 22.8 (q), 49.6 (t), 51.0 

(t), 51.8 (t), 52.4 (t), 69.0 (t), 69.4 (t), 70.2 (t), 71.1 (t), 127.8 (d), 130.2 (d), 135.9 (s), 

144.0 (s), 172.1 (s). Anal. Calcd for C17H26N2O5S: C, 55.11; H, 7.08. Found: C, 54.97; 

H, 6.82. 

Synthesis of Cage Annulated Bis(azacrown) Ether 89. A mixture of 

564 (514 mg, 90 mmol), K2CO3 (1.24 g, 9.0 mmol), and 87 (314 mg, 1.80 mmol) in 

CH2CI2 (50 mL) was refluxed under argon for 48 h. The resulting slurry was filtered, and 

the residue was washed with CH2CI2 (3 x 25 mL). The combined filtrates were washed 

with water (3 x 25 mL), dried (MgSC>4), and filtered, and the filtrate was concentrated in 

vacuo. The residue thereby obtained was purified via column chromatography on neutral 

alumina by eluting with 1 : 1 EtOAc-CH2Cl2. Pure 94 (203 mg, 40%) was thereby 
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obtained as a yellow oil; IR (film) 2953 (s), 2856 (s), 1460 (m), 1361 (m), 1302 (m), 

1134 (s), 920 cm*1 (m); NMR (CDC13) 8 1.46 (AB, JAB= 10.3 Hz, 1 H), 1.81 (AB, 

/AB= 10.3 Hz, 1 H), 1.95 (t, J = 7.2 Hz, 4 H), 2.4-2.7 (m, 20 H), 3.60 (m, 24 H); 13C 

NMR (CDCI3) 8 29.9 (t), 41.7 (d), 43.4 (t), 44.3 (d), 47.9 (d), 53.0 (t), 54.9 (t), 58.8 (d), 

70.4 (t), 71.2 (t), 94.7 (s). Anal. Calcd for C31H50N2O6: C, 68.10; H, 9.22. Found: C, 

68.71; H, 9.26. 

Synthesis of Cage Annulated Bis(azacrown) Ether 90. A mixture of 

564 (690 mg, 1.24 mmol), K2CO3 (684 mg, 4.96 mmol), and 88 (562 mg, 2.48 mmol) in 

CH2CI2 (50 mL) was refluxed under argon for 48 h. The resulting slurry was filtered, and 

the residue was washed with CH2CI2 (3 x 25 mL). The combined filtrates were washed 

with water (3 x 25 mL), dried (MgSC>4), and filtered, and the filtrate was concentrated in 

vacuo. The residue was purified via column chromatography on neutral alumina by 

eluting with 1 : 1 EtOAc-CH2Cl2. Pure 90 (435 mg, 54%) was thereby obtained as a 

yellow oil; IR (film) 2953 (s), 2856 (s), 1460 (m), 1361 (m), 1302 (m), 1134 (s), 920 cm" 
1 (m); *H NMR (CDCI3) 8 1.44 (AB, Jm = 10.5 Hz, 1 H), 1.80 {AB, JAB = 10.5 Hz, 1 H), 

1.91 (t, / = 7.7 Hz, 4 H), 2.31-2.45 (m, 2 H), 2.41-2.44 (m, 4 H), 2.48-2.50 (m, 2H), 2.53 

(t, J= 7.7 Hz, 4H), 2.71 (t, J= 6.1 Hz, 8 H), 3.60 (m, 32H); NMR (CDCI3) 8 30.2 (t), 

41.83 (d), 43.52 (t), 44.53 (d), 48.1 (d), 53.1 (t), 54.5 (t), 58.9 (d), 70.1 (t), 70.2 (t), 70.5 

(t), 71.1 (t), 94.7 (s). Anal. Calcd for C31H50N2O6: C, 64.59; H, 8.98. Found: C, 64.64; 

H, 8.78. 

Synthesis of Cage Annulated Bis(diazacrown) Ether 93. To a solution 

of 564 (700 mg, 1.25 mmol) and 92 (831 mg, 2.52 mmol) in dry CH3CN (20 mL) under 

argon at ambient temperature was added K2CO3 (1.74 g, 12.6 mmol), and the resulting 

slurry was refluxed for 6 days. At that time, thin layer chromatographic (tic) analysis of 

the reaction mixture revealed the absence of 1. The reaction mixture was poured into 

water (20 mL), and the resulting aqueous suspension was extracted with CH2CI2 (3 x 25 

mL). The combined organic extracts were dried (MgSC>4) and filtered, and the filtrate 

was concentrated in vacuo. The oily residue was purified via col-umn chromatography on 

neutral alumina by eluting with 25% EtOAc-CH2Cl2. Pure 93 (575 mg, 53%) was there-

by obtained as a yellow oil; IR (film) 3057 (w), 2947 (s), 2859 (s), 1732 (m), 1672 (w), 

1606 (w), 1452 cm"1 (m); »H NMR (CDCI3) 8 1.51 (d, J= 10.7 Hz, 1 H), 1.95, (m, 5 H), 
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2.30-2.70 (m, 26 H), 3.26 (t, J = 5.0 Hz, 8 H), 3.53 (t, J = 4.1 Hz, 8 H), 3.83 (t, 7 = 5.0 

Hz, 8 H), 7.30 (AB, 7AB = 8.5 Hz, 4 H), 7.69 (AB, JAB = 8.5 Hz, 4 H); " C NMR 

(CDC13) 8 21.3 (q), 29.8 (s), 41.5 (d), 43.2 (t), 44.2 (d), 47.7 (d), 50.3 (t), 52.7 (t), 55.2 

(t), 58.6 (d), 69.0 (t), 70.1 (t), 94.6 (t), 127.0 (d), 129.4 (d), 135.8 (s), 143.4 (s). Anal. 

Calcd for C45H64N4O9S2: C, 62.19; H, 7.42. Found: C, 61.96; H, 7.33. 

Synthesis of Cage Annulated Bis (diazacrown) Ether 94. To a 

suspension of UAIH4 (150 mg, 3.89 mmol) in dry THF (15 mL) under argon at ambient 

temperature was added a solution of 93 (340 mg, 0.39 mmol) in dry THF (5 mL), and the 

resulting mixture was refluxed for 5 days. The reaction was quenched via careful, 

dropwise addition of 50% aqueous THF (4 mL) to the stirred reaction mixture. The 

resulting mixture was filtered, and the filtrate was concentrated in vacuo. The oily 

residue was purified via column chromatography on neutral alumina by eluting with 90% 

EtOAc-MeOH. Pure 94 (107 mg, 49%) was thereby obtained as a yellow oil; IR (film) 

2945 (s), 2862 (s), 1674 (m), 1460 (m), 1354 (m), 1300 (m), 1120 (m), 914 (m), 737 cm*1 

(m); ]H NMR (CDCI3) 8 1.49 (AB, JAB =10.6 Hz, 1 H), 1.9 (m, 5 H), 2.32-2.90 (m, 28 H), 

3.20 (br s, 2 H), 3.52 (t, J = 4.5 Hz, 8 H), 3.62 (t, J = 4.5 Hz, 8 H); 13C NMR (CDCI3) 8 

28.9 (s), 42.2 (d), 43.9 (t), 44.9 (d), 48.3 (t), 48.5 (d), 50.7 (t), 55.0 (t), 59.2 (d), 68.3 (t), 

68.8 (t), 95.2 (t). HRMS Calcd for C31H52N4O5: [Mr + H]+ 561.4016. Found: [Mx + 

H]+ 561.4007. HRMS data obtained by Dr. J. Brodbelt, University of Texas at Austin. 

4-Ethyl-l,7-dioxa-4,10-diazacyclododecane [7V-Ethyldiaza(12-

crown-4), 99]. To a suspension of LiAlH4 (170 mg, 4.5 mmol) in dry THF (10 

mL) under argon was added 98 (140 mg, 0.38 mmol), and the resulting mixture was 

refluxed for 5 days. The reaction was quenched via careful, dropwise addition of EtOAc 

(3 mL) with stirring to the reaction mixture. The resulting mixture was filtered, and the 

residue was concentrated in vacuo. The oily residue, crude 99, was purified via column 

chromatography on neutral alumina by eluting with 1:1 (v/v) EtOAc-CH2Cl2. Pure 5 (60 

mg, 79%) was thereby obtained as a yellow oil; IR (film) 3262 (br, w), 2937 (s), 2861 (s), 

1455 (m), 1117 (s) cm*1; *H NMR (CDCI3) 8 0.99 (t, J = 12 Hz, 3 H), 2.61 (m, 6 H), 

2.77 (t, J = 4.8,4 H), 3.53 (t, J = 4.7 Hz, 4 H), 3.64 (t, J = 4.8,4 H); 13C NMR (CDCI3) 8 

11.3 (q), 48.1 (t), 48.5 (t), 54.8 (t), 68.6 (t), 68.9 (t). 
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Compound 99 was further characterized via subsequent conversion to the 

corresponding ethoxycarbonylurethane derivative. Thus, a mixture of 99 (486 mg, 2.3 

mmol), ClC02Et (1.00 g, 9.2 mmol), K2CO3 (1.90 g, 13.8 mmol) and acetone (7 mL) 

was refluxed for 16 h, at which time the reaction mixture was allowed to cool gradually 

to ambient temperature and then was filtered. The filtrate was concentrated in vacuo, and 

the residue was purified via column chromatography on neutral alumina by eluting with 

20% CH2Cl2-hexane. Pure 109 (269 mg, 43%)4-ethyl-10-ethoxy-carbonyl-l,7-dioxa-

4,10-diazacyclododecane was thereby obtained as a yellow oil; IR (film) 2934 (s), 1707 

(s), 1469 (m), 1426 (m), 1138 (m), 766 cm*1 (m); lH NMR (CDCI3) 8 1.03 (t,7 = 7.1 Hz, 

3 H), 1.24 (t, J = 7.1 Hz, 3 H), 2.60 (q, J = 7.1 Hz, 2 H), 2.62-2.68 (m, 4 H), 3.43-3.57 

(m, 8 H), 3.74 (t, J = 4.7 Hz, 2 H), 3.82 (t, J = 5.2 Hz, 2 H), 4.08 (q, / = 7.1 Hz, 2 H); 

13C NMR (CDCI3) 8 12.6 (q), 15.4 (q), 49.6 (t), 50.3 (t), 51.1 (t), 55.2 (t), 55.6 (d), 61.6 

(t), 69.2 (t), 70.1 (t), 70.2 (t), 70.8 (t), 157.2 (s). HRMS Calcd for C13H26N2O4: [Mr + 

H]+ 275.1971. Found: [Mr + H]+ 275.1972. HRMS data obtained by Dr. J. Brodbelt, 

University of Texas at Austin. 

Synthesis of Cage Annulated Bis(diazacrown) Ether 105. To a 

stirred solution of 94 (155 mg, 0.27 mmol) and a,a' dibromoxylene (73 mg, 0.27 mmol) 

in CH3CN (20 mL) at ambient temperature was added sequentially Na2CC>3 (293 mg, 

2.76 mmol) and Nal (82 mg, 0.55 mmol), and the resulting mixture was refluxed 

vigorously for 4 days. The reaction mixture was allowed to cool gradually to ambient 

temperature and then was concentrated in vacuo to ca. 2/3 of its original volume. 

Dichloromethane (10 mL) was added, and the resulting slurry was filtered. The filtrate 

was concentrated in vacuo, and the oily residue was purified via column chromatography 

on neutral alumina by eluting with EtOAc. Pure 105 (130 mg, 73%) was thereby obtained 

as a clear, colorless oil; IR (film) 2987 (s), 2860 (s), 1660 (m), 1449 (m), 1354 m), 1287 

(w), 1120 (s), 912 cm-1 (m); »H NMR (CDCI3) 8 1.45 (AB, JAB =10.1 Hz, 1 H), 1.95 (m, 

5 H), 2.40-2.70 (m, 30 H), 3.35-3.70 (m, 20 H), 7.35 (br s, 4 H); 13C NMR (CDCI3) 

8 30.3 (s), 41.5 (d), 43.2 (t), 44.1 (d), 47.5 (d), 52.6 (t), 54.0 (t), 56.1 (t), 59.0 (d), 61.6 (t), 

69.3 (t), 69.5(t), 94.7 (t), 128.4 (d), 138.8 (s). HRMS Calcd for C39H60N4O5: [Mr + H]+ 
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663.4485. Found: [Mr + H]+ 663.4479. HRMS data obtained by Dr. J. Brodbelt, 

University of Texas at Austin. 

4,10-Diethyl-l,7-dioxa-4,10-diazacyclododecane (106). To a stirred 

solution of 99 (165 mg, 1.19 mmol) in dry CH3CN (10 mL) at ambient temperature was 

added Na2CC>3 (250 mg, 2.78 mmol). Diethyl sulfate (183 mg, 1.19 mmol) was added 

slowly with rapid stirring to the reaction mixture via microliter syringe in three portions 

during 20 minutes. The resulting mixture was stirred at ambient temperature for 6 h and 

then was refluxed gently with stirring for an additional 12 h. The resulting slurry was 

filtered; the residue was washed with CH2CI2 (3x15 mL), and the combined filtrates 

were concentrated in vacuo. The residue was purified via column chromatography on 

neutral alumina by eluting with CH2CI2. Pure 106 (151 mg, 56%) was thereby obtained 

as a clear, colorless oil; IR (film) 2964 (s), 2857 (s), 1464 (m), 1360 (m), 1290 (m), 1122 

cm*1 (s); *H NMR (CDCI3) 8 0.99 (t, J = 6.8 Hz, 6 H), 2.56 (q, J = 6.8 Hz, 4 H), ?.62 (t, / 

= 4.6 Hz, 8 H), 3.56 (t, / = 4.6 Hz, 8 H); 13C NMR (CDCI3) 8 11.9 (q), 50.7 (t), 54.5 (t), 

69.8 (t). Anal. Calcd for C12H26N2O2: C, 62.55; H, 11.38. Found: C, 62.45; H, 11.32. 

Cage-functionalized dicarboxylic acid (107).144 The reaction was 

performed on silica gel on which had been impregnated with KMn04 This adsorbant was 

prepared by mixing an aqueous solution of KMn04 (375 mL of solution which was .06 M 

in Kmn04; solution prepared using 4.74 g KMn04 and 500 mL H20 with silica gel (200 

mesh, 15 g) followed by evaporation of the solution to dryness. The adsorbant (15g) was 

placed in a chromatography column (ca.25 mm I.D.) and a solution of 39 (.288g, 1.36 

mmol) in benzene (80 mL) was poured onto the column. The solution was allowed to 

percolate through the adsorbant completely. Total residence time for the solution on the 

column was around 15 min. The benzene solution was drained from the column, and the 

column was washed with an additional portion of benzene (30 mL). Next, the column 

was flushed with water (150 mL) and the purple aqueous phase was acidified with conc. 

HC1 (5 mL). Solid NaHS03 was added until the purple color disappeared leaving the, 

aqueous phase clear. The resulting solution was extracted with Et20 (5 x 50 mL); the 

combined extracts were dried (MgS04), and filtered, and the filtrate was concentrated in 

vacuo. The solid residue was recrystallized by using EtjO/benzene to give pure 107 as a 

colorless microcrystalline solid (.314 mg, 12.6 mmol, 88%), mp 235-236°C. IR (KBr) 
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3128 (br, s), 2976 (s), 1732 (s), 1101 (s )(cm"1); *HNMR (CDCI3) 5 1.57 (AB,J= 10.6 

Hz, 1H), 2.03 (AB, 7= 10.6 Hz, 1H), 2.64-2.97 (m, 8H), 3.9 ; 13CNMR (CDC13) 5 

43.4(d), 43.9 (t), 46.6 (d), 50.5.(d), 59.9 (d), 94.4 (s), 172.4 (s). Anal. Calcd for C13H1205 

: C, 62.90; H, 4.87. Found: C, 62.83; H, 5.05. 

Cage-functionalized dimethyl ester (108). Diacid 107 was converted into the 

corresponding methyl ester by using Diazald™. Thus, 107 (250 mg, 1.00 mmol) was 

dissolved in Et20 (30 mL) and the resulting solution placed in the receiving flask of a 

diazomethane generator. The generator was charged with KOH (5g), H20 (lOmL), EtOH 

(20 mL), and Et20 (50 mL) and was heated in an oil bath to 65 °C. The dropping funnel 

attached to the generator was charged with a solution of Diazald™ (4.33 g, 20.6 mmol) in 

Et20 (35 mL), and this solution was added dropwise into the generator to produce 

diazomethane. When the addition of CH2N2 had been completed, the resulting ye|low 

solution was treated with HO Ac (3 mL) and was extracted with 10% aq. NaHC03 (1 x 20 

mL). The organic layer was dried (MgS04), filtered, and the filtrate was concentrated in 

vacuo. Pure 108 was obtained in nearly quantitative yield; IR (KBr) 2995 (s), 2862 (m), 

1755 (s), 1450 (m), 1298 (s), 1085 (s) cm1; *HNMR (CDCI3) 6 1.63 (AB, JAB = 10.6 Hz, 

1 H), 2.01 (AB, JAB = 10.6 Hz, 1 H), 2.71-2.72 (m, 2 H), 2.81-2.84 (m, 2 H), 2.99-3.00 

(m, 2 H), 3.06-3.08 (m, 2 H), 3.79 (s, 6 H); nCNMR (CDC13) Anal. Calcd for C13H1605: 

C, 65.19; H, 5.84. Found: C, 65.18; H, 6.00. 

Alkali Metal Picrate Extraction Experiments. The procedure that was 
used for this purpose is a modification of a previously described method.142 Alkali metal 
picrate salts were prepared from picric acid and the corresponding alkali metal 
hydroxide.143 The K+, Cs+, and Rb+ salts were prepared in the following manner. An 
alkali metal hydroxide (2 eq.) was dissolved completely in a minimal amount of water 
and the solution was cooled to ambient temperature. A second solution was prepared 
using picric acid (1 eq.) and a minimal amount of water. The solution containing the 
picric acid was filtered to remove undissolved picric acid. Upon dropwise addition of the 
alkali metal hydroxide solution to the solution containing picric acid, the corresponding 
alkali metal picrate crystallized. The crystalline alkali metal picrate salt was collected by 
filtration and was washed once with a minimal amount of cold water. All alkali metal 
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picrate salts were dried in vacuo overnight prior to use. Sodium picrate was prepared 
similarly, using a solution of NaOH (2 eq.) in absolute ethanol and a solution of picric 
acid (1 eq.) in absolute ethanol. The dried picrate salts were used to prepare 5.00 mM 
solutions of Na+, K+, Rb+, and Cs+picrates in volumetric flasks using deionized water. A 
5.00 mM solution of Li+ picrate was prepared in situ in volumetric glassware by 
combining LiOH (1 eq.) and dried picric acid (1 eq.) and then diluting with an 
appropriate volume of deionized water. 

A 5.00 mM solution of a host compound was prepared using CHC13 which had 
been previously washed with deionized water. Extraction samples were prepared in 
screw-top vials by combining 0.5 mL of an alkali metal salt solution (5.0 mM in 
deionized water) with 0.5 mL of the host solution (5.0 mM in host compound, in washed 
CHC13). Typically four such vials were prepared and the data obtained from the later 
spectrophotometric evaluation of the samples was statistically processed as described in 
Appendix 1. An equal number of blank vials were prepared by combining 0.5 mL of 
washed CHC13 with 0.5 mL of an alkali metal picrate solution. 

The samples were shaken mechanically for 1 h at ambient temperature and then 
allowed to settle for an additional 1 h. Aliquots (50 (iL) of the blank vials and the vials 
containing the host compound were withdrawn using a microliter syringe and each was 
diluted with CH3CN to 25 mL. The CH3CN solutions of each of the blank vials and of the 
vials containing the host compounds were analyzed at 375 nm on a UV 
spectrophotometer; each solution was measured twice for the sake of statistical 
consistency. Percent extraction values were calculated as described on page 19 of this 
dissertation. 

In view of the fact that 48 contains a ketal linkage, it was deemed necessary to 
perform a control experiment to establish whether or not this crown ether is stable to the 
conditions employed in the extraction experiments. To this end, a 4.96 mM solution of 48 
in CHCI3 was prepared by dissolving 48 (27 mg, 0.079 mmol) in CHCI3 (15.9 mL; the 
CHCI3 used in the control experiment had been washed previously with deionized water). 
A 5.0 mM solution of Li+ picrate was prepared by dissolving LiOHHiO (130 mg, 3.1 
mmol) in deioinized water (25.00 mL). To an aliquot of this solution (1.00 mL, 0.04 
mmol) was added picric acid (28.6 mg, 0.125 mmol), and the resulting solution was 
diluted with deionized water to a total volume of 25.00 mL, thereby affording a solution 
which contains LiOHHkO (5.2 mg, 0.124 mmol) and picric acid (28.6 mg, 0.125 mmol). 
The pH of the resulting solution was measured and was found to be 7.2. 



108 

Equal volumes of the two solutions were placed in screw-top vials and then were 
shaken mechanically for 1 h. The sample vials were removed from the shaker apparatus 
and were allowed to stand at ambient temperature for an additional 1 h. The contents of 
each sample vial were placed in a separatory funnel, and the layers were separated. In 
each case, the organic layer was dried (MgSC>4) and filtered, and the filtrate was 
concentrated in vacuo. Each residue thereby obtained was dried in vacuo (ca. 0.01 mm 
Hg) for 12 h. The IR spectrum of each sample then was examined; in each case, no 
absorption band was found in the region 3200-3600 cm-1 (O-H stretching vibration). 
Analysis of their respective *H and 13C NMR spectra (obtained in CDCI3 solution) 
indicated that only starting material (i. e., unreacted 48) had been recovered. 

A second control experiment was performed by using a 5.0 mM solution of Na+ 

picrate which had been prepared by dissolving previously synthesized143, isolated, and 
dried Na+picrate (31.4 mg, 0.125 mmol) in deionized water (25.00 mL). The pH of the 
resulting solution was measured and was found to be 7.2. Equal volumes of the Na+ 

picrate solution and a 4.96 mM solution of 48 in CHCI3 (vide supra) were subjected to 
the procedure described above. Inspection of the IR, *11 NMR, and 13C NMR spectra 
obtained for each residue revealed that only recovered 48 had been isolated. On the basis 
of the foregoing observations, we conclude that 48 is stable to the conditions employed in 
both the Li+ and Na+ picrate extraction experiments, and we infer that it most likely is 
stable to the conditions employed in the remaining alkali metal picrate extraction 
experiments as well. 
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Appendix 

A statistical method was consistently used to process UV spectrophotometric 

absorption data. Each extraction sample was analyzed twice on the spectrophotometer at 

374 nm as discussed on page 104. All of the absorption values for the blank vials (which 

contained no host compound) were then averaged and recorded in the table as xi; the 

absorption values measured for the analyte vials (containing host compound) were also 

averaged and recorded in the table as X2 terms. Extraction percentages were calculated 

using equation 3, page 21, wherein xj was used for the term "Absorbance of aqueous phase in 

standard vial" and X2 was used for the term "Absorbance0f aqueous phase in analyte vial"-

The analytical precision of the individual extraction experiments relative to one 

another was determined through a standard deviation calculation. For each analyte vial, an 

individual extraction percentage was calculated using equation 3. Thus, an average of the 

two absorption values for each vial was calculated, and this value was utilized in equation 3 

as the term "Absorbance0f aqUeous phase in analyte vial"- For this calculation, the xi term as 

calculated above was utilized in equation 3 for "AbsorbanceaqUe0us phase in standard vial"- The 

individual extraction percentages for each extraction vial were recorded in the table as y 

terms. The standard deviation of the y terms was computed and given in the final 

calculation with the extraction percentage value in the format "Percent extraction [alkali 

metal cation guest] = [extraction percentage]-± [standard deviation of y terms]" in the 

tables. Extraction percentages were given to 0.1% and standard deviations toJrO.l. Values 

were rounded up from 0.05% in extraction percentage calculations. Standard deviation 

calculations were similarly rounded up from 0.05%. 
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Extraction data for 15-crown-5 with Li+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.176,0.177 vial l a n a l y t e 0.173, 0.172 2.0 
vial 2biank 0.175,0.174 vial 2anaiyte 0.172,0.172 2.3 
vial 3biank 0.175,0.176 vial 3 a n a l y t e 0.172, 0.172 2.3 

xi = 0.176 x2 = 0.172 

percent extraction of Li+ picrate: 2 . 3 % 0 . 2 

Extraction data for 15-crown-5 with Na+picrate 

vial 1 blank 

vial 2 b i a n k 

vial 3 b l a n k 

of blank vials 
0.078,0.077 
0.078,0.078 
0.078,0.078 

xi = 0.078 

absorbances 
of analvte vials 

vial l a n a l y t e 0.067, 0.068 
vial 2 a n a l y t e 0.066, 0.067 
vial 3 a n a l y t e 0.067, 0.067 

x2 = 0.067 

y 
13.5 
14.7 
13.9 

percent extraction of Na+ picrate: 13.9%-± 0.6 
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Extraction data for 15-crown-5 with K+picrate 

absorbances 
of blank vials 

vial 1 blank 0.178,0.178 vial lanalyte 
vial 2biank 0.178,0.178 vial2analyte 

vial 3analyte 
vial 4anaiyte 

XI =0.178 

percent extraction of K+picrate: 14.0% -± 1.2 

of analvte vials y 
0.155,0.153 13.2 
0.155,0.155 12.9 
0.152,0.152 14.6 
0.152,0.153 14.3 

x2 = 0.153 

Extraction data for 15-crown-5 with Rb+picrate 

absorbances 
of blank vials 

vial 1 blank 0.168, 0.168 vial 1 analyte 
vial 2biank 0.163,0.164 vial 2analyte 
vial 3biank 0.168,0.168 vial 3 aualyte 

XI = 0.167 

percent extraction of Rb+ picrate: 9.6%-± 0.8 

of analvte vials V 
0.154,0.153 8.6 
0.149, 0.150 10.5 
0.150,0.150 10.1 

x2 = 0.151 
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Extraction data for 15-crown-5 with Cs+picrate 

absorbances 
of blank vials of analvte vials 

vial 1 blank 0.081,0.080 vial lanalyte 0.080,0.081 
vial 2biank 0.082,0.082 vial 2analyte 0.083,0.081 
vial 3biank 0.081,0.081 vial3analyte 0.083,0.081 

xi = 0.081 X2 = 0.081 

percent extraction of Cs+ picrate: below limit of detection 

Extraction data for 42 with Li+picrate 

vial 1 blank 
vial 2biank 
vial 3blank 

of blank vials 
0.176,0.176 
0.175,0.174 
0.175,0.176 

xi = 0.176 

absorbances 
of analvte vials 

vial lanalyte 0.170, 0.170 
vial 2analyte 0.171,0.171 
vial 3analyte 0.171, 0.171 
vial 4analyte 0.170,0.170 

x2 = 0.171 

X 
3.4 
2.8 
2.8 
3.4 

percent extraction of Li+ picrate: 2.8%0.3 
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Extraction data for 42 with Na+picrate 

vial Iblank 
vial 2biank 
vial 3blank 

of blank vials 
0 . 0 7 8 , 0 . 0 7 8 
0 . 0 7 8 , 0 . 0 7 8 
0 . 0 7 8 , 0 . 0 7 8 

x i = 0 .078 

absorbances 
of analvte vials 

vial lanalyte 0 .065 , 0 . 0 6 4 
vial 2analyte 0 . 0 6 3 , 0 . 0 6 3 
vial 3analyte 0 .062, 0 .061 

X 2 = 0 .063 

y. 
17.3 
18.6 
21 .2 

percent extraction of Na+picrate: 19 .2%-i 1.9 

Extraction data for 42 with K+picrate 

vial Iblank 
vial 2biank 
vial 3biank 

of blank vials 
0 . 1 8 3 , 0 . 1 8 3 
0 . 1 8 1 , 0 . 1 8 3 
0 . 1 8 2 , 0 . 1 8 3 

x i = 0 .183 

absorbances 
of analvte vials 

vial lanalyte 0 .129, 0 . 1 3 0 
vial 2analyte 0 . 1 3 1 , 0 . 1 3 0 
vial 3analyte 0 .130 , 0 . 1 3 0 
vial 4analyte 0 . 1 3 1 , 0 . 1 2 9 

x2 = 0 . 1 3 0 

X 

percent extraction of K+ picrate: 29.0%-± 0.2 
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Extraction data for 42 with Rb+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.168,0 .168 vial lanalyte 0.154, 0.153 8.1 

vial 2biank 0.163, 0.164 vial 2analyte 0 .154 ,0 .152 8.4 

vial 3biank 0.168,0 .168 vial 3analyte 0 .154 ,0 .152 8.4 

xi = 0.167 x2 = 0.153 

percent extraction of Rb+ picrate: 8.4-i 0.3 
» 

Extraction data for 42 with Cs+picrate 

absorbances 
of blank vials of analvte vials 

vial 1 blank 0 .081,0 .080 vial lanalyte 0 .084,0 .083 
vial 2biank 0 .082,0 .082 vial 2analyte 0 .083,0 .083 
vial 3biank 0.081,0.081 vial3analyte 0 .083,0 .082 

xj = 0.081 X2 = 0.083 

percent extraction of Cs+ picrate: Below limit of detection 
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Extraction data for benzo-15-crown-5 with Li+picrate 

absorbances 
of blank vials of analvte vials 

viallbiank 0.169,0.171 vial lanalyte 0.174,0.174 
vial 2biank 0.175,0.173 vial2a nalyte 0.172,0.173 
vial 3biank 0.175,0.174 vial 3analyte 0.177,0.170 

xi =0.173 x2 = 0.173 

percent extraction of Li+ picrate: Below limits of detection 

Extraction data for benzo-15-crown-5 with Na+picrate 

vial 1 blank 

vial 2biank 

of blank vials 
0 . 0 9 2 , 0 . 0 9 2 
0 . 0 8 8 , 0 . 0 8 8 

x i = 0 .090 

absorbances 
of analvte vials 

vial lanalyte 0 .079, 0 .079 
vial 2analyte 0 .079, 0 .080 
vial 3anaiyte 0 . 0 7 9 , 0 . 0 8 1 
vial 4anaiyte 0 . 0 8 1 , 0 . 0 8 1 

X2 = 0 .080 

¥ 
13.9 
11.7 
11.7 
10.0 

percent extraction of Na+picrate: 11.8%-± 1.3 
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of blank vials 
vial 1 blank 0.181,0.182 
vial 2blank 0.182,0.183 
vial 3blank 0.178,0.178 

xi = 0.180 

Extraction data for benzo-15-crown-5 with K+picrate 

absorbances 

vial lanalyte 

vial 2 a nalyte 

vial 3anaiyte 

percent extraction of Li+ picrate: 16.1%^ 0.6 

of analvte vials y 
0.153,0.151 15.6 
0.152,0.151 15.8 
0.150,0.150 16.7 

x2 = 0.151 

Extraction data for benzo-15-crown-5 with Rb+picrate 

vial 1 blank 

vial 2biank 

vial 3blank 

of blank vials 
0.173,0.175 
0.173,0.174 
0.175, 0.174 

xi = 0.174 

absorbances 
of analvte vials 

vial lanalyte 0.161,0.161 
vial 2analyte 0.166,0.166 

x2 = 0.164 

y 
7.4 
4.6 

percent extraction of Rb+ picrate: 5 . 7 0 . 7 1 -
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Extraction data for benzo-15-crown-5 with Cs+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.086,0.086 vial lanalyte 0.083, 0.081 4.1 
vial 2biank 0.086, 0.085 vial 2analyte 0 0 8 1 , 0 . 0 8 1 2.3 
vial 3blank vial3anaiyte 0.082,0.081 5.2 

xi = 0.086 X2 = 0.082 

percent extraction of Cs+ picrate: 4.1%i 1.2 

Extraction data for 43 with Li+picrate 

vial 1 blank 
vial 2blank 
vial 3blank 

of blank vials 
0 . 1 6 9 , 0 . 1 7 1 
0 . 1 7 5 , 0 . 1 7 3 
0 . 1 7 5 , 0 . 1 7 4 

absorbances 
of analvte vials v 

vial lanalyte 0 . 1 7 3 , 0 . 1 7 3 
vial 2a n a iyt e 0 . 1 7 5 , 0 . 1 7 4 
vial 3anajyte 0 . 1 7 2 , 0 . 1 7 1 

xi = 0 .173 x2 = 0 .173 

percent extraction of Li+ picrate: Below limits of detection 
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Extraction data for 43 with Na+picrate 

vial 1 blank 
vial 2blank 

of blank vials 
0 . 0 9 6 , 0 . 0 9 5 
0 . 0 9 3 , 0 . 0 9 4 

x i = 0 .094 

absorbances 
of analvte vials 

vial lanalyte 0 .082, 0 .083 
vial 2analyte 0 .081 , 0 .082 
vial 3analyte 0 .086, 0 .086 
vial 4analyte 0 .084 , 0 . 0 8 4 

X2 = 0 .084 

y 
13.3 
12.2 
8.5 

10.6 

percent extraction of Na+ picrate: 10.6 i 2.0 

Extraction data for 43 with K+picrate 

vial 1 blank 
Vial 2blank 
vial 3blank 

of blank vials 
0 . 1 8 1 , 0 . 1 8 2 
0 . 1 8 2 , 0 . 1 8 3 
0 . 1 7 8 , 0 . 1 7 8 

xi = 0.180 

absorbances 
of analvte vials 

vial lanalyte 0 .158, 0 .158 
vial 2analyte 0 . 1 6 5 , 0 . 1 6 3 
vial 3analyte 0 . 1 6 3 , 0 . 1 6 4 

x2 = 0 .162 

y 
12.2 
8.9 
9 .2 

percent extraction of K+ picrate: 10.0 %-± 1.8 
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Extraction data for 43 with Rb+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.173,0.175 vial lanalyte 0.164,0.163 6.0 
vial 2b]ank 0.173, 0.174 vial 2analyte 0.168, 0 .168 3.5 

vial 3aualyte 0.163,0.163 6.3 
vial 4analyte 0.163,0.163 6.3 

xi = 0.174 X2 = 0.164 

percent extraction of Rb+ picrate: 5.7%-± 1.3 i? 

Extraction data for 43 with Cs+picrate 

vial 1 blank 
vial 2biank 

of blank vials 
0 . 0 8 6 , 0 . 0 8 5 
0 . 0 8 6 , 0 . 0 8 5 

x i = 0 .086 

absorbances 
of analvte vials 

vial lanalyte 0 .083, 0 .083 
vial 2analyte 0.084, 0 .086 
vial 3analyte 0.084, 0 .085 

X2 = 0 .084 

¥ 
3.5 
1.1 
1.7 

percent extraction of Cs+ picrate: 2.3%-± 1.2 
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Extraction data for 18-crown-6 with Li+picrate 

absorbances 
of blank vials of analvte vials y. 

vial 1 blank 0.185,0.187 vial lanalyte 0.184,0.181 2.1 
vial 2blank 0.188,0.188 vial 2analyte 0.180,0.181 3.2 
vial 3blank 0.186,0.186 vial 3analyte 0.183,0.185 1.3 
vial 4blank 0.185, 0.186 vial 4anajyte 0.184,0.184 1.3 4blank 

vial 5anaiyte 0.182,0.184 1.8 

xi = 0.186 X2 = 0.183 

percent extraction of Li+ picrate: 1.9%-i 0.8 

of blank vials 
vial 1 blank 0.155,0.151 
vial 2blank 0.158, 0.155 
vial 3blank 0.157,0.158 
vial 4blank 0.155, 0.159 

Extraction data for 18-crown-6 with Na+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.152,0.146 4.5 
vial 2analyte 0.149,0.151 3.8 
vial 3anaiyte 0.145,0.151 5.1 
vial4anaiyte 0.145,0.151 4.8 
vial5anaiyte 0.149,0.151 3.8 

xi = 0.156 X2 = 0.149 

percent extraction of Na+ picrate: 4.5% ̂  0.6 
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Extraction data for 18-crown-6 with K+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.173,0.171 vial la n a iy t e 0.054,0.058 67.4 
vial 2biank 0.173,0.170 vial2analyte 0.057,0.054 67.7 
vial3biank 0.173,0.172 vial 3anaiyte 0.058,0.051 68.3 
vial4biank 0.173,0.171 vial4anaiy te 0.055,0.053 68.6 

vial 5analyte 0.053, 0.054 68.8 

XI = 0.172 x2 = 0.055 

percent extraction of K+ picrate: 68.2%-± 0.6 

Extraction data for 18-crown-6 with Rb+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.176,0.176 vial lanaiyte 0.078,0.076 56.1 
vial 2biank 0.175,0.177 vial 2anaiyte 0.074,0.074 58.1 
vial 3b ia nk 0.177,0.177 vial 3analyte 0.080,0.078 55.3 
vial 4biank 0.177,0.178 vial4anaiy te 0.080,0.076 55.8 

vial 5analyte 0.074, 0.075 57.8 

XI = 0.177 x2 = 0.077 

percent extraction of Rb+ picrate: 56.6%-i 1.3 
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of blank vials 
vial ^blank 0.173,0.176 
vial 2blank 0.177,0.178 
vial 3blank 0.179,0.176 
vial 4blank 0.174, 0.174 

Extraction data for 18-crown-6 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 2 0 , 0 . 1 2 1 31.5 
vial 2analyte 0 . 1 2 3 , 0 . 1 2 2 30.3 
vial 3anaiyte 0 . 1 2 6 , 0 . 1 2 1 29.7 
vial 4 a n a i yte 0 . 1 2 4 , 0 . 1 2 1 30 .3 
vial 5anaiyte 0 . 1 2 4 , 0 . 1 2 5 2 9 . 2 

xi =0.176 x2 = 0.123 

percent extraction of Cs+ picrate: 30.2% i 0.9 

of blank vials 
vial Iblank 0.185,0.187 
vial 2 blank 0.188,0.188 
vial 3 blank 0.186,0.186 
vial 4blank 0.185, 0.186 

Extraction data for 48 with Li+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 8 3 , 0 . 1 8 2 2.1 
vial 2anaiyte 0 . 1 8 0 , 0 . 1 8 5 2.1 
vial 3a n a iyte 0 . 1 8 2 , 0 . 1 8 2 2.3 
vial 4anajyte 0 . 1 7 9 , 0 . 1 8 2 3 .2 
vial 5 a n a iy t e 0 . 1 8 4 , 0 . 1 8 2 1.8 

xi =0.186 x2 = 0.182 

percent extraction of Li+ picrate: 2.4% -± 0.5 
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of blank vials 
vial 1 blank 0.155,0.151 
vial 2blank 0.158,0.155 
vial 3 blank 0.157,0.158 
vial 4blank 0.155, 0.159 

Extraction data for 48 with Na+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 2 0 , 0 . 1 2 0 23 .1 
vial 2analyte 0 . 1 2 4 , 0 . 1 2 1 2 1 . 5 
vial 3a n a iyte 0 . 1 2 1 , 0 . 1 1 9 23 .1 
vial 4analyte 0 . 1 2 0 , 0 . 1 1 9 2 3 . 1 
vial 5analyte 0 . 1 2 0 , 0 . 1 1 9 2 3 . 1 

xi = 0.156 X2 = 0.120 

percent extraction of Na+ picrate: 23.1%-± 0.7 

of blank vials 
vial 1 blank 0.173,0.171 
vial 2blank 0.173,0.170 
vial 3blank 0.173,0.172 
vial 4blank 0.173, 0.171 

Extraction data for 18-crown-6 with K+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 0 6 , 0 . 1 0 6 3 8 . 4 
vial 2analyte 0 . 1 0 4 , 0 . 1 0 3 3 9 . 8 
vial 3analyte 0 . 1 0 5 , 0 . 1 0 3 3 9 . 5 
vial 4analyte 0 .101 , 0 . 1 0 3 4 0 . 7 
vial 5analyte 0 .104 , 0 . 1 0 2 4 0 . 1 

XI =0.172 x2 = 0.104 

percent extraction of K+ picrate: 39.7% i 0.9 
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of blank vials 
vial 1 blank 0.176,0.176 
vial 2blank 0.175,0.177 
vial 3blank 0.177,0.177 
vial 4blank 0.177, 0.178 

Extraction data for 18-crown-6 with Rb+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.143,0.144 18.7 
vial2analyte 0.141,0.139 20.7 
vial 3analyte 0.145,0.142 18.7 
vial 4analyte 0.138, 0.140 21.3 
vial 5analyte 0.142, 0.144 19.0 

xi =0.177 x2 = 0.141 

percent extraction of Rb+picrate: 19.7% 1.2 

of blank vials 
vial 1 blank 0.173,0.176 
vial 2blank 0.177,0.178 
vial ^blank 0.179,0.176 
vial 4blank 0.174, 0.174 

Extraction data for 18-crown-6 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 6 2 , 0 . 1 6 4 7 .3 
vial 2analyte 0 . 1 6 4 , 0 . 1 6 3 6 . 9 
vial 3analyte 0 . 1 6 1 , 0 . 1 6 2 8.1 
vial 4analyte 0 . 1 6 1 , 0 . 1 6 4 7 . 6 
vial 5analyte 0 . 1 6 5 , 0 . 1 6 1 7 .3 

XI =0.176 x2 = 0.162 

percent extraction of Cs+ picrate: 7 . 5 % 0 . 4 
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of blank vials 
vial 1 blank 0.177,0.179 
vial 2blank 0.183,0.179 
vial 3blank 0.182,0.184 
vial 4blank 0.180, 0.185 

Extraction data for 73 with Li+picrate 

absorbances 
of analvte vials y 

vial la naiyte 0 . 1 0 8 , 0 . 1 1 0 3 9 . 8 
via l2 a n alyte 0 . 1 0 7 , 0 . 1 0 9 4 0 . 3 
Vial 3analyte 0 . 1 1 0 , 0 . 1 1 0 3 9 . 2 
vial 4anaiyte 0 . 1 0 7 , 0 . 1 0 6 4 1 . 1 
vial 5analyte 0 . 1 0 8 , 0 . 1 1 1 3 9 . 7 

x j = 0 .181 X2 = 0 . 1 0 9 

percent extraction of Li+ picrate: 3 9 . 8 % 0 . 8 

of blank vials 
vial 1 blank 0.162,0.162 
vial 2blank 0.164,0.163 
vial 3 blank 0.165,0.161 
vial 4blank 0.167, 0.162 

Extraction data for 73 with Na+picrate 

absorbances 
of analvte vials y 

vial lanaiyte 0 . 0 0 7 , 0 . 0 0 5 9 6 . 0 
vial 2analyte 0 . 0 0 9 , 0 . 0 1 0 9 4 . 2 
vial 3analyte 0 . 0 0 9 , 0 . 0 0 9 9 4 . 5 
vial 4analyte 0 . 0 0 9 , 0 . 0 0 9 9 4 . 5 

xi = 0.163 x2 = 0.008 

percent extraction of Na+ picrate: 95.1%-i" 0.8 
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Extraction data for 73 with K+picrate 

absorbances 
of blank vials of analyte vials y 

vial 1 blank 0.167,0.169 vial 1 analyte 0.015,0.015 91.1 
vial 2biank 0.169,0.169 vial2analyte 0.017,0.019 89.3 
vial 3biank 0.171,0.167 vial3anaiyte 0.017,0.015 90.0 
vial 4biank 0.172,0.171 vial4anaiy te 0.019,0.023 87.6 

vial 5analyte 0.016,0.018 89.8 

xi =0 .169 x2 = 0.017 

percent extraction of K+ picrate: 89.7%-± 1.2 

Extraction data for 73 with Rb+picrate 

vial 1 blank 
vial 2biank 
vial 3biank 
vial 4blank 

of blank vials 
0 .171 ,0 .170 
0 .172 ,0 .169 
0 .171 ,0 .173 
0.170, 0 .170 

xi = 0.171 

absorbances 

vial 1 analyte 
vial 2ana]yte 
vial 3a n ajyte 
vial 4anajyte 
vial 4anaiyte 

of analvte vials 
0 .074 ,0 .078 
0 .074 ,0 .073 
0 .076 ,0 .074 
0 .074 ,0 .076 
0 .076 ,0 .074 

x 2 = 0.075 

y 
55.6 
56.9 
56.0 
56.0 
56.0 

percent extraction of Rb+ picrate: 56.1% i 0.5 
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of blank vials 
vial 1 blank 0 . 1 5 8 , 0 . 1 5 5 
vial 2blank 0 . 1 5 2 , 0 . 1 4 9 
vial 3blank 0 . 1 5 3 , 0 . 1 5 2 
vial 4blank 0 .152 , 0 .149 

Extraction data for 73 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 0 1 , 0 . 0 9 9 34 .4 
vial 2analyte 0 . 1 0 3 , 0 . 1 0 2 32 .8 
vial 3analyte 0 . 1 0 1 , 0 . 0 9 9 34 .3 
vial 4a n a iyte 0 . 1 0 3 , 0 . 1 0 1 33 .1 
vial 5analyte 0 . 1 0 3 , 0 . 1 0 1 33.1 

xj = 0.153 X2 = 0.101 

percent extraction of Cs+ picrate: 33.7%-± 0.7 

of blank vials 
vial 1 blank 0.177,0.179 
vial 2blank 0.183,0.179 
vial 3blank 0.182,0.184 
vial 4blank 0.180, 0.185 

Extraction data for 74 with Li+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 6 3 , 0 . 1 6 0 10.8 
vial 2-mjiiyte 0 . 1 6 0 , 0 . 1 6 0 11.6 
vial 3anaiyte 0 . 1 6 4 , 0 . 1 6 1 10.2 
vial 4analyte 0 . 1 5 8 , 0 . 1 6 0 12.1 
vial 5 a n a i y te 0 .164, 0 .159 10.7 

xi =0.181 X2 = 0.161 

percent extraction of Li+ picrate: 11.0%-i 0.7 
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Extraction data for 74 with Na+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0 . 1 6 2 , 0 . 1 6 2 vial lanalyte 0 . 1 4 6 , 0 . 1 4 2 11.7 

vial 2blank 0 . 1 6 4 , 0 . 1 6 3 vial 2a n a iyte 0 . 1 4 9 , 0 . 1 4 7 9 .2 

vial 3blank 0 . 1 6 5 , 0 . 1 6 1 vial 3analyte 0 . 1 4 8 , 0 . 1 4 6 9 .8 

vial 4biank 0 .167 , 0 . 1 6 2 vial 4a n a iyte 0 . 1 4 4 , 0 . 1 4 3 11 .9 

x i = 0 .163 X2 = 0 .146 

percent extraction of Na+ picrate: 10.4%-± 1.3 

of blank vials 
vial 1 blank 0.167,0.169 
vial 2blank 0.169,0.169 
vial 3blank 0.171,0.167 
vial 4blank 0.172, 0.171 

Extraction data for 74 with K+picrate 

absorbances 

vial lanalyte 
vial 2anaiyte 
vial 3analyte 
vial 4anaiyte 

xi =0.169 x2 = 0.147 

percent extraction of K+ picrate: 13.0%£ 2.0 

of analvte vials 
0.147,0.150 12.1 
0.144,0.145 14.5 
0.151,0.148 9.9 
0.151,0.148 13.6 
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of blank vials 
vial 1 blank 0.171,0.170 
vial 2blank 0.172,0.169 
vial 3blank 0.171,0.173 
vial 4blank 0.170, 0.170 

Extraction data for 74 with Rb+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.155,0.155 9.8 
vial 2anaiyte 0.158,0.155 8.3 
vial3anaiyte 0.156,0.155 8.9 
vial4anaiyte 0.155,0.154 9.5 
vial4anaiyte 0.155,0.153 9.8 

xi = 0.171 x 2 = 0.155 

percent extraction of Rb+ picrate: 9.1%-± 0.6 

of blank vials 
vial 1 blank 0 . 1 5 8 , 0 . 1 5 5 
vial 2blank 0 . 1 5 2 , 0 . 1 4 9 
vial ^blank 0 . 1 5 3 , 0 . 1 5 2 
vial 4blank 0 . 1 5 2 , 0 . 1 4 9 

Extraction data for 74 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 3 6 . 0 . 1 3 9 9 . 8 
vial 2analyte 0 . 1 3 7 , 0 . 1 3 8 9 .8 
vial Sanaiyte 0 . 1 3 8 , 0 . 1 3 8 9 .5 
vial 4 a n a lyte 0 . 1 3 5 , 0 . 1 3 9 1 0 . 2 
vial Sanaiyte 0 . 1 3 9 , 0 . 1 3 5 10.2 

xi = 0 . 1 5 3 x 2 = 0.137 

percent extraction of Cs+ picrate: 10.1%-± 0.3 
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Extraction data for 76 with Li+picrate 

absorbances 
of blank vials of analvte vials 

vial 1 blank 0.183,0.181 vial lanalyte 0.179,0.176 2.5 
vial 2biank 0.183,0.183 vial 2anaiyte 0.175,0.176 3.6 
vial 3biank 0.183,0.182 vial 3anaiyte 0.177,0.175 3.3 
vial 4biank 0.181,0.182 vial 4anaiyte 0.176,0.177 3.0 

xi = 0.182 x2 = 0.176 

percent extraction of Li+ picrate: 3.3% ±0.5 

of blank vials 
vial 1 blank 0 . 1 8 3 , 0 . 1 8 1 
vial 2blank 0 . 1 8 3 , 0 . 1 8 3 
vial 3blank 0 . 1 8 3 , 0 . 1 8 2 
vial 4blank 0 . 1 8 1 , 0 . 1 8 2 

Extraction data for 76 with Li+picrate 

absorbances 

vial lanalyte 
vial 2anaiyte 
vial 3anaiyte 
vial 4anaiyte 

xi = 0.182 

percent extraction of Li+ picrate: 3.3%± 0.5 

of analvte vials V 
0.179,0.176 2.5 
0.175,0.176 3.6 
0.177,0.175 3.3 
0.176,0.177 3.0 

x2 = 0.176 

±0.5 
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of blank vials 
vial 1 blank 0.163,0.161 
vial 2blank 0.161,0.161 
vial ^blank 0.161,0.160 
vial 4blank 0.161,0.163 

Extraction data for 76 with Na+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 4 1 , 0 . 1 4 0 12.7 
vial 2a n a lyte 0 . 1 3 9 , 0 . 1 3 9 13.6 
vial 3analyte 0 . 1 3 9 , 0 . 1 3 9 13.6 
vial 4analyte 0 .140 , 0 .139 13.3 

xi = 0.161 X2 = 0.139 

percent extraction of Na+ picrate: 13.4%-± 0.4 

of blank vials 
vial 1 blank 0.180,0.179 
vial to

 
cr

 
ST

 
S3 0.180,0.179 

vial 3blank 0.179,0.178 
vial ^blank 0.179, 0.177 

Extraction data for 76 with K+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 1 6 , 0 . 1 1 4 35 .4 
vial 2analyte 0 . 1 2 0 , 0 . 1 1 5 34 .3 
vial 3analyte 0 . 1 1 7 , 0 . 1 1 6 34 .6 
vial 4analyte 0 .116, 0 .117 3 4 . 6 

xi= 0.178 X2 = 0.116 

percent extraction of K+ picrate: 34.8%i 0.8 
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Extraction data for 76 with Rb+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0 . 1 7 7 , 0 . 1 7 7 vial lanalyte 0 . 1 3 9 , 0 . 1 4 0 21 .6 

vial 2biank 0 . 1 7 9 , 0 . 1 7 7 vial 2analyte 0 . 1 4 2 , 0 . 1 4 1 20 .5 

vial 3blank 0 . 1 8 0 , 0 . 1 8 0 vial 3analyte 0 . 1 4 1 , 0 . 1 4 1 20 .8 

vial 4biank 0 .178 , 0 .178 vial 4analyte 0 . 1 3 9 , 0 . 1 3 9 2 1 . 9 

xi = 0 .178 x2 = 0 . 140 

percent extraction of Rb+ picrate: 21.2%-± 0.7 

of blank vials 
vial 1 blank 0.183,0.180 
vial 2blank 0.180,0.180 
vial 3blank 0.183, 0.180 
vial 4blank 0.179, 0.179 

Extraction data for 76 with Cs+picrate 

absorbances 

vial lanalyte 
vial 2analyte 
vial 3analyte 
vial 4analyte 

xi =0.181 x2 = 0.152 

percent extraction of Cs+ picrate: 16.0%-i 0.7 

of analvte vials 
0.149,0.150 17.4 
0.152,0.152 16.0 
0.153,0.153 15.7 
0.151,0.153 16.0 
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Extraction data for 80 with Li+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0 . 1 8 3 , 0 . 1 8 1 vial lanalyte 0 . 1 6 4 , 0 . 1 6 1 10.7 

vial 2biank 0 . 1 8 3 , 0 . 1 8 3 vial 2analyte 0 . 1 6 1 , 0 . 1 6 1 11.5 

vial 3blank 0 . 1 8 3 , 0 . 1 8 2 vial 3anaiyte 0 . 1 6 1 , 0 . 1 6 3 10.9 

vial 4b]ank 0 . 1 8 1 , 0 . 1 8 2 vial 4analyte 0 . 1 6 1 , 0 . 1 6 1 11.5 

x i = 0 .182 X2 = 0.161 

percent extraction of Li+ picrate: 11.2%-i 0.54 

of blank vials 
vial 1 blank 0.163,0.161 
vial 2blank 0.161,0.161 
vial 3blank 0.161,0.160 
vial 4blank 0.161,0.163 

Extraction data for 80 with Na+picrate 

absorbances 

vial lanalyte 
vial 2anajyte 
vial 3analyte 
vial 4anaiyte 

xi =0.161 x2 = 0.125 

percent extraction of Na+ picrate: 22.4%-i 0.6 

of analvte vials y 
0.127,0.120 23.3 
0.123,0.124 23.3 
0.125,0.123 22.1 
0.123,0.123 23.6 
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Extraction data for 80 with K+picrate 

absorbances 
of blank vials of analvte vials y 

vial lbiank 0.182,0.181 vial lanalyte 0.096,0.099 46.4 
vial2biank 0.184,0.184 vial2anaiyte 0.096,0.096 47.3 
vial3biank 0.180,0.182 vial3anaiyte 0.098,0.098 46.1 

vial 4anaiyte 0.096,0.097 46.9 

xi = 0.182 x2 = 0.097 

percent extraction of K+ picrate: 46.7%-i 0.5 

Extraction data for 80 with Rb+picrate 

absorbances 
of blank vials of analvte vials y 

vial lbiank 0.158,0.161 vial lanaiyte 0.117,0.118 26.1 
vial2biank 0.158,0.159 vial2anaiyte 0.119,0.117 25.8 
vial3biank 0.158,0.161 vial3anaiyte 0.119,0.118 25.5 

vial 4anaiyte 0.119,0.121 24.5 

xi =0.159 x2 = 0.119 

percent extraction of Rb+ picrate: 25.4%-t 0.7 
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Extraction data for 85 with Li+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.178,0.181 vial lanalyte 0.148,0.150 16.8 

vial 2biank 0.180,0.178 vial 2analyte 0.148,0.148 17.3 

vial 3biank 0.179,0.179 vial 3analyte 0.151,0.149 16.2 

xi = 0.179 X2 = 0.150 

percent extraction of Li+ picrate: 16.2%-i 0.6 

Extraction data for 85 with Na+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.164,0.162 vial lanalyte 0.127,0.127 21,9 
vial 2blank 0.163,0.165 vial 2analyte 0.126,0.128 21.9 
vial 3blank 0.161,0.164 vial 3analyte 0.128,0.128 21.5 

xi = 0.163 x2 = 0.127 

percent extraction of Na+ picrate: 21.9%-i 0.2 
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of blank vials 
vial 1 blank 0.182,0.182 
vial 2blank 0.181,0.181 
vial 3blank 0.181,0.179 
vial 4blank 0.180, 0.182 

Extraction data for 85 with K+picrate 

absorbances 

vial lanalyte 

vial 2 a n a l y t e 

vial 3 a n a l y t e 

vial 4anaiyte 

XI =0.181 X2 = 0.146 

percent extraction of K+ picrate: 19.2%-± 0.5 

of analvte vials y. 
0.146,0.145 19.6 
0.145,0.150 18.5 
0.147,0.146 19.0 
0.145,0.146 19.6 

Extraction data for 85 with Rb+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.189,0.189 vial l a n a ly te 0-148,0.148 21.1 
vial 2b l a nk 0.188,0.188 vial 2 a naiyte 0.148,0.146 21.8 
vial 3bi a nk 0.188,0.187 vial 3 a n a i y t e 0.151,0.149 20.4 

xi = 0.188 x2 = 0.148 

percent extraction of Rb+ picrate: 21.1%-i 0.7 
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Extraction data for 85 with Cs+picrate 

absorbances 
of blank vials of analvte vials y. 

vial 1 blank 0.177,0.178 vial lanalyte 0.147,0.147 17.4 
vial 2biank 0.178,0.178 vial 2analyte 0.144,0.147 18.2 
vial 3blank 0.179,0.179 vial 3a n a lyte 0.145, 0.145 18.5 

xi = 0.178 x2 = 0.146 

percent extraction of Cs+ picrate: 18.1%i 0.6 

of blank vials 
vial 1 blank 0.174,0.170 
vial 2blank 0.175,0.173 
vial 3blank 0.173,0.172 
vial 4blank 0.174, 0.174 

Extraction data for 87 with Li+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.161,0.159 7.5 
vial 2analyte 0.159,0.158 8.4 
vial 3anaiyte 0.158,0.159 8.4 
vial 4anaiyte 0.161,0.159 7.5 
vial 5analyte 0.157,0.158 8.9 

XI = 0 . 1 7 3 x 2 = 0 .159 

percent extraction of Li+ picrate: 8.2%-± 0.6 
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of blank vials 
vial 1 blank 0.160,0.161 
vial 2blank 0.160,0.159 
vial 3blank 0.159,0.158 
vial 4blank 0.160, 0.160 

Extraction data for 87 with Na+picrate 

absorbances 
of analvte vials % 

vial lanalyte 0 . 1 4 8 , 0 . 1 4 8 7 . 3 

vial 2aj]aiy{g 0 . 1 4 6 , 0 . 1 4 7 8 . 2 

vial 3a nalyte 0 . 1 4 7 , 0 . 1 4 6 8 . 2 

vial 4anaiytg 0 . 1 4 8 , 0 . 1 4 6 7 . 9 

vial 5a nalyte 0 . 1 4 6 , 0 . 1 4 6 7 . 9 

XI =0.160 x2 = 0.147 

percent extraction of Na+ picrate: 8.0% i 0.4 

of blank vials 
vial 1 blank 0.181,0.180 
vial 2blank 0.184,0.182 
vial 3 blank 0.179,0.179 
vial 4blank 0.182, 0.182 

Extraction data for 87 with K+picrate 

absorbances 
of analvte vials X 

vial lanalyte 0 . 1 6 6 , 0 . 1 6 7 8 . 0 

vial 2 a n a iy te 0 . 1 6 6 , 0 . 1 6 6 8 . 3 

vial 3analyte 0 . 1 6 5 , 0 . 1 6 6 8 . 6 

vial 4 a n a iy te 0 . 1 6 7 , 0 . 1 6 7 7 . 7 

vial 5 a n a iyte 0 . 1 6 6 , 0 . 1 6 6 8 .3 

xi =0.181 x2 = 0.166 

percent extraction of K+ picrate: 8.3%-± 0.3 
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of blank vials 
vial 1 blank 0.175,0.174 
vial 2blank 0.179,0.175 
vial 3blank 0.174,0.175 
vial 4blank 0.175, 0.176 

Extraction data for 87 with Rb+picrate 

absorbances 

vial lanalyte 
vial 2analyte 
vial 3anaiyte 
vial 4anajyte 

xi =0.175 X2 = 0.164 

percent extraction of Cs+ picrate: 6 . 2 % 0 . 9 

of analvte vials y 
0.167,0.163 5.7 
0.162,0.164 6.8 
0.161,0.163 7.4 
0.164,0.163 5.4 

of blank vials 
vial 1 blank 0.179,0.176 
vial 2blank 0.176,0.178 
vial 3blank 0.179,0.178 
vial 4blank 0.180, 0.178 

Extraction data for 87 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 6 1 , 0 . 1 6 2 9.3 
vial 2analyte 0 . 1 6 3 , 0 . 1 6 2 8.7 
vial 3analyte 0 . 1 6 2 , 0 . 1 6 2 9.3 
vial 4analyte 0 .162, 0 .160 8 .9 
via l5 a n a iy t e 0 . 1 6 2 , 0 . 1 6 2 9 .6 

xi =0.178 x2 = 0.162 

percent extraction of Cs+ picrate: 9.2% i 0.4 
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of blank vials 
vial 1 blank 0 .174 ,0 .170 
vial 2blank 0 .175 ,0 .173 
vial 3 blank 0 .173 ,0 .172 
vial 4blank 0.174, 0.174 

Extraction data for 89 with Li+picrate 

absorbances 
of analvte vials y 

vial la„alyte 0 .154 ,0 .153 11.3 
vial2 a n a iyte 0 .155 ,0 .156 10.1 
vial 3analyte 0 .156 ,0 .155 10.1 
vial 4analyte 0 .154 ,0 .156 10.4 
vial 5analyte 0 .153 ,0 .154 11.3 

XI = 0 . 1 7 3 x 2 = 0.155 

percent extraction of Li+ picrate: 10.6%-i 0.6 

of blank vials 
vial 1 blank 0 .160 ,0 .161 
vial 2blank 0 .160 ,0 .159 
vial 3 blank 0 .159 ,0 .158 
vial 4blank 0.160, 0.160 

Extraction data for 89 with Na+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 .145 ,0 .145 9.1 
vial 2analyte 0 .146 ,0 .146 8.5 
vial 3analyte 0 .147 ,0 .144 8.8 
vial 4analyte 0.147, 0.145 8.5 
vial 5analyte 0 .147 ,0 .146 8.5 

x i = 0.160 X2 = 0.146 

percent extraction of Na+ picrate: 8.6%-i 0.3 
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of blank vials 
vial 1 blank 0.181,0.180 
vial 2blank 0.184,0.182 
vial 3blank 0.179, 0.179 
vial 4blank 0.182, 0.182 

Extraction data for 89 with K+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.166,0.164 8.8 
vial2analyte 0.166,0.164 8.8 
vial 3analyte 0.166,0.164 8.8 
vial 4analyte 0.166, 0.166 8.3 
vial Sanalyte 0.164,0.163 9.7 

XI =0.181 x2 = 0.165 

percent extraction of K+ picrate: 8.8% Jr 0.5 

of blank vials 
vial 1 blank 0.175,0.174 
vial 2blank 0.179,0.175 
vial ^blank 0.174, 0.175 
vial 4blank 0.175, 0.176 

Extraction data for 89 with Rb+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 6 3 , 0 . 1 6 5 6 .3 
vial 2analyte 0 . 1 6 2 , 0 . 1 6 1 7 .7 
vial 3a n a iyte 0 . 1 6 0 , 0 . 1 5 9 8 .8 
vial 4analyte 0 . 1 6 0 , 0 . 1 6 1 8 . 2 
vial 5anaiyte 0 . 1 6 3 , 0 . 1 6 1 7 . 4 

XI = 0 . 1 7 5 X2 = 0 . 1 6 2 

percent extraction of Rb+ picrate: 7 .4%-± 0 . 9 
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Extraction data for 89 with Cs+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.179,0.176 vial lanalyte 0.163,0.159 9.6 
vial 2blank 0.176,0.178 vial 2analyte 0.163,0.162 8.7 
vial 3fc>lank 0.179,0.178 vial 3analyte 0.164,0.164 7.9 
vial 4blank 0.180, 0.178 vial 4anaiyte 0.162,0.163 8.7 

vial 5ana]yte 0.162,0.160 9.6 

xi = 0.178 x2 = 0.162 

percent extraction of Cs+ picrate: 8 . 9 % 0 . 7 

of blank vials 
vial 1 blank 0.186,0.181 
vial 2 blank 0.180,0.183 
vial 3blank 0.183,0.183 
vial 4blank 0.182, 0.183 

Extraction data for 93 with Li+picrate 

absorbances 

vial lanalyte 
vial 2 a n a iy t e 

vial 3analyte 
vial 4anaiyte 

xi = 0.183 

percent extraction of Li+ picrate: 7 . 9 % 0 . 5 

of analvte vials 
0.169, 0.170 7.4 
0.169,0.170 7.4 
0.169,0.168 7.9 
0.167,0.166 8.5 

x2 = 0.168 

in 
o 
+1 
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of blank vials 
vial 1 blank 0 . 1 5 5 , 0 . 1 5 3 
vial 2blank 0 . 1 5 5 , 0 . 1 5 4 
vial 3blank 0 . 1 5 4 , 0 . 1 5 5 
vial 4blank 0 .153 , 0 . 1 5 2 

Extraction data for 93 with Na+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0 . 1 5 2 , 0 . 1 5 0 1.9 
vial 2analyte 0 . 1 5 0 , 0 . 1 4 9 2 .9 
vial 3anaiyte 0 . 1 5 1 , 0 . 1 5 1 1.9 
vial 4 a n a i y t e 0 .152, 0 .153 1.9 

xi =0.154 x2 = 0.151 

percent extraction of Na+ picrate: 1.9%-i 0.5 

of blank vials 
vial 1 blank 0.188,0.187 
vial 2blank 0.191,0.189 
vial 3blank 0.187, 0.191 
vial 4blank 0.188, 0.188 

Extraction data for 93 with K+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.176,0.176 6.1 
vial 2analyte 0.177,0.177 5.9 
vial 3anaiyte 0.175,0.178 5.9 
vial 4analyte 0.177,0.176 6.1 

XI =0.188 x2 = 0.176 

percent extraction of K+ picrate: 6 .1%i 0.1 
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of blank vials 
vial 1 blank 0.179,0.181 
vial 2blank 0.181,0.180 
vial 3 blank 0.179,0.179 
vial 4blank 0.180, 0.179 

Extraction data for 93 with Rb+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.167,0.169 6.6 
vial 2analyte 0.169,0.169 6.0 
vial3anaiyte 0.171,0.171 5.0 
vial 4 a n a i y t e 0.169,0.170 5.8 

xi =0.180 x2 = 0.169 

percent extraction of Rb+ picrate: 6.0% i 0.7 

Extraction data for 93 with Cs+picrate 

absorbances 
of blank vials 

vial 1 blank 0.186,0.181 
vial 2blank 0.180,0.183 
vial 3blank 0.183,0.183 
vial 4blank 0.182, 0.181 

vial lanalyte 
vial 2anaiyte 
vial 3anaiyje 

vial 4anaiyte 

xi = 0.182 x2 = 0.170 

percent extraction of Cs+ picrate: 6.5%-± 0.5 

of analvte vials V 
0.172,0.170 6.0 
0.169,0.170 6.9 
0.172,0.170 6.0 
0.169,0.170 6.9 
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Extraction data for 94 with Li+picrate 

absorbances 
of blank vials of analvte vials y. 

vial Iblank 0.183,0.184 vial 1 analyte 0.107,0.106 42.1 
vial 2biank 0.186,0.183 vial 2analyte 0.107,0.107 41.7 
vial 3biank 0.183,0.184 vial 3anaiyte 0.108,0.109 41.0 

xi = 0.184 x2 = 0.107 

percent extraction of Li+ picrate: 41.7% i 0.6 * 

Extraction data for 94 with Na+picrate 

vial Iblank 
vial 2biank 
vial 3blank 

of blank vials 
0.150,0.150 
0.147,0.150 
0.151,0.149 

xi = 0.150 

absorbances 

vial 1 analyte 
vial 2 a n a iy t e 

vial 3analyte 

of analvte vials 
0.069,0.067 
0.066,0.066 
0.066,0.066 

x2 = 0.067 

54.7 
56.0 
56.0 

percent extraction of Na+ picrate: 5 5 . 6 % 0 . 8 
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Extraction data for 94 with K+picrate 

vial 1 blank 
vial 2biank 
vial 3blank 

of blank vials 
0.195,0.195 
0.192,0.191 
0.197,0.194 

xi = 0.194 

absorbances 

vial lanalyte 
vial 2analyte 
vial 3analyte 

of analvte vials 
0.106,0.109 
0.107,0.108 
0.108,0.110 

X2 = 0.108 

y. 
44.6 
44.6 
43.8 

percent extraction of K+ picrate: 44.3 %-± 0.5 

Extraction data for 94 with Rb+picrate 

vial 1 blank 
vial 2biank 
vial 3biank 

of blank vials 
0 . 1 7 9 , 0 . 1 8 1 
0 . 1 8 3 , 0 . 1 8 1 
0 . 1 8 3 , 0 . 1 8 1 

x i = 0.181 

absorbances 
of analvte vials 

vial lanalyte 0 . 1 1 8 , 0 . 1 1 8 
vial 2analyte 0.118, 0 .118 
vial 3analyte 0.117, 0 .118 

X2 = 0 .118 

X 
42.1 
41.7 
41 .0 

percent extraction of Rb+ picrate: 34.8% ̂  0.1 
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Extraction data for 94 with Cs+picrate 

vial 1 blank 
vial 2biank 
vial 3biank 

of blank vials 
0.179,0.177 
0.179,0.177 
0.177,0.185 

xi = 0.177 

absorbances 

vial lanalyte 
vial 2anaiyte 
vial 3anaiy{g 

of analvte vials 
0.120,0.121 
0.122,0.121 
0.124,0.120 

x2 = 0.121 

X 
31.9 
31.4 
31.0 

percent extraction of Cs+ picrate: 31.6%i 0.5 

of blank vials 
vial 1 blank 0.188,0.189 
vial 2blank 0.187,0.187 
vial 3blank 0.188,0.189 
vial 4blank 0.186, 0.189 

Extraction data for 97 with Li+picrate 

absorbances 

vial lanalyte 
vial 2anaiyte 
vial 3anajyte 
vial 4anaiyte 

xi =0.188 x2 = 0.172 

percent extraction of Li+ picrate: 8.5%-i 0.7 

of analvte vials V 
0.173,0.174 7.7 
0.173,0.173 8.0 
0.172,0.170 9.0 
0.171,0.171 9.0 
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of blank vials 
vial 1 blank 0 . 1 4 5 , 0 . 1 4 3 

vial 2blank 0 . 1 4 4 , 0 . 1 4 2 

vial 3blank 0 . 1 4 2 , 0 . 1 4 1 

vial 4blank 0 . 1 4 2 , 0 . 1 4 2 

Extraction data for 97 with Na+picrate 

absorbances 

vial lanalyte 
vial 2analyte 
vial 3anaiyte 
vial 4anaiyte 

xi = 0.143 

percent extraction of Na+ picrate: 1.4%-± 0.5 

of analvte vials y 
0.141,0.141 1.4 
0.142,0.141 1.0 
0.141,0.142 1.0 
0.139,0.141 2.0 

x2 = 0.141 

fc + 0.5 

of blank vials 
vial 1 blank 0.177,0.175 
vial 2blank 0.178,0.178 
vial 3blank 0.181,0.179 
vial 4blank 0.178, 0.179 

Extraction data for 97 with K+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.176,0.173 1.9 
vial 2anaiyte 0.174,0.172 2.8 
vial 3analyte 0.172,0.173 3.0 
vial 4anaiyte 0.173,0.174 2.5 
vial 4anaiyte 0.174,0.171 3.0 

xi =0.178 x2 = 0.174 

percent extraction of K+ picrate: 2.8%-± 0.5 
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Extraction data for 97 with Rb+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0 . 1 8 1 , 0 . 1 7 8 vial lanalyte 0 . 1 7 6 , 0 . 1 7 7 0 .8 

vial 2biank 0 . 1 7 8 , 0 . 1 7 9 vial 2analyte 0 . 1 7 5 , 0 . 1 7 7 1.1 
vial 3biank 0 . 1 7 8 , 0 . 1 7 9 vial 3analyte 0 . 1 7 4 , 0 . 1 7 9 2 .8 
vial 4biank 0 .178, 0 .178 vial 4analyte 0 . 1 7 4 , 0 . 1 7 9 0 . 6 

x i = 0 .178 x2 = 0 .176 

percent extraction of Rb+ picrate: l.l%-± 0.9 

of blank vials 
vial 1 blank 0 . 1 7 7 , 0 . 1 7 8 
vial 2blank 0 . 1 7 8 , 0 . 1 8 2 
vial 3blank 0 . 1 7 8 , 0 . 1 7 8 
vial 4blank 0 .179, 0 .180 

Extraction data for 97 with Cs+picrate 

absorbances 
of analvte vials y 

vial lanalyte 0.176,0.176 1.7 
vial 2analyte 0.175,0.177 1.7 
vial 3analyte 0.176,0.175 1.9 
vial 4analyte 0.176,0.178 1.1 
vial 4 a n a i yte 0.175,0.177 1.7 

XI =0.179 x2 = 0.176 

percent extraction of Cs+ picrate: 1.6%-±0.3 
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Extraction data for 99 with Li+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0.181,0.181 vial 1 analyte 0.106,0.108 40.8 
vial 2blank 0.182,0.184 vial 2a n a iyte 0.109,0.108 40.0 
vial 3biank 0.179,0.181 vial 3anaiyte 0.108,0.109 40.0 

xi = 0.180 X2 = 0.169 

percent extraction of Li+ picrate: 6 . 0 % 0 . 7 

Extraction data for 99 with Na+picrate 

vial 1 blank 
vial 2blank 
vial 3blank 

of blank vials 
0 . 1 6 3 , 0 . 1 6 1 
0 . 1 6 2 , 0 . 1 6 2 
0 . 1 6 1 , 0 . 1 6 1 

x i = 0 .161 

absorbances 

vial 1 analyte 
vial 2 a n a iyte 
vial 3a n a lyte 

of analvte vials 
0 . 1 0 3 , 0 . 1 0 6 
0 . 1 0 6 , 0 . 1 0 5 
0 . 1 0 7 , 0 . 1 0 7 

X2 = 0 . 1 0 4 

X 
34 .8 
3 4 . 5 
33 .5 

percent extraction of Na+ picrate: 34 .1%-± 0 .7 
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Extraction data for 99 with K+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.185,0.185 vial lanalyte 0.138,0.139 25.1 
vial 2blank 0.185,0.186 vial 2analyte 0.140,0.139 24.6 
vial 3blank 0.186, 0.185 vial 3analyte 0.139,0.142 24.0 

xi = 0.185 x2 = 0.163 

percent extraction of K+ picrate: 2 4 . 3 % 0 . 6 

Extraction data for 99 with Rb+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0 . 1 8 1 , 0 . 1 8 3 vial lanalyte 0 . 1 4 4 , 0 . 1 4 8 19.7 
vial 2blank 0 . 1 8 2 , 0 . 1 8 0 vial 2analyte 0 . 1 4 6 , 0 . 1 4 5 20 .0 
vial 3blank 0 . 1 8 3 , 0 . 1 8 3 vial 3analyte 0 . 1 4 8 , 0 . 1 4 8 18.6 

xi = 0 .182 x2 = 0 .147 

percent extraction of Rb+ picrate: 19.2%-± 0.7 
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Extraction data for 99 with Cs+picrate 

vial 1 blank 
vial 2biank 
vial 3blank 

of blank vials 
0.179,0.177 
0.177,0.175 
0.179, 0.177 

xi = 0.177 

absorbances 
of analvte vials 

vial lanalyte 0.148,0.151 
vial 2analyte 0.150,0.150 
vial 3analyte 0.152,0.149 

x2 = 0.150 

y 
15.5 
15.3 
15.0 

percent extraction of Cs+ picrate: 15.3%-i 0.4 

Extraction data for 105 with Li+picrate 

vial 1 blank 
vial 2biank 
vial 3blank 

of blank vials 
0 . 1 8 3 , 0 . 1 8 4 
0 . 1 8 6 , 0 . 1 8 3 
0 . 1 8 3 , 0 . 1 8 4 

x i = 0 .184 

absorbances 
of analvte vials 

vial lanalyte 0 .060, 0 .063 
vial 2analyte 0 .061, 0 .063 
vial 3analyte 0 .063, 0 .060 

X2 = 0.061 

y 
66.6 
66.9 
66.8 

percent extraction of Li+ picrate: 6 6 . 8 % i 0.2 
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Extraction data for 105 with Na+picrate 

vial 1 blank 
vial 2b]ank 
vial 3blank 

of blank vials 
0 . 1 5 0 , 0 . 1 5 0 
0 . 1 4 7 , 0 . 1 5 0 
0 . 1 5 1 , 0 . 1 4 9 

x i = 0 .150 

absorbances 
of analvte vials 

vial lanalyte 0 .022 , 0 .021 
vial 2analyte 0 .022, 0 . 0 2 0 
vial 3analyte 0 .020, 0 .021 

x2 = 0 .021 

X 
85.7 
86 .0 
86.3 

percent extraction of Na+ picrate: 8 6 . 0 % 0 . 3 

Extraction data for 105 with K+picrate 

vial 1 blank 
vial 2biank 
vial 3biank 

of blank vials 
0.195,0.195 
0.192,0.191 
0.197,0.194 

xi = 0.194 

absorbances 
of analvte vials 

vial lanalyte 0.082, 0.084 
vial2analyte 0.082,0.081 
vial 3analyte 0.080,0.085 

X2 = 0.082 

57.2 
58.3 
57.6 

percent extraction of K+ picrate: 58 .0%0.6 
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Extraction data for 105 with Rb+picrate 

vial 1 blank 
vial 2biank 
vial 3blank 

of blank vials 
0.179,0.181 
0.183,0.181 
0.183,0.181 

xi = 0.181 

absorbances 
of analvte vials 

vial lanalyte 0.068, 0.068 
vial 2analyte 0.066, 0.068 
vial 3analyte 0.068,0.069 

X2 = 0.068 

X 
62.4 
62.9 
62.1 

percent extraction of Rb+ picrate: 6 2 . 4 % 0 . 4 

Extraction data for 105 with Cs+picrate 

vial 1 blank 
vial 2blank 
vial 3biank 

of blank vials 
0.179,0.177 
0.179,0.177 
0.177,0.185 

xi = 0.177 

absorbances 

vial lanalyte 
vial 2analyte 
vial 3analyte 

of analvte vials 
0.062,0.061 
0.063,0.060 
0.061,0.061 

x2 = 0.061 

X 
65.2 
65.3 
65.3 

percent extraction of Cs+ picrate: 65.3%-i 0.1 
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Extraction data for 106 with Li+picrate 

absorbances 
of blank vials of analvte vials X 

vial 1 blank 0 . 1 8 1 , 0 . 1 8 1 vial lanalyte 0 . 0 9 6 , 0 . 0 9 5 4 7 . 2 

vial 2blank 0 . 1 8 2 , 0 . 1 8 4 vial 2anaiyte 0 . 0 9 8 , 0 . 0 9 6 4 6 . 4 

vial 3biank 0 . 1 7 9 , 0 . 1 8 1 vial 3 a n a i y t e 0 . 0 9 6 , 0 . 0 9 7 4 6 . 7 

x i = 0 . 1 8 1 X2 = 0 . 0 9 6 

percent extraction of Li+ picrate: 46.9%0.4 

Extraction data for 106 with Na+picrate 

vial 1 blank 

vial 2blank 

vial 3biank 

of blank vials 
0 . 1 6 3 , 0 . 1 6 1 

0 . 1 6 2 , 0 . 1 6 2 

0 . 1 6 1 , 0 . 1 6 1 

xj = 0 . 1 6 1 

absorbances 

vial lanalyte 

vial 2anaiyte 

vial 3 a n a iy te 

of analvte vials 
0 . 1 4 3 , 0 . 1 3 9 

0 . 1 3 9 , 0 . 1 3 8 

0 . 1 4 3 , 0 . 1 4 3 

x2 = 0 . 1 4 1 

X 
1 2 . 4 

1 4 . 0 

1 1 . 2 

percent extraction of Na+ picrate: 12.4%1.4 
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Extraction data for 106 with K+picrate 

vial 1 blank 

vial 2blank 

vial 3biank 

of blank vials 
0.185,0.185 
0.185,0.186 
0.186,0.185 

xi = 0.185 

absorbances 

vial lanalyte 

vial 2 a nalyte 

vial 3 a n a i y t e 

of analvte vials 
0.163,0.164 
0.164,0.163 
0.162,0.164 

x2 = 0.163 

y 
11.6 
11.6 
11.8 

percent extraction of K+ picrate: 11.8%-i" 0.7 

Extraction data for 106 with Rb+picrate 

absorbances 
of blank vials of analvte vials y 

vial 1 blank 0.181,0.183 vial lanalyte 0.159,0.164 11.3 
vial 2blank 0.182,0.180 vial 2anaiyte 0.163,0.164 10.2 
vial 3blank 0.183,0.183 vial 3 analyte 0.165,0.165 9.4 

xi = 0.182 x2 = 0.163 

percent extraction of Rb+ picrate: 10.4%-± 0.9 
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Extraction data for 106 with Cs+picrate 

absorbances 
of blank vials of analvte vials X 

vial lblank 0 .179 ,0 .177 vial lanalyte 0 .165 ,0 .167 6.2 

vial 2biank 0 .177 ,0 .175 vial 2analyte 0 .165 ,0 .165 6.8 

vial 3biank 0 .179 ,0 .177 vial 3analyte 0 .164 ,0 .163 7.6 

x i = 0.177 X2 = 0.165 

percent extraction of Cs+ picrate: 6 . 8 % 0 . 3 
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