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CHAPTER I
INTRODUCTION

Historical Background
The term ionophore is used to describe a receptor molecule which
forms a stable lipophilic complex with a charged species. This allows for
charged hydrophilic species to be transported across lipophilic membranes.
The first naturally occurring ionophores were isolated in the early 1950's, but
elucidation of their function was not made until the mid-1960's."'-'* Some
natural ionophores show remarkable ion selective properties. Valinomycin
(1) is a macrocyclic dodecadepsipeptide antibiotic which has a K+/Na+
selectivity of 10^. The X-ray crystallographic structure of the potassium
complex of valinomycin shows the six ester carbonyls are coordinated to the
metal cation in a octahedral arrangement shielding the metal from any
hydrophilic interactions.^.e The intramolecular hydrogen bonding between
the amide carbonyls and the N-H protons limit the flexibility of the complex
thus assuring its selectivity. Once the function of these ionophores was
known, numerous synthetic analogues consisting largely of acyclic polyether
compounds were made to help explain the mechanism and structure of the
complexes. About this time, C. J. Pedersen published his results on a new
series of synthetic macrocyclic polyether compounds, called crown ethers,
which were able to form stable complexes with both the alkali metal and
alkaline earth cations.^ These two discoveries spurred tremendous interest
in the design and the synthesis of organic complexing agents for selective
complexation.
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The first synthetic macrocyclic polyethers were synthesized long
before Pedersen's work was published. Luttringhaus in 1937 reported the
synthesis of variously-sized macrocyclic compounds, including the first
macrocyclic polyether 2 which was derived from resorcinol.® Over the next
forty years the synthesis of other macrocyclic polyethers, such as the cyclic
furanyl compound 3 and the cyclic tetramer of ethylene oxide 4, were
reported.9.10 Despite this earlier work, most chemists credit the discovery of
macrocyclic polyether chemistry to C. J. Pedersen who published the first
systematic study of their synthesis and recognized the potential of these
macrocyclic polyethers for forming stable metal salt complexes."^
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Ironically, unlike the earlier chemists in the field, Pedersen's first
isolation of a macrocyclic polyether was not the objective of the synthesis but
was obtained as an unanticipated by-product. Pedersen was investigating
the use of various acyclic ligands for the complexation and removal of copper
ion, a contaminant in one of du Font's vanadium-catalyzed polymerization
processes. One such ligand was the bis-phenolic compound 5 which was
obtained by the reaction of two equivalents of mono-THP protected catechol
with bis(2-chloroethyl) ether (Scheme I).

/^OTHP

DNaOH

,^^^OH

HO.^^

Scheme I

Serendipity has played a role in many important scientific discoveries
in the past and was at work for Pedersen at this time. In addition to isolating
the desired bis-phenolic compound 5, a small amount of a white crystalline
solid was obtained. Upon further investigation, the by-product was assigned
as having the structure of the macrocyclic polyether compound 6. The byproduct 6 was formed by the condensation of two equivalents of catechol, a
10% impurity in the mono-THP protected reactant, and two equivalents of bis(2-chloroethyl) ether, as illustrated in Scheme II.

Scheme II

Pedersen observed that 6, in the presence of certain metal salts,
formed stable metal cation complexes which could be isolated and
characterized. His work opened a new broad area of research termed "HostGuest Chemistry" to which the topic of crown ethers belongs. Along with
Jean-Marie Lehn and Donald J. Cram, C. J. Pedersen received the Nobel
Prize in Chemistry in 1987 for their fundamental contributions to this field of
research.
Nomenclature and Terminology
Scientists in their respective fields tend to develop new terminologies
that are widely used by researchers in those fields. The area of crown ether
chemistry has not been an exception. Pedersen recognized the need for a
simple nomenclature system for the new series of macrocyclic polyethers he
had made. The name "crown" was given to this class of macrocyclic
polyether compounds because of the appearance that the metal cation was
being crowned by the macrocyclic polyether when the complex was formed.^
The lUPAC system for naming these compounds can be both long and
complicated. For example, the lUPAC name for 6 would be 2,3,11,12dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene, which makes it
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impractical for everyday use. Pedersen developed a trivial system for
naming the compounds by listing. In order, the following:
1) The number and kind of subctituents which are attached to the
polyether ring;
2) The total number of atoms which make up the macrocyclic ring;
3) The class name "crown"; and,
4) The number of heteroatoms in the macrocyclic polyether ring.
Thus the trivial name for compound 6 is dibenzo-18-crown-6. This
trivial nomenclature system has been widely accepted. Problems with this
system can arise because it fails to define the exact position of the
substituents within the crown ether ring. Other systems of nomenclature
which address this problem have failed to gain broad acceptance.''"• In
addition to crown ethers with all oxygen heteroatoms, compounds with only
nitrogen, only sulfur or mixtures of oxygen and nitrogen, oxygen and sulfur,
and nitrogen and sulfur, heteoratoms have also been synthesized. The
nitrogen-containing compounds are called azacrown ethers and the sulfurcontaining crown ethers are called thiacrown ethers.

Properties of Crown Ethers
Crown ether-metal cation complexes are held together by lon-dlpole
interactions. The electronegative heteroatoms of the crown ring are oriented
inward in the complex, forming a highly polar, hydrophilic interior cavity. The
exterior of the crown ether ring Is composed of a hydrocarbon backbone
making it non-polar and hydrophobic in nature. In a solution containing the
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crown ether and a metal salt, an equilibrium exists between the free crown
ether and the metal complex as shown in Figure 1.

Hydrophilic
interior
T^O*^

[
^O

f^O'^

J
O^

Hydrophobic k ^ O - s ^
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^^^._^

— C .K
V '

J X-

; ^^O^

1^6^

J

Figure 1. Equilibrium of a crown ether-metal cation complex in solution.

The stability of the complex is determined by the effectiveness of the
lon-dlpole interactions and can be expressed by the equation, Ks =
[complex]/([crown] [M+]), where Ks is the stability constant for the complex in
solution. Many factors influence the stability of the complex but the most
important is the relationship of the metal cation diameter to that of the crown
ether ring. In Table 1 the diameters of several crown ether cavities and alkali
metal cations are compared. Ideally for a high stability constant, the metal
cation should be slightly smaller than the crown ether cavity. This provides
for the maximum ion-dipole interaction. If the cation is much smaller than the
crown cavity, these Interactions will be weak and the complex will readily
dissociate . If the cation is much larger than the crown ether cavity, the cation
will be unable to fit completely inside the cavity but will form a perching
complex where the metal is positioned on top of the crown ether ring. This
complex again lacks the maximum ion-dipole interaction thus lowering its
stability. Perched complexes can form a 2:1 sandwich complex if a second
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molecule of crown ether caps the top portion of the metal cation. Other
factors that influence the stability of the complex include: the number and
lype of heteroatoms in the polyether ring; the basicity of the heteroatoms; the
charge on the cation; and the nature of the counteranlon.

Table 1. Diameters of Crown Ether Cavities and Alkali Metal Cations.""^.i3
Crown Ether

Diameter (A)

Alkali Metal Cation

DiameterfA)

12-crown-4

1.2

Li+

1.20

14-crown-4

1.2-1.5

Na+

1.90

15-crown-5

1.7-2.2

K+

2.66

18-crown-6

2.6-3.2

Rb+

2.96

21-crown-7

3.4-4.3

Cs+

3.38

Svnthesis of Crown Ethers
There are numerous publications on the synthesis of crown ether
compounds.^"^ Therefore, only the general principles will be discussed in this
section. The critical step in any macrocyclic polyether synthesis is the
cycllzation process. Most ring closures Involve some variation of the
Williamson ether synthesis where a leaving group undergoes an S N 2
displacement by an alkoxide ion nucleophile. As indicated in Table 2, for the
formation of 18-crown-6, the base which is used, the solvent in which the
reaction is performed, and the nature of the leaving group can all greatly
affect the yields of the cyclization. Other than tosylates and chlorides, leaving
groups such as bromides, iodides and mesylates are often employed.
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Table 2. Synthesis of 18-crown-6.
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c

^

J

^o
k^OH

Base
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Co
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Reference

X

Base

Solvent
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1

OTs

t-BuO-K+

t-BuOH/CeHe

33

15

2

OTs

t-BuO-K+

THF

30-60

16

3

OTs

t-BuO-K+

DMSO

84

16

4

OTs

t-BuO-K+

1,2-Dimethoxyethane 93

16

5

CI

KOH

THF/H2O

40-60

17

6

CI

KOH

THF

30

18

7

CI

KOH

C6H6/H2O

15

19

Method

While the optimal conditions for cyclization will be different for each
crown ether, the yield of cyclization in forming medium sized rings (14-21
atoms) can often be dramatically increased by using an alkali metal cation of
the appropriate size to act as a template. Operation of a template effect was
suggested by Greene when he found that there was very little difference in
the cyclization yields of 18-crown-6 in 0.04 M and 0.09 M solutions when
potassium tert-butoxide was used as a base."'^ High dilution conditions to
prevent significant amounts of oligimers from forming were not needed. If
other bases which lacked the potassium cation were used, the yields of
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18-crown-6 dropped considerably. It was clear that the potassium cation was
playing an important part in the cyclization process (Figure 2). The template
effect for large ring systems is less effective since there are no cations of
sufficient diameter.

C

J — -

+

^o
k^OH

o^
X ^

[

:Kt'

J

V ' : ^^o^

— -

r

:Kt

J

V ' : ^^o-^

kxOvx^

k x O ^

Figure 2. The template effect for forming crown ethers.

Azacrown ethers are important in the synthesis of functlonalized
azacrown ethers and are the key Intermediates In the preparation of the
bicyclic cryptands. In general, the synthesis of azacrown ethers can be
accomplished by two routes, as indicated in Scheme III for the synthesis of
diaza-18-crown-6.2o The first route, used extensively by Lehn and coworkers in preparing some of the first diazacrown ether compounds, involves
a cyclization between a diacid chloride and a diamine.21.22 The cyclization
step Is followed by a reduction step in which the diamide 7 is converted into
the diamine 8. The cyclization requires the simultaneous addition of the two
substrates under high dilution conditions to avoid oligimer or polymer
formation. The second route, developed by RIchman and Atkins, Involves the
reaction between a disulfonamide and a dihalide or disulfonate.23.24 jhe
cyclization is followed by the detosylation of 9 which can be accomplished by
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one of several methods to give the diamine 8.25-27 jhe advantage to this
approach is that the reaction does not require high dilution conditions and
the substrates do not have to be added separately. The template effect
seems to be less pronounced in the formation of azacrown ethers, and this
smaller effect has been attributed to the softer nitrogen donor atoms which
form weaker complexes with the alkali metal cations.28
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Kellogg and co-workers observed that the yields of cyclization
reactions in the presence of cesium salts, such as cesium fluoride or cesium
carbonate, were higher in many instances than yields in the presence of
other alkali metal salts.29 Reinhoudt investigated the use of alkali metal
fluorides in the cyclization of catechol with pentaethlyene glycol ditosylate to
give benzo-18-crown-6 and found the yields to be highest for cesium.^o It
was clear that cesium was not acting as a true template since the cation was
too large for the 18-crown-6 ring. Kellogg, after further investigation, has
used the term "cesium effect" to describe these increased cyclization
yields.3'''32 The increased yields have been attributed to two factors: the
increased solubility of the organic cesium salts over those of the other alkali
metals, and the increased nucleophilicity of the cesium salts due to the
formation of solvent-separated ion pairs. Therefore "naked anions" are
formed which maximize the reactivity of the anions towards S N 2 substitutions.
Metal Cation Transport by Crown Ethers
Crown ethers provide a means for solubilizing metal salts in non-polar
media.33 This is important for crown ether-promoted processes such as
selective metal cation extractions from an aqueous phase, the transport of
metal cations across liquid membranes, and phase transfer catalyzed (PTC)
reactions. The efficiency of these processes is dependent on several factors.
Consider the selective extraction of metal cations from an aqueous
phase into an organic phase by a neutral crown ether as represented in
Figure 3. As the organic-soluble crown ether approaches the organicaqueous interface, Ion-dipole interactions between the metal cation and the
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crown ether result in the formation of a complex. The lipophilized metal salt
is then transported into the bulk organic phase. The stability of the complex
can determine both the selectivity and the efficiency of the extraction process.
For competitive metal cation extractions, if a strong complex with one species
of metal cation Is not formed, selectivity will not be observed. In addition, a
weak complex may not be able to overcome the solvation energy of the
aqueous layer resulting in poor extraction efficiency.
1^0^
M"^-

M"^O

0'

V ; ^o^
k.o^
Organic Phase

M"^s

Aqueous Phase

Figure 3. Solvent extraction of metal cations by neutral crown ethers.

A second factor is the solubility of the complex in organic media. Once
a complex is formed, there may be a high distribution of the complex in the
aqueous layer. Ion-pair extraction into the organic phase should be
facilitated by lipophilic crown ethers. The lipophilicity of numerous crown
ethers has been increased by the addition of hydrophobic aromatic groups
(6), cyclohexane rings (10), or hydrocarbon tails (11).34.35

13

a: :^a: ::oc D
6

10

11

Third, the efficiency of the extractions can be influenced by the nature
of the anion in the aqueous phase. In the extraction of metal cations by
neutral crown ethers, the anion must accompany the cation into the organic
phase for required charge neutralization. The extraction of metal cations and
organic anions, such as picrates, or soft inorganic anions, like perchlorates
and thiocyanates, are more efficient. The extraction of metal cations and the
harder anions, such as chlorides, nitrates, hydroxides and sulfates, which
have a more localized negative charge. Is poor. The distribution equilibria for
these harder anions often lie largely in favor of the aqueous phase.
Unfortunately, it is the harder anions that are most commonly encountered
when dealing with extraction problems in industry and the environment.
Proton-lonizable Crown Ethers
A potential solution to the anion solubility problem is to provide an
internal counteranlon that is attached directly to the crown ether. This allows
metal cation extraction and transport to operate independently of the anions
found in the aqueous phase. An ionizable pendent arm was first
incorporated into the binapthyl compounds 12 by Cram and co-workers.36-38
When 12 comes into contact with basic solutions, the cartDoxylic acids or thiol
groups are ionized to the form the corresponding salts.
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In general, there are three types of proton-ionizable crown ethers. In
the first type, the ionizable group is linked to the crown ether ring by a
pendent arm. The arm, if long enough, allows the ionizable group to orient
over the ring cavity providing additional binding site(s) for the complexed
metal cation. Bartsch and co-workers have used this concept extensively in
their research and have synthesized a large number of pendent arm
ionizable crown ethers, such as 13 and 14.39''*0 A second type of ionizable
crown ether has the ionizable group projecting directly into the cavity of the
ring, such as in the phenolic or benzoic acid crown ether compounds 15 and
16.41.42 In this case, the size of the cavity is reduced due to the space
occupied by the ionizable group. These ionizable crown ethers have the
advantage of being somewhat preorganlzed for complexation. The third type
is where the ionizable group is in resonance with one of the atoms of the

15
polyether ring as in the pyridyl crown ether 17.43 Because the negative
charge is delocalized through resonance, these compounds tend to have a
high solubility in organic solvents when in the ionized form.

H^OCH2C02H
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o o
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14
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13

o-^.

O^.

OH

17

16
The solvent extraction process in which a proton-ionizable crown ether
is employed is shown in Figure 4. As the crown ether approaches the
interface between Ihe organic phase and the basic aqueous phase, two
things occur. The acidic group is ionized and the metal cation is complexed.
Upon complexation, the complex returns to the bulk organic phase. The
ionizable group offers two advantages. First, it provides a internal counteranlon so extraction is no longer dependent on the aqueous anions. Second,
the group provides an additional binding site for coordination with the metal
cation.

fyOH

O -^

•Q p ^

y

i

^M*OH-

i

^H20

^ VO-M^O
0

0^
Organic Phase

?
s

M+OH
Aqueous Phase

Figure 4. Solvent extraction of metal cations by
proton-ionizable crown ethers.

Chromooenic Crown Ethers as Metal Cation Receptors
Analytical and inorganic chemists have long used ion selective
organic chromogenic reagents in the qualitative and quantitative
determination of metal cations by photometric or titrametric methods.44,45
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One advantage of such methods is that they do not need the specialized and
costly instnjmentation that flame photometric and potentiometric techniques
require. The successful use of these colored chelators has been extended to
most of the metal cations with the exception being alkall-metal and alkalineearth cations. Very few colored reagents for alkali-metal cations were known
prior to the discovery of crown ethers.46 Most colored reagents for the
alkaline-earth metals are of the EDTA type and often lack the selectivity due
to competitive complexation of transition metal cations.47
The ability of crown ethers to form stable and selective complexes with
both the alkali-metal and the alkaline-earth cations has led several research
groups to investigate the use of chromogenic crown ethers as potential
colored reagents in photometric determinations of metal cations.48-5i There
are several desirable properties of these reagents if they are to be used in
analytical processes. First, they must exhibit high selectivity for a specific
cation in a competitive system resulting in an ion-specific color change.
Second, the reagent must show a substantial shift in Xmax upon complexation
to avoid interference from the absorption spectrum of the uncomplexed
ionophore. Third, it would be preferable for the complex to have a relatively
high extinction coefficient.
The chromogenic crown ethers have been grouped under two general
types: 1) Protonic or proton-lonizable chromogenic crown ethers; and 2)
neutral chromogenic crown ethers. The first protonic chromogenic crown
ether, reported by Ueno and co-wori<ers, was a benzo-15-crown-5 Ionophore
in which a mono-protonic Pacey-type (picrylamide) chromophore had been
attached.52 The synthesis outlined in Scheme IV involved the nitration of
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benzo-15-crown-5 (15) to give 16, followed by reduction to amine 17 and
then reaction with picryl chloride to yield 18. A chloroform solution containing
18 turns from orange (Xmax = 390 nm) to dark red (Xmax = 445 nm) when it
comes into contact with an aqueous alkaline solution. The color change
occurs when the amine proton (HL) is removed under basic conditions to
form a intramolecular ion-pair (ML). This ion pairing aids in the transfer of the
metal cation into the organic phase. Numerous variations in the Pacey-type
chromophore have been made in which one or more of the nitro groups have
been replaced by other electron-withdrawing groups, such as trifluoromethyl
or cyano groups.^s Other protonic chromogenic crown ether compounds
include phenolic type chromophores which are attached to the crown ether
ring by a pendent arm (19) or phenolic crown ether compounds in which the
protonic group Is in conjugation, through resonance, with the chromophore
(20).54.55
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The first neutral chromogenic crown ethers were azo dyes synthesized
by Vogtie and co-wori<ers about the same time that Ueno published the
synthesis of the protonic chromogenic crown ethers.^^ Complexation of the
metal cation by the neutral ionophore results in an electrostatic interaction
between the metal cation and the chromophore. This shift in charge density
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results in an observed color change. For neutral chromogenic crown ethers,
it is necessary for the macrocyclic ring to incorporate a sensing atom, such as
oxygen or nitrogen, that is in resonance with the chromophore if the shift in
electron density is to be maximized. Most of the neutral chromophores have
been various forms of the azo dyes, such as 21. In this case, the nitrogen of
the macrocyclic ring is acting as the sensing atom. The disadvantage of the
neutral chromophores is that they are often ineffective in solvent extraction
techniques due to poor ion-pair extraction. Other types of chromophores that
have been attached to crown ethers include stilbene dyes, quinone imines,
amino azulenes and anthraquinones.^^-eo
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^H NMR Spectroscopic Evidence for Side Arm
Participation in Crown Ether-Metal Cation Complexes
Crown ethers bearing heteroatom-containing side arms offer
additional coordination sites for crown ether bound metal cation complexes.
Evidence for the participation of the side arm in cation complexation in
solution has largely been based on increased stability constants or increased
metal cation extraction efficiency.^^-^^ More direct evidence was provided by
13C NMR relaxation time measurements in which the heteroatom-containing
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side arm showed reduced mobility when a metal cation complex was
formed.66-68
There have been very few studies where side arm participation In a
crown ether-metal cation complex was demonstrated in solution by ^H NMR
spectroscopy. Robison and Bartsch observed that the side arm in crown
phosphonate monoethyl-ester 22 showed restricted mobility when the Na+
cation complex was formed.69 The absorption for the diastereotopic benzylic
protons appeared as an AB quartet (JAB = 12 HZ) at 5 5.03 downfield from
TMS. The corresponding Li+and K+ metal cation complexes appeared as
broadened singlets. The interpretation of the results was that simultaneous
coordination of the anionic side arm with the tightly bound crown ether-Na+
metal complex restricts side arm mobility. The less tightly bound Li+ and K+
metal cations give rise to broadened singlets suggesting less rigidity In the
complex. In a later study, Gokel and co-workers observed by the ""H NMR
coupling constants that the carboxyl group in 2-carboxy-15-crown-5 (23)
occupies an axial position in relation to the crown ether ring.^o jhe mobility
of the side arm was limited due to the hydrogen bonding interactions of the
carboxylic acid group and the ethereal oxygens of the macrocycle.
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Statement of Research nnal^
There has been a continued interest in developing new methods for
utilization of the ability of crown ether compounds to form strong complexes
with metal cations. One particular area that has received relatively little
attention has been the use of functlonalized crown ethers in analytical
applications. Limited applications include crown ethers used as electrode
ionophores and in chromatographic packings.7i-73 with the increasing
demand to find faster and less costly methods for both quantitative and
qualitative metal cation analysis in solution, the use of chromogenic
ionophores in colorimetric determination of metal cations has recently
received considerable attention. Colorimetric methods are potentially useful
in both the analytical and the clinical diagnostic fields. To this end, a major
part of this dissertation describes the synthesis of several new chromogenic
proton-ionizable crown ethers which are to be evaluated as potential
reagents for the colorimetric determination of metal cations in solution. The
compounds have incorporated a Pacey-type chromophore into the structure
with the addition of two carboxylic acid side arms to assist in metal cation
binding.
The second part of the dissertation deals with the synthesis and
complexation studies of a series of phosphonic acid crown ethers. The study
used ^H NMR spectroscopy in conjuction with calorimetry and acidity
constants to interpret the degree to which the anionic side arm and the
macrocyclic crown ether ring participate in coordination with the metal cation.
The effect on the stability of the alkali-metal cation complexes caused by
introduction of additional side arm coordination sites was also investigated.

CHAPTER II
SYNTHESIS OF CHROMOGENIC DIAZACROWN
ETHER DICARBOXYLIC ACIDS
A large portion of the discussion in this chapter is devoted to the
synthesis of the three novel chromogenic diazacrown ether dicarboxylic
acids 24, 39 (Scheme XIII), and 40 (Scheme XIV). The compounds were
designed as potential reagents to be used in clinical diagnostics for the
colorimetric determination of calcium in blood. The compounds bear an
ionizable Pacey-type chromophore utilizing a macrocyclic ring oxygen as the
sensing atom for compound 24 and the inward-facing anisyl oxygen atom for
compounds 39 and 40. The incorporation of two ionizable carboxylic acid
pendent arms, attached through the macrocyclic ring nitrogens, will provide
additional coordination sites and charge neutralization for the complexed
divalent calcium metal cation.
In addition to these compounds, the chapter also includes the
synthesis of macrocyclic ligands with monoethyl diphosphonic acid groups
and the development of cyclization procedures for the formation of small
azacrown ether ring systems.
Synthesis of Chromogenic Diazacrown Ether Dicarboxvlic Acid 24
In developing a synthetic strategy for the preparation of chromogenic
diazacrown ether dicarboxylic acid 24, it was concluded by retrosynthetic
strategy that the most logical intermediate would be diazacrown ether 25.
From 25 the two acid pendent arms could be attached followed by reduction
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of the nitro group and coupling with picryl chloride. It was surprising to find
that neither 25 nor the diazabenzo-12-crown-4 26 were known compounds.
Therefore a new synthetic route had to be developed. Previous cyclization
reactions with o-aminophenols and dichlorides of triethylene glycols
(Scheme V) could not be used since the asymmetry in 25 would complicate
the cyclization."^4 j ^ g ^Qst point in which to introduce the nitro group would
probably be after cyclization. However, it was anticipated that the nitration
would give moderate yields at best due to formation of a mixture of isomeric
mononitrated products and possibly multiply nitrated products. Since
aromatic nitro groups are relatively stable, it was decided to incorporate the
group in the synthetic scheme from the outset.
For these reasons, 2-amino-4-nitrophenol (27) was chosen as the
starting material. Compound 27 is commercially available and relatively
inexpensive. The first objective was to synthesize the acyclic disulfonamide
30 (Scheme V) which would be one component for the ring-forming reaction.
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The initial preparative route to 30 involved the reaction of tosyl sulfonamide
31 or tosyl aziridine (32)75 (Scheme VI) with 2-amino-4-nitrophenol to give
28 in yields of 36% and 43%, respectively. Both reactions were performed in
DMF with potassium carbonate as the base. The slightly greater yield which
was obtained when tosyl aziridine was used as the alkylating reagent was
more than offset by the additional step required to prepare it from tosyl
sulfonamide 31 and by Its tendency to undergo self-polymerization.
Compound 28 was tosylated in a 75% yield to give disulfonamide 30. An
alternate route to disulfonamide 30 was by selective tosylation at the aniline
position of 2-amino-4-nitrophenol (27) to produce tosylsulfonamide 29 in a
77% yield.76 Reaction of 29 with tosyl sulfonamide 31 or tosyl aziridine (32)
gave 30 in 26% and 30% yields, respectively. For both routes the alkylation
reactions were complicated by the presence of both nitrogen and oxygen
nucleophilic centers. Also, the nucleophilicity of the phenolate anion Is
considerably reduced by the electron-withdrawing nitro group in the para
position. These two factors are probably the major contributors to the low
yields of oxygen-alkylated product. As expected, the major by-products in
these reactions were the nitrogen-alkylated isomers. Such by-products were
easily removed by passing the crude product mixture through a bed of
activated alumina which trapped phenolic compounds on the column. The
tendency to form nitrogen alkylated by-products was confirmed by performing
the alkylation reaction of 27 with tosyl aziridine in the absence of a base
which gave a good yield of 33 (Scheme VII). Neither route from 27 to 30
offered a particular advantage since each route includes a low-yield
alkylation step.
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The cyclization reaction of disulfonamide 30 with the dimesylate of
diethylene glycol to form the cyclic disulfonamide 34 in 67% yield was
performed in dry DMF with potassium carbonate as the base at 75 °C
(Scheme VIII). However, when the reaction temperature was increased to
100 °C, the yield dropped considerably. It was suspected that the dimesylate
might be unstable at the higher reaction temperature. An advantage of this
disulfonamide cyclization method is that high dilution conditions are not
required.
There are several methods by which sulfonamides can be detosylated
to form amines.25-27 However, because of the potential reduction of the nitro
group in 34, reagents such as lithium aluminum hydride and sodium
amalgam could not utilized. For detosylation of 34, hydrobromic acid (30%)
in acetic acid gave, after heating at reflux, a 50% yield of diamine 25 as a
yellow solid. Heating of the cyclic disulfonamide in concentrated sulfuric acid
at 100 °C provided a 60% yield of 25 after neutralization.
The ""H NMR spectrum of diamine 25 in deuterated chloroform shows
an interesting feature. There are two resonances for the amine hydrogens
with very different chemical shifts which suggest markedly different
environments. The first resonance appears at 1.86 ppm downfield from
tetramethylsilane, while the second resonance appears at 6.15 ppm. Such a
large difference in the chemical shift is unexpected from the simple difference
between a secondary alkyl aryl amine hydrogen and a secondary dialkyi
amine hydrogen.
A crystal of 25 was grown by dissolving the diamine In a minimum
amount of dry benzene and allowing the solvent to slowly evaporate. A
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suitable crystal was obtained and submitted for X-ray crystallography.77 The
X-ray crystallographic structure is shown in Figure 5 . Thus in the solid state
the more acidic alkyl aryl amine hydrogen is oriented within the macrocyclic
cavity where it can hydrogen bond with the adjacent heteroatoms. On the
other hand, the dialkyi amine hydrogen points away from the macrocyclic
ring. Presumably, this conformation also exists in solution and gives rise to
the unusual ^H NMR spectmm.
Alkylation of diamine 25 with ethyl bromoacetate in the presence of
potassium carbonate in acetonitrile gave diethyl ester 35 in a 96% yield.
Reduction of the nitro group to form amine 36 was accomplished in a 7 1 %
yield with 50 psi of hydrogen and 10% Pd/C in 95% ethanol. Amine 36 was
coupled with picryl chloride, following a procedure reported by Ueno^^, to
give chromogenic diazacrown ether diethyl ester 37 in 82% yield.
What was envisioned as a straightforward hydrolysis of the diethyl
ester 37 to the diacid 24a proved to be more troublesome than expected.
The first attempts to hydrolyze the ester groups were conducted under typical
conditions with an excess of sodium hydroxide in refluxing 95% ethanol.
Under these conditions none of the diacid 24a was isolated, none of the
diester 37 was recovered, and decomposition of the diester was evident by
••H NMR spectroscopy. The same result was obtained when the reaction
solution was stirred overnight at room temperature. Attempted acid
hydrolysis was also unsuccessful. For the shorter reaction times, acid
hydrolysis was incomplete. As the reaction times were increased,
decomposition began to take place. From what little evidence that could be
obtained from the ^H NMR spectrum of the decomposition product(s), it

30

C8

01N

Figure 5. X-ray crystal structure of diamine 25.
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Figure 6. Decomposition of chromogenic picryl
amine compounds by hydroxide ion.

appeared that hydroxide was involved in ipso substitution resulting In the
cleavage of the aromatic-nitrogen bond and generation of a picrate anion
(Figure 6). It was later discovered that stim'ng chromogenic diethyl ester 37
in the presence of five equivalents of potassium hydroxide for three to four
hours at room temperature was sufficient to obtain diacid 24a which was
isolated as a dihydrochloride dihydrate In a 71% yield. Under these
conditions, the hydrolysis occurs more rapidly than ipso attack by hydroxide
and the amount of decomposition can be controlled by the length of the
reaction time.
The problem encountered in the hydrolysis step resulted In the search
for an alternative route to diacid 24a (Scheme IX). If the ester were to be
hydrolyzed in an eariier step, it would reduce the chance for base-promoted
loss of the chromphore. The most likely stage for the hydrolysis was at amine
36. Amine 36 was hydrolyzed with sodium hydroxide in 95% ethanol to
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give the sodium dicarboxylate salt 38. The hydrolyzed amine was used in
the coupling reaction with picryl chloride without further purification to give
24b, the trisodium salt, in 63% yield.
Synthesis of Chromogenic Diazacrown
Ether Dicarboxylic Acids 39 and 40
Retrosynthetic analysis for 39 and 40 suggests the best intermediate
to be cyclic diamine 46. Two routes to cyclic diamine 46 from dinitrile 42
were developed which differed primarily in the cyclization method. The
preparation of precursor dinitrile 42 involved the functionali-zation of the two
benzylic methyl positions of 2,6-dimethylanisole by bromination followed by
carbon chain extension (Scheme X). Previously reported bromination
reactions of 2,6-dimethylanisole employed N-bromosuccinimide as the
brominating reagent to give dibromide 41.79 in the present work, the use of
N,N'-dibromo-5,5-dimethylhydantoin (Brom-55P) as the brominating reagent
typically gave as much as 10% higher yields of dibromide 41 under the same
reaction conditions. One equivalent of Brom-55P gives two equivalents of
bromine and the hydantoin by-product is insoluble in carbon tetrachloride but
very soluble in water. This makes the work-up much easier. It was observed
that the concentration of the 2,6-dimethylanisole had an important influence
on the yield of the bromination reaction. When the initial concentration of 2,6dimethylanisole was 0.56 M, the yield of 41 was 42% after reaction for two
hours; while 0.70 and 0.88 M solutions gave 52% and 70% yields,
respectively.
The carbon chain extension of 41 was achieved by reaction of the
dibromide with sodium cyanide to provide dinitrile 42. The first reaction was
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performed in dry dimethylsulfoxide to give 42 in a 92% yield. Although the
yield was excellent, the procedure required the tedious task of drying both
the dimethylsulfoxide and the sodium cyanide. Removal of the DMSO from
the reaction solution after the reaction was also an inconvenience. A liquidliquid phase transfer catalyzed reaction was developed to circumvent these
problems. The solvent system was a benzene-water mixture. The catalyst
was ethylhexadecyldimethylammonlum bromide which possessed sufficient
lipophilic character to be an effective PTC reagent. The yields were
consistently over 90%, which made the PTC method comparable to the initial
procedure. The work-up procedure involved simple filtration of the crude
product through a short bed of alumina with benzene as eluent. It should be
noted that some other PTC catalysts, such as benzyltributylammoniumbromide, were ineffective and gave no product.
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The first route to cyclic diamine 46 involved cyclization of diacid
chloride 44 with commercially available bis(2-aminoethyl) ether to form
cyclic diamide 45 followed by reduction to provide diazacrown ether 46
(Scheme XI). The diacid chloride 44 was prepared in two steps from dinitrile
42. Hydrolysis of 42 in 50% aqueous sulfuric acid gave the diacid 43 in
93% yield. Treatment of the diacid with oxalyl chloride in benzene produced
diacid chloride 44 in a quantitative yield. The use of thionyl chloride was
found to be less efficient and resulted in the formation of some decomposition
products. The cyclization of diacid chloride 44 with the diamine was
performed under high dilution conditions at room temperature by the
simultaneous addition of the reactants using syringe pumps and gave a 50%
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yield of cyclic diamide 45. The reduction of 45 to cyclic diamine 46 was
accomplished with diborane in THF In 66% yield.
The second route to 46 is Illustrated in Scheme XII. A reduction
method published by Brown and co-workers^o was utilized to reduce dinitrile
42 to diamine 47 with borane-dimethylsulfide in THF in 60% yield. Diamine
47 was reacted with p-toluenesulfonyl chloride to give disulfonamide 48 in
70% yield. Although the yield of the diamine in the previous step was
reasonable, 47 was found to be relatively unstable. Therefore, an alternative
procedure was developed in which the reduction and sulfonamide-forming
steps were performed in a one-pot synthesis to give disulfonamide 48 in a
70% yield starting with two grams of dinitrile 47. Using this procedure, it was
no longer necessary to isolate the diamine. The yield was found to diminish
considerably when the scale of the reaction was increased.
The cyclization of disulfonamide 48 with the dimesylate of diethylene
glycol was performed in DMF. Cesium carbonate was used as the base to
increase the solubility of the dianionic salt that was formed.3^'32 The
cyclization yields to give 49 were typically in the range of 50-60%. Rigidity of
the ring in 49 was evident by the complex splitting pattern observed for the
ring methylene protons in the ""H NMR spectrum. It was, therefore, surprising
that the ring closure reactions went in such good yields. Attempts to
deprotect cyclic disulfonamide 49 with concentrated sulfuric acid at 100 °C
resulted in total decomposition. The deprotectlon of 49 to diamine 46 was
accomplished in 85% yield with 6% sodium amalgam in a dioxane/methanol
solvent mixture. The deprotectlon reaction was found to be surprisingly
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facile. Presumably, the relief of steric strain in the rigid cyclic compound 49
is the driving force.
The ease with which disulfonamide 49 could be deprotected proved to
be an early indication of the difficulty that would be encountered in alkylating
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the amine groups. A reaction of cyclic diamine 46 with ethyl bromoacetate
and potassium carbonate in DMF gave only moderate yields (38-66%) of
diethyl ester 50. In addition to less-than-optimal yields, an unidentified byproduct was formed which made the purification process difficult. In an
alternative procedure, diethyl ester 50 was obtained in 91% by dissolving the
diamine in DMF and treating it with sodium hydride at room temperature
followed by the addition of ethyl bromoacetate (Scheme XIII). In addition to
providing a nearly quantitative yield, this procedure eliminated the formation
of the by-product.
The nitration of 50 required more rigorous conditions than one would
expect for a derivative of anisole. Examination of CPK space-filling models
suggests a strong steric interaction between the macrocyclic ring and the
methoxyl group which forces the methoxyl oxygen out of the plane of the
aromatic ring. This reduces the effective overiap between the non-bonding
electron pairs of the oxygen atom and the pi system of the aromatic ring
which in turn reduces the compound's reactivity in undergoing electrophilic
aromatic nitration. Schuster and co-workers^^ have provided evidence for
such reduced reactivity in studies of electrophilic aromatic substitutions of
substituted anisoles. Attempts to nitrate diester 50 with fuming nitric acid in
chloroform at 0 °C and at room temperature yielded only the recovered
reactant. Stronger nitrating conditions were then employed which utilized
nitronium tetrafluoroborate. At room temperature, the reaction of 50 with
nitronium tetrafluoroborate In nitromethane for two hours again resulted in
the recovery of the reactant. When the temperature was raised to 70 °C for
two hours, the nitrated compound 51 was obtained in a 58% yield.
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Reduction of the nitro group in compound 51 with 50 psi of hydrogen
and 10% Pd/C In 95% ethanol gave amine 52. Due to the instability of 52,
the compound was used in a slightly Impure form for the coupling reaction
with picryl chloride. The yield of chromogenic diester 53, which was isolated
as the potassium salt, was 64% for the two-step process. Hydrolysis of 53
with potassium hydroxide in 95% ethanol/dioxane at room temperature for
four hours gave chromogenic diazacrown ether dicariDoxylic acid 39 in 85%
yield after an acidic work-up.
There was an interest in lowering the working pH of 39. This could
most readily be accomplished by the introduction of a nitro group ortho to the
chromophore. The acidity of the amine proton should be increased
significantly due to resonance interactions with the ortho nitro group.
Examination of a CPK model, however, indicated that the ortho nitro group
might lack the ability to freely rotate about the nitrogen-carbon bond due to
the congested environment. Therefore the ability to nitrate 39 and its
effectiveness in lowering the pKa of the amine proton was uncertain.
Diester 53 was nitrated with fuming nitric acid in chloroform at 50 °C to
give nitrated diester 54 in a 70% yield (Scheme XIV). The hydrolysis of
diester 54 provided some unexpected problems. Using the mild hydrolysis
conditions which had been developed previously, only partial hydrolysis of
54 was observed after six hours of reaction at room temperature. When the
reaction time was increased, decomposition was observed. The reason for
the difficulty encountered in the hydrolysis of 54 remains unclear.
Examination of a CPK model seems to rule out any type of steric Interaction
which would prevent the hydrolysis from taking place. It could be argued that
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the addition of the nitro group might reduce the stability of 54 in basic
solutions making the compound more prone to ipso attack by hydroxide.
However that does not explain the slow rate of hydrolysis.
Attention was focused on the preparation of the analogous dimethyl
ester 58 which should undergo hydrolysis more readily. The route to the
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dimethyl ester was the same as that used for the diethyl ester and
comparable yields were obtained (Scheme XV). Alkylation of diamine 46
with methyl bromoacetate which gave dimethyl ester 55 in a 85% yield was
followed by nitration to produce 56 in 81% yield. Reduction of 56 to the
amine and the coupling of the slightly impure amine with picryl chloride gave
chromogenic dimethyl ester 57 in 53% yield for the two-step process.
Nitration to 58 was accomplished in a 58% yield with fuming nitric acid in
chloroform at 50 °C. Hydrolysis of chromogenic diester 58 under mild
conditions using potassium hydroxide in 95% ethanol at room temperature
gave diacid 40, isolated as a hydrochloride salt, in 86% yield. Thus, the
problems which had been encountered with hydrolyzing the diethyl ester
were not observed for the dimethyl ester. The pKa values for the amine
hydrogens In chromogenic diazacrown ether dicarboxylic acids 39 and 40
were determined at Technicon Instruments Corporation. The pKg value of
10.58 for 39 was reduced to 7.65 by the introduction of the nitro group in 40.
Svnthesis of Diphosphonic Acid
Monoethyl Ester DIpotassium Salt 60
Interest in the attachment of ionizable pendent arms other than
carboxylic acid groups lead to the Investigation of synthesis of the
diphosphonic acid monoethyl ester from diamine 46. It was anticipated that,
for steric reasons, the alkylation might proceed more reluctantly than the
alkylation of 46 with ethyl or methyl bromoacetate . The alkylation attempts
followed a procedure similar to that used in the synthesis of 50 and 55.
Diamine 46 was treated with sodium hydride followed by the addition of
diethyl iodomethylphosphonate. The reaction was conducted at room
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temperature and at 75 °C. In both cases, most of the diamine reactant was
recovered along with a small amount of an unidentified material. But none of
the desired diethyl phosphonate 59 was isolated. Reaction with monoethyl
iodomethylphosphonic acid under the same conditions gave similar results.
In a third approach, diamine 46 was dissolved in an excess of
diethylphosphite and aqueous formaldehyde was added.82 The reaction
yielded 7 1 % of the diethylphosphonate 59 after one hour at room
temperature. Diester 59 was readily hydrolyzed with potassium hydroxide in
95% ethanol to give the dipotasslum salt of monoethyl diphosphonic acid 60.

45

Synthesis of Cyclic Diamide 65
and Cyclic Trisulfonamide 67
The synthetic routes developed for the preparation of cyclic diamide
45 and cyclic disulfonamide 49 were used as models for the preparation of
analogs 65 and 67. The cyclization of diacid chloride 44 and diamine 48 as
well as the cyclization of disulfonamide 48 with ditosyl sulfonamide 66 were
investigated.
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The first route, outlined in Scheme XVII, required the preparation of
diamine 64 which was accomplished in three steps. Treatment of Ntosyldiethanol amine (61) with methanesulfonyl chloride gave dimesylate 62
in a quantitative yield. The reaction of 62 with sodium azide using phase
transfer catalysis conditions yielded diazide 63 in 53% yield. Reduction of
63 with lithium aluminum hydride afforded a 66% yield of the mono-protected
triamine 64. The cyclization of 64 with diacid chloride 44 was performed
under the usual high dilution conditions with toluene as the solvent. When
the cyclization reaction was conducted at -10 °C, only a trace of the desired
diamide 65 was Isolated. When the reaction was conducted at room
temperature, the yield increased to 21%. When the reaction temperature was
raised to 50 °C, only a complex mixture of products was obsen/ed. The
observed instability of mono-protected triamine 64, as well as the low
cyclization yields, led to interest being shifted to the alternative route.
The second route proved to be much more successful. Cyclization of
disulfonamide 48 and ditosyl sulfonamide 66 with cesium carbonate in DMF
gave a very reasonable 47% yield of cyclic trisulfonamide 67 (Scheme XVIII).
The only attempt at deprotectlon of 67 involved the use of concentrated
sulfuric acid at 100 °C and led to total decomposition much like the cyclic
disulfonamide 49. At this point, this synthetic route was discontinued. In any
future attempt to deprotect 67, sodium amalgam should be utilized.
Synthesis nf Cyclic Diamine 74
Interest in the rigid diamine 74 as a possible receptor for small metal
cations led to the development of a synthetic route which was similar to that
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utilized for preparing diamine 46 and triamine 68. The incorporation of two
methoxy groups in the cyclic structure should increase the steric strain of the
molecule and might be reflected in the cyclization yield. Attempts to cyclize
diamine 47 with diacid chloride 44 (Scheme XIX) in toluene or THF were
unsuccessful. The reaction gave a complicated mixture of compounds from
which none of desired diamide 69 could be isolated.
The second route involved the cyclization of dimesylate 72 and
disulfonamide 48 (Scheme XX). Dimesylate 72 was prepared from dinitrile
42 in three steps. Dinitrile 42 was hydrolyzed in absolute ethanol to give
diethyl ester 70 in an 80% yield. Following a procedure of Brown for the
reduction of esters,83 70 was reacted with borane-dimethylsulfide in THF to
produce diol 71 in 71% yield. Reaction of 71 with methanesulfonyl chloride
gave a 95% conversion to dimesylate 72. Cyclization of 72 and 48 with
cesium cariDonate In DMF yielded a surprising 39% yield of cyclic
disulfonamide 73. Analysis by ""H NMR spectroscopy suggested that both
the cis and the trans isomer were formed with the cis isomer comprising
about 85% of the mixture. No attempt to separate the two isomers was made.
The deprotectlon of disulfonamide 73 to give diamine 74 met with
only limited success. When 73 was treated with sodium amalgam in a
dioxane/methanol solvent, only partial deprotectlon was observed. The
reaction was extremely sluggish even though a second addition of sodium
amalgam was made after twelve hours. This result suggests that for steric
reasons it is difficult for 73 to approach the surface of the sodium amalgam
for efficient electron transfer. This reactivity problem has been observed in
other deprotectlon reactions when the sulfonamide was hindered sterically.
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Possible solutions to the problem include the use of a catalytic amount of an
electron transfer agent, such as anthracene, or increasing the surface area of
*he sodium amalgam.
Summary
The synthesis of three novel chromogenic crown ether dicartDoxylic
acids was realized. The working pH of chromogenic crown ether dicarboxylic
acid 40 was successfully lowered from a pH of 10.58 to 7.65 by the
introduction of a nitro group ortho to the chromophore. The three compounds
were evaluated by Technicon Instruments Corporation as potential reagents
in the colorimetric determination of calcium In blood. Compound 24 (HL,
^max = 405 nm) gave a log Ks of 7.26 for the calcium complex (Ca2+L, Xmax =
425 nm) at a pH = 10.0. The results on compound 24 indicated a poor
chromogenic response to the complexation of calcium possibly due to too
little interaction with the oxygen sensing atom. Compounds 39 and 40
indicated good selectivity for calcium but the binding constants were several
orders of magnitude lower than that obtained for 24. While compound 39
gave a chromogenic response in the presence of calcium (HL, Xmax = 408 nm
-^ Ca2+L, Xmax = 435 nm), the nitrated compound 40 showed no spectral shift
at all. Although these compounds have no potential as reagents for the
determination of calcium in blood, they have been proven to be a good first
step. With certain synthetic modifications, the goal may yet be realized.
In addition to the new chromogenic diazacrown ether dicarboxylic
acids, it was shown that phosphonate groups could be successfully
incorporated into the 14-crown-3 ring system despite steric congestion. Also
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viable synthetic routes to new triazacrown ether ring systems were
established.
General Experimental
Proton magnetic resonance (1H NMR) spectra were obtained on an
IBM AF-200 or IBM AF-300 spectrometer. The chemical shifts were reported
in parts per million (ppm) downfield from tetramethylsilane (5 = 0) and were
taken in deuterated solvents. Multiplicities were designated as s, singlet; d,
doublet; t, triplet; dd, doublet of doublets; q, quartet; p, pentet; m, multiplet,;
br, broad peak. Carbon 13 nuclear magnetic resonance (""^C NMR) spectra
were obtained on an IBM AF-200 or a IBM AF-300 spectrometer with
chemical shifts reported in part per millons (ppm) downfield from
tetramethylsilane. Infrared (IR) spectra were obtained on either a Nicolet MXS FT-IR or a Peri<in-Elmer 1600 Series FT-IR spectrophotometer and were
given in wavenumbers (cm-^). Melting points were determined on a FisherJohns melting point apparatus and are uncorrected.
Tetrahydrofuran (THF) was dried by distillation from sodium metal.
N,N-Dimethylformamide (DMF) was distilled under vacuum and stored over
molecular sieves. All other reagent grade, commercially available starting
materials and solvents were used as received.
Column chromatography was performed with silica gel (60-200 mesh)
or alumina (80-200 mesh). For radial chromatography, a Harrison Research
Chromatotron model 7924T chromatograph and Silica Gel 60 PF254 from EM
Science were utilized. Thin layer chromatography (TLC) was performed on
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Analtech alumina GF or silica gel GF precoated plates for which the
absorbant was 250 microns thick.
Elemental analysis of new compounds was performed by Galbraith
Laboratories of Knoxville, Tennessee, or by Desert Analytics of Tucson,
Arizona.
N-(2-r(p-TQluenesulfQnyhoxv]ethyI}p-toluenesulfonamlde (31^
Ethanolamine (12.00 g, 0.20 mol) was dissolved in pyridine (15 mL)
and added dropwise to a flask containing p-toluenesulfonyl chloride (80 g,
0.42 mol) in pyridine (50 ml) cooled to -10 °C, using a dry ice/chloroform
bath. The addition was at a rate which maintained the temperature below
-5 °C. After the addition was completed, the reaction mixture was stirred for
an additional 4 hours at this temperature and then placed in a refrigerator
overnight. The reaction mixture was poured slowly over cmshed Ice followed
by acidification with acetic acid. The yellow solid was collected by filtration,
washed with water and recrystallized from ethanol to give 31 (40.00 g, 53%)
as a white solid: mp. 83-85 "C (lit.s^ mp 86-87 °C). IR (deposit) 3360 (N-H),
1300, 1145 (SO2) cm-1. IH NMR (CDCI3): 6 2.42 (s, 6H), 3.20 (m, 3H), 4.04 (t,
2H),5.27(t, 1H), 7.55(dd,8H).
N-fp-Toluene.«^ijlfQnvna2iridine (32)
A solution of 20% aqueous potassium hydroxide (80 mL) was added
rapidly to the tosylate sulfonamide 31 (20.0 g, 54.0 mmol) in diethyl ether
(150 mL). The two phase mixture was stirred vigorously for 45 minutes
resulting in the formation of a pink aqueous layer. The organic layer was
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separated, washed with water, and dried over sodium sulfate. Removal of
the diethyl ether in vacuo at room temperature gave 32 (10.04 g, 94%) as a
white solid: mp 52-53 °C. (lit.ss mp 52.5-53 °C). IR (deposit) 1318, 1155
(SO2) cm-1. 1H NMR (CDCI3): 6 2.31 (s, 3H), 2.41 (s, 4H), 7.55 (dd, 4H).
2-Amino-4-nitro-1-[2'-(p-toluenesulfonamido)
ethoxy]benzene (28)
Method A: Anhydrous potassium carbonate (0.45 g, 3.35 mmol) and
2-amino-4-nitrophenol (1.00 g, 6.49 mmol) in dry DMF (10 mL) was heated
to 75 °C and N-tosylaziridine (32) (1.28 g, 6.49 mmol) dissolved in DMF (4
mL) was added over a 10-hour period with a syringe pump. The reaction
mixture was stirred overnight at this temperature. The solvent was removed
in vacuo and the residue was dissolved in a water /ethyl acetate mixture. The
organic layer was separated and dried over magnesium sulfate. Evaporation
of the solvent in vacuo left an oily residue which was filtered through a short
bed of alumina using ethyl acetate as eluent. Chromatography on silica gel
with chloroform as eluent gave 28 (0.98 g, 43%) as a yellow solid: mp 181182°C. IR(KBr) 3414, 3333 (N-H), 1521 (NO2) 1342, 1150 (SO2) cm-i. 1H
NMR (CDCI3/DMSO) 5 2.35 (s, 3H), 3.35 (t, 2H), 3.97 (t, 2H). 5.00 (br s, 2H),
6.59 (d, 1H). 7.24 (d, 2H), 7.47 (dd, 1H), 7.53 (d, 1H), 7.75 (d, 2H), 7.85 (t,
1H). 13C NMR (CDCI3/DMSO) 5 20.58,41.34.66.32,107.36,108.72,
112.32. 125.82, 128.78, 137.35. 141.18. 142.15, 149.81. Anal. Calcd for
C15H17N3O5S2: 0,51.27; H,4.88. Found: 0,51.39; H, 4.93.
Method B: Anhydrous potassium carbonate (13.90 g, 99.9 mmol) and
2-amino-4-nitrophenol (7.00 g, 45.4 mmol) in dry DMF (30 mL) was heated at
100 °C for 30 minutes. A solution of tosylate sulfonamide 31 (16.78 g. 45.4
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mmol) dissolved in DMF (30 mL) was added over a 10-hour period with a
syringe pump. After the addition was completed, the solution was stirred for
an additional 2 hours at this temperature. The solvent was removed in vacuo
and the residue dissolved in a water/ethyl acetate mixture. The organic layer
was separated and dried over magnesium sulfate. Evaporation of the solvent
in vacuo left an oil which was filtered through a short bed of alumina using
ethyl acetate as eluent. The solvent was removed and cold dichloromethane
(100 mL) was added to the residue which resulted in the precipitation of a
yellow solid which was filtered and washed with cold dichloromethane to
give 28 (5.75 g. 36%) as a yellow powder.
4-Nitro-2-(p-toluenesulfonamidQ)phenol (29)
To 2-amino-4-nitrophenol (2.00 g. 12.98 mmol) and pyridine (1.13 g.
14.28 mmol) weighed directly into the reaction flask, dichloromethane (20
mL) was added and the solution was cooled to - 3 °C in an ice/salt bath.
Solid p-toluenesulfonyl chloride (2.47 g, 12.98 mmol) was added in one
potion to the stirred solution. The mixture was allowed to gradually warm to
room temperature. After stirring for five hours, the mixture was washed with
6N hydrochloric acid which produced a precipitate. The precipitate was
collected by vacuum filtration and washed with water and and then
dichloromethane to give 29 (3.09 g, 77%) as a light brown solid: mp. 206.5208 °C. IR(KBr)3395(OH), 1529, 1345 (NO2), 1159 (S02)cm-1. 1H NMR
(CDCI3/DMSO) 5 2.36 (s, 3H), 6.86 (d, 1H), 7.23 (d, 2H), 7.71 (d, 2H), 7.787.84 (m, 2H), 8.28 (d, 1H), 10.66 (brs, 1H). 13C NMR (CDCI3/DMSO) 5
21.21, 114.74, 116.15, 121.08, 124.96, 126.92. 129.40, 135.66, 140.07,
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143.85,153.59. Anal. Calcd for C13H12N2O5S: 0,50.65; H, 3.92. Found: 0,
50.34; H, 3.89.
4-Nltro-2-(p-toluenesulfonamidQM-[2'(p-toluenesulfonamidQ)ethQxv]benzene (30)
Method A: Sulfonamide 28 (5.15 g, 14.70 mmol) was suspended in
dichloromethane (250 mL) and pyridine (14 mL) was added. p-Toluenesulfonyl chloride (4.19 g, 22.0 mmol) was added in one portion, and the
mixture was stirred at room temperature for two hours. After washing with 5%
aqueous hydrochloric acid followed by water, the organic layer was dried
over magnesium sulfate. Evaporation of the solvent in vacuo gave a yellow
solid which was washed with cold dichloromethane to give 30 (5.14 g, 69%)
as a white solid: mp 188.5-189.5 °C. IR (KBr): 3327, 3223 (NH), 1528 (NO2).
1343, 1162 (SO2) cm-1. ""H NMR (CDCI3/DMSO): 5 2.31 (s, 3H), 2.36 (s, 3H),
3.13 (q, 2H), 3.68 (t, 2H), 6.55 (d, 1H), 7.03(d, 2H), 7.24 (d, 2H), 7.58 (d, 2H),
7.74 (d, 2H), 7.90 (dd. 1H), 7.99 (t.1 H). 8.40 (d, 1H). 9.50 (s. 1H). 13C NMR
(CDCI3/DMSO) 5 21.04, 41.39. 66.94. 109.99, 119.42. 121.40, 126.31.
126.66. 128.91, 129.26, 136.53, 137.81, 141.05, 142.80, 143.19, 154.38.
Anal. Calcd for C22H23N3O7S2: C, 52.77; H, 4.59. Found: C, 52.29; H, 4.52.
Method B: To a solution of 4-nitro-2-(p-toluenesulfonamido)phenol
(2.00 g, 6.49 mmol) In dry DMF (10 mL) potassium carbonate (0.90 g, 6.49
mmol) was added and the mixture was stirred at 60 °C for five minutes. Ntosylaziridine (6.49 mmol) dissolved in DMF (10 mL) was added during a 30minute period and the solution was stirred for 24 hours at 60 °C. The solvent
was removed In vacuo and the residue dissolved in dichloromethane/water.
The organic layer was separated and dried over sodium sulfate. After
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removal of the solvent in vacuo, addition of a small amount of cold
dichloromethane gave a precipitate which was filtrered and washed with
small portions of cold dichloromethane to give 30 (0.98 g, 30%) as a light
yellow solid.
Method C: To a solution of 4-nitro-2-(p-toIuenesulfonamido)phenol
(2.00 g, 6.49 mmol) in DMF (10 mL), sodium hydride (0.29 g of 60%
dispersion In mineral oil, 7.14 mmol) was added and the mixture stirred at
80 °C for five minutes. Tosylate tosylamide 31 (2.40 g, 6.49 mmol)
dissolved in DMF (10 mL) was added during a 15-mlnute period. After
stirring for 15 hours, the solvent was removed in vacuo and the residue
dissolved in dichloromethane/water. The organic layer was separated, dried
over sodium sulfate, and evaporated in vacuo. Addition of a small amount of
cold dichloromethane to the residue gave a solid which was collected by
filtration and washed several times with cold dichloromethane to give 30
(0.85 g, 26%) as a light yellow solid.
4-Nitro-2-[2'-(p-toluenesulfonamido)
ethyl]aminophenol (33)
A solution of 2-amino-4-nitrophenol (1.50 g, 9.73 mmol) in dry
acetonitrile (20 mL) was heated to 60 °C. Tosylaziridine 32 (1.92 g, 9.73
mmol) in acetonitrile (20mL) was added over a 10-hour period with a syringe
pump. After a total reaction time of 14 hours, the solvent was removed m
vacuo and the residue was dissolved in ethyl acetate/water. The organic
layer was separated, dried over magnesium sulfate, and evaporated in
vacuo. The residue was chromatographed on silica gel with ethyl
acetate/methanol (99:1) as eluent to give product 33 (2.56 g, 69%) as a dari^
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orange solid: mp 146-147 °C. IR (KBr): 3329 (0-H, N-H), 1529,1345 (NO2).
1149 (SO2) cm-1. 1H NMR (CDCI3/DMSO): 5 2.39 (s, 3H), 3.14 (t, 2H), 3.28 (t,
2H). 4.76 (brs, 1H), 6.71-6.82 (m, 2H), 7.23-7.27 (m, 3H). ?.4a (dd, 1H), 7.72
(d, 2H), 10.2 (brs, 1H). Anal. Calcd for C15H17N3O5S: C, 51.27; H, 4.88.
Found: 0. 50.97; H, 4.77.
4'-Nitro-N.N'-di-p-tQluenesulfQnyl-3.9diaza-2.3-benzo-12-crown-4 (34)
Disulfonamide 30 (3.15 g, 6.23 mmol) and the dimesylate of
diethylene glycol (1.63 g, 6.23 mmol) were dissolved in dry DMF (30 mL),
and the solution was added with a syringe pump to a stirred suspension of
potassium carbonate (4.31 g, 31.15 mmol) in DMF (20 mL) during a sevenhour period. The reaction mixture was stirred for an additional 17 hours at
room temperature. The solvent was removed in vacuo and the residue was
chromatographed on silica gel with dichloromethane/diethyl ether (30:1) as
eluent to give 34 (2.40 g, 67%) as a tan solid: mp 92-93 °C. IR (KBr): 1518
(NO2), 1343, 1162 (SO2) cm-i. ^H NMR (CDCI3): 5 2.40 (s, 3H), 2.43 (s, 3H).
3.33-3.76 (m. 10H), 4.25 (t, 2H), 6.70 (dd. 1H), 6.82-6.95 (m, 2H), 7.23-7.34
(m, 4H), 7.60 (d. 2H), 7.69 (d, 2H). 13C NMR (CDCI3): 5 21.47. 50.98, 52.50,
68.83, 70.14, 71.53, 112.63, 125.86, 125.96, 127.24, 127.71, 129.30, 129.61,
129.84, 134.77, 135.64, 140.63, 143.85, 144.00, 162.82. Anal. Calcd for
C26H29N3O8S2: C, 54.25; H, 5.08. Found: C, 54.20; H, 5.04.
4'-NitrQ-3.9-di^7a-P .'^-benzo-l 2-crown-4 (25)
Mfithod A: Disulfonamide crown ether 34 (1.60 g, 2.78 mmol), phenol
(1.31 g, 13.90 mmol) and 30% HBr in acetic acid (15 mL) were combined and
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heated to reflux for 12 hours. The acetic acid was removed in vacuo and
water was added to the residue. The aqueous solution was extracted with
dichloromethane to remove the phenol. The aqueous solution was passed
through a column of basic Dowex 1X8-100 ion exchange resin. The water
was removed in vacuo and the residue was chromatographed on alumina
using dichloromethane/methanol (19:1) as eluent to give the product 25
(0.37 g, 50%) as a yellow solid: mp 138-139 °C. IR (KBr): 3346 (N-H), 1518,
1338 (NO2) cm-1. 1H NMR (CDCI3): 5 1.88 (brs. 1H), 2.76 (t, 2H), 2.87 (t. 2H),
3.39 (t, 2H), 3.52 (t, 2H), 3.65 (t, 2H), 4.23 (t, 2H), 6.15 (1H), 6.99 (d, 1H), 7.51
(d, 1H). 7.57 (dd. 1H). 13C NMR (CDCI3): 5 44.29, 47.24, 47.58, 67.89, 68.86,
71.49, 107.01, 113.03, 117.75, 141.84, 144.22, 151.54. Anal. Calcd for
C12H17N3O4: 0,53.92; H, 6.41. Found: 0,53.74; H, 6.33.
Method B: Disulfonamide crown ether 34 (2.87 g, 4.99 mmol) was
dissolved in concentrated sulfuric acid (10 mL) and stirred for 12 hours at 100
°C under nitrogen. The reaction mixture was cooled in an ice bath followed
by the dropwise addition of anhydrous diethyl ether (200 mL) resulting in the
formation of a light gray precipitate. The solid was filtered and dissolved in a
minimum amount of water. Solid potassium hydroxide was added to pH > 10
resulting in formation of an orange precipitate. The solid was filtered and the
aqueous filtrate was extracted several times with dichloromethane. The
organic extracts were combined with the solid and the resulting solution was
dried over sodium sulfate. The crude product was passed through a short
bed of alumina with dichloromethane/methanol (49:1) as eluent to give
product 25 (0.80 g, 60%) as a yellow solid.

CO

4'-NitrQ-N.N'-dicarhRthnYvmethvl-.?Qdiaza-2.3-benzQ-12-r:rnwn-4 (35)
Diaza crown ether 25 (0.60 g, 2.22 mmol), ethyl bromoacetate (1.85 g,
11.10 mmol), and potassium carbonate (1.53 g, 11.10 mmol) were combined
in acetonitrile (30 mL) and heated at reflux for 18 hours. The reaction mixture
was cooled and filtered. The filtrate was evaporated in vacuo. The residue
was chromatographed on silica gel with dichloromethane/methanol (50:1) as
eluent to give product 35 (0.94 g, 96%) as a yellow solid: mp 105-106 °C. IR
(melt): 1732 (0=0), 1514, 1338 (NO2) cm-"". 1H NMR (CDCI3): 5 1.24-1.34
(m, 6H), 2.98 (t, 2H), 3.21 (t, 2H). 3.59-3.78 (m. 8H). 4.05-4.28 (m, 8H), 6.88
(d. 1H). 7.77 (d, 1H). 7.84 (dd, 1H). 13C NMR (CDCI3): 5 14.27. 52.12, 52.79,
52.87, 56.10, 60.45, 61.04, 68.25, 68.36, 69.83, 112.41, 115.35, 118.47,
140.22, 141.59, 157.23, 170.81, 171.47. Anal. Calcd for C20H29N3O8: C,
54.66; H, 6.65. Found: C, 54.83; H, 6.58.
4'-Amino-N.N'-dicarbethoxvmethvl-3.9
-diaza-2.3-benzo-12-crQwn-4 (36)
Crown ether diethyl ester 35 (0.90 g, 2.05 mmol), 10% Pd/C catalyst
(0.09 g) and a catalytic amount of PTSA in 95% ethanol (30 mL) were shaken
in a Parr hydrogenator for 12 hours at room temperature under 50 psi of
hydrogen. The reaction mixture was filtered and the solvent was removed in
vacuo. Chromatography of the residue on alumina with dichloromethane/methanol (100:1) as eluent gave the amine 36 (0.60 g, 71%) as a
light brown oil. IR (neat): 3440, 3360 (N-H), 1738 (0=0) cm-i. ^H NMR
(CDCI3): 5 1.18-1.29 (m, 6H), 2.91 (t, 2H), 3.04 (t, 2H). 3.45-3.64 (m, 10H),
3.98-4.20 (8H), 6.23 (dd, 1H), 6.40 (d, 1H), 6.67 (1H). 13C NMR (CDCI3): 5
14.26, 52.56, 53.34, 53.88. 55.29. 56.76. 60.25. 68.37. 69.71, 109.06, 109.74,
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117.65, 141.04, 141.28, 145.37, 171.64. 171.94. Anal. Calcd for
C20H31N3O6: 0,58.66; H, 7.63. Found: 0,58.66; H, 7.44.
4'-(2.4.6-TrinitrQben7n)aminQ-NN'-dicarbQethQxy
methvl-3.9-diaza-2.3-henzQ-12-nrnwn-4 (37)
A solution of crown ether diethyl ester 36 (0.60 g, 1.47 mmol), picryl
chloride (0.55 g, 2.21 mmol) and triethylamine (0.7 mL, 5.15 mmol) in
methanol (15 mL) was stirred at room temperature for 24 hours. The
methanol was removed in vacuo and the residue chromatographed on
alumina with dichloromethane as eluent to give 37 (0.75 g, 82%) as a redbrown solid: mp 57-64 °C. IR (melt): 3298 (N-H), 1726 (0=0), 1510, 1332
(NO2) cm-1. 1H NMR (CDCI3): 5 1.21-1.30 (m, 6H), 2.95 (t, 2H), 3.12 (t, 2H),
3.46-3.51 (m, 4H), 3.61 (t, 2H), 3.70 (t, 2H), 4.04-4.27 (m, 8H), 6.61-6.68 (m,
2H), 6.79 (d, 1H), 9.04 (s, 2H), 10.24 (s, 1H). Anal. Calcd for C26H32N6O12:
C, 50.03; H, 5.20. Found: C, 49.88; H, 5.20.
4'-(2.4.6-Trinitrobenzo)amino-3.9-diaza-2.3-benzo-12-crown-4 -N.N'-diacetic acid dihydrochloride salt (24a)
The chromogenic diethyl ester 37 (90 mg, 0.15 mmol) was dissolved
in dioxane/water (4:1, 10 mL). Solid potassium hydroxide (0.040 g, 0.73
mmol) was added and the solution was stirred at room temperature for four
hours. The solution was acidified with 6N hydrochloric acid and the solvent
was removed in vacuo. The residue was dissolved in a minimum amount of
absolute ethanol and the solution was filtered. To the filtrate was added
anhydrous diethyl ether (50 mL) which produced a precipitate. The solid was
filtered and washed with anhydrous diethyl ether. Drying under vacuum at
60 °C gave 24a (61 mg, 71%) as an orange-brown solid. IR (KBr): 3384
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(0-H), 3324 (N-H), 1735 (0=0), 1529, 1338 (NO2) cm-i. 1H N M R (DMSO-de):
5 2.54-4.30 (m, 18H). 6.95-7.46 (m,3H). 9.07 (s, 2H), 10.32 (br s, 1H).
4'-Amino-N.N'-dicarhnxvmethvl-3Q-riia7fl2.3-benzo-12-crown-4 disodium .gait (aft)
Diethyl ester 36 (0.40 g, 0.98 mmol) was dissolved in 95% ethanol (20
mL).

Sodium hydroxide (0.17 g, 4.30 mmol) was added and the solution was

refluxed for 12 hours. The solvent was removed in vacuo and the residue
was filtered through a short bed of silica gel with methanol as eluent to give
product 38 (0.37 g, 98%) as a white solid which was slightly impure. The
material was used in the next step without further purification. IR (Nujol):
3323 (N-H), 1624 (0=0) cm-i. 1H NMR (D2O): 5 2.63 (t, 2H), 2.63-3.69 (m,
14H), 4.09 (t, 2H), 6.55 (dd, 1H), 6.72 (d, 1H), 6.85 (d, 1H).
4'-(2.4.6-TrinitrQbenzQ)aminQ-N.N'-dicarbQxvmethvl3.9-diaza-2.3-benzo-12-crQwn-4 Trisodium Salt (24b)
Amine 38 (0.20 g. 0.50 mmol). picryl chloride (0.12 g, 0.50 mmol), and
sodium carbonate (0.19 g, 1.75 mmol) were combined and stirred in
methanol (10 ml) at room temperature for 16 hours. The solvent was
removed in vacuo and the residue was chromatographed on a short column
of silica gel with methanol as eluent to give 24 (0.26 g, 85%) as a dark red
solid: mp 90-100 °C. IR (deposit): 3330 (N-H), 1620 (0=0) cm-"". ""H NMR
(D2O): 5 2.45-3.73 (m, 14H), 3.93 (t, 2H), 6.59 (dd, 1H), 6.72-6.74 (m, 2H),
8.64 (s,2H). Anal. Calcd for C22H22N60i2Na3: 0,41.84; H, 3.51. Found: C,
41.43; H, 3.69.

2.6-Di(brnmQmethyl)-;^nignlQ (A1)

A solution of 2,6-dimethylanisole (36.00 g, 0.26 mole), N,N'-dibromo5,5-dimethylhydatoin (Brom-55P) (85.80 g, 0.30 mole), and benzoyl peroxide
(1.20 g) in carbon tetrachloride (300 mL) was irradiated with a 500-watt
tungsten lamp placed two inches from the reaction flask for two hours. The
reaction mixture was cooled to room temperature and washed with water.
The organic layer was dried over magnesium sulfate and the solvent was
removed in vacuo. The orange oil residue was crystallized from methanol to
give 41 (52.16 g. 72%) as a white crystalline solid: mp 83.5-85.5 °C (lit.^s mp
85 °C). •'HNMR(CDCl3): 5 4.02 (s, 3H), 7.06-7.17 (m, 1H), 7.37 (d, 2H). ^^C
NMR (CDCI3): 5 27.5, 62.2, 125.0, 131.9, 132.2, 156.0.
2.6-Di(cyanomethyl)anisole (42)
Method A: To anhydrous DMSO (40 mL) was added anhydrous NaCN
(0.74 g, 15.0 mmol) and the solution was warmed to 80 °C under a nitrogen
atmosphere. After fifteen minutes, a solution of dibromide 41 (2.00 g, 6.8
mmol) in DMSO (30 mL) was added during a ten-minute period. The
resulting dark brown solution was stirred at 80 °C for 1.5 hours. The solvent
was removed in vacuo and the brown residue was partitioned between
dichloromethane (150 mL) and water (150 mL). After separation of the
organic layer and extraction of the aqueous layer with dichloromethane, the
combined organic layers were washed with water, dried over magnesium
sulfate, and evaporated in vacuo. The residue was chromatographed on
alumina with dichloromethane as eluent to give dinitrile 42 (1.17 g, 92%) as
a white solid. Spectral data are listed below.

^^

63
Method B: A solution of 2,6-di(bromomethyl)anlsole (10.00 g, 34.00
mmol) in benzene (40 mL) was added to a flask containing sodium cyanide
(8.33 g, 0.17 mole) and hexadecyldimethylethylammonlum bromide (1.00 g,
2.66 mmol) in water (20 mL). The heterogeneous solution was rapidly stirred
at reflux temperature for five hours with a mechanical stirrer. To the reaction
mixture was added 100 mL each of benzene and water. After separation of
the organic layer, the aqueous layer was extracted with benzene (50 mL).
The combined organic fractions were dried over sodium sulfate and
evaporated in vacuo to give a yellow oil which was chromatographed on
alumina with dichloromethane as eluent to give 42 (6.00 g, 95%) as a white
solid: mp 58.0-59.5 °C. IR (melt): 2252 (CN) cm-i. 1H NMR (CDCI3): 5 3.78
(s, 4H). 3.84 (s, 3H), 7.20 (t, 1H), 7.43 (d, 2H). 13C NMR (CDCI3): 5 18.36,
61.37, 117.49, 124.37. 125.38. 130.02. Anal. Calcd for OnH10N2O: C. 70.95;
H. 5.41. Found: C. 71.01; H, 5.39.
2.6-Di(carboxvmethvl)anisole (43)
To 75 mL of 50% aqueous sulfuric acid solution was added 2.6-di(cyanomethyl)anisole (4.86 g. 26 mmol) and the mixture was refluxed for 16
hours. The cooled solution was saturated with ammonium sulfate and
extracted with diethyl ether for three hours. After evaporation of the diethyl
ether in vacuo, the solid residue was recrystallized from ethyl acetate to give
43 (5.66 g, 93%) as a white solid: mp 178-180 °C. IR (Nujol): 3425-2200
(OH), 1705 (0=0) cm-1. I H NMR (DMSO): 5 3.57 (s, 4H), 3.69 (s, 3H), 6.957.10(m, 1H),7.13(d, 2H). 13C NMR (DMSO): 5 35.4,60.9,123.9,128.6,
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130.5,156.7,173.0. Anal. Calcd for On H12O5: 0,58.93; H, 5.39. Found: 0,
59.11; H, 5.51.
Diacid Chloride 44
To a suspension of diacid 43 (0.50 g, 2.20 mmol) in anhydrous
benzene (25 mL) was added oxalyl chloride (1.13 g, 9.80 mmol) and two
drops of pyridine. After stirring at room temperature overnight, the mixture
was filtered and the solvent was removed in vacuo to give 44 (0.59 g, 98%)
as a light green oil. IR (neat): 1801 (0=0) cm-i. 1H NMR (CDCI3): 5 3.64 (s,
3H), 4.09 (s, 4H), 7.00- 7.20 (m, 3H). 13C NMR (CDCI3): 5 47.5, 61.5, 124.9,
131.7, 156.8, 171.7.
Cvclic Diamide 45
Diacid chloride 44 (0.56 g, 2.10 mmol) in dry THF (30 mL, solution A)
and bis-(2-aminoethyl)ether (0.22 g, 2.10 mmol) and triethylamine (0.87g,
8.56 mmol) in dry THF (30 ml, solution B) were added simultaneously during
a six-hour period to 200 mL of rapidly stirred THF in a Morton flask at room
temperature. After stirring for 12 hours, the reaction mixture was filtered and
the solvent was removed from the filtrate In vacuo. The residue was
chromatographed on alumina with dichloromethane followed by methanol as
eluent to give cyclic diamide 45 (0.31 g, 50%) as a white fluffy solid: mp 158161 °C. IR (deposit): 3375 (NH), 1666 (0=0) cm-i. 1H NMR (CDCI3): 5 3.103.40 (m, 10H), 3.76 (d, 2H), 3.80 (s, 3H), 6.31 (brs, 2H), 7.00-7.20 (m, 3H).
13C NMR (CDCI3): 5 38.7, 39.6, 60.6, 69.1, 125.8. 129.5. 131.2. 155.6. 170.2.
Anal. Calcd for C15H18N2O4: C. 62.06; H. 6.25. Found: 0.62.48; H. 6.56.

2.6-r2'-(D-Toluene.9Mlfnnqmidn)fithyl]qnisQle (48)
Dinitrile 42 (0.93 g. 5.00 mmol) was dissolved in THF (10 mL) and the
solution was brought to reflux. Borane-dimethylsulfide complex (3.3 mL of a
10 M solution. 66 mmol) was added and the reaction solution was refluxed
for one hour. Hydrochloric acid (6 mL of 6 N aqueous solution) was added
slowly and the solution was stirred at reflux for 14 hours. The reaction
mixture was cooled in an ice bath then basified with 20 mL of a 25% aqueous
solution of sodium hydroxide while maintaining the temperature below 20 °C.
p-Toluenesulfonyl chloride (2.38 g, 12.5 mmol) was added and the reaction
mixture was stirred at reflux for four hours. The mixture was cooled and the
organic layer was separated. The aqueous layer was extracted with
dichloromethane and the extracts were combined with the organic layer.
After drying over sodium sulfate, the solution was evaporated in vacuo. The
residue was chromatographed on silica gel with dichloromethane/ethyl
acetate (19:1) followed by dichloromethane/methanol (99:1) as eluents to
give product 48 (2.15 g, 85%) as a viscous, light yellow oil. IR (deposit):
3278 (NH), 1325, 1158 (SO2) cm-i. 1H NMR (CDCI3): 5 2.40 (s, 6H), 2.77(t,
4H), 3.19 (q, 4H), 3.62 (s, 3H), 4.96 (t, 2H), 6.93-6.94 (m, 3H), 7.25 (d, 4H),
7.88 (d, 4H). 130 NMR (CDCI3): 5 21.45, 30.46, 43.52, 124.79. 126.94,
129.40, 129.60, 131,37, 143.22. Anal. Calcd For C25H30 N2O5S2: 0, 59.65;
H, 6.01. Found: 0,59.44; H, 5.93.
Cyclic Disulfonamide 49
Disulfonamide 48 (1.22 g, 2.43 mmol) and the dimesylate of
diethylene glycol (0.64 g, 2.43 mmol) were dissolved in dry DMF (20 mL) and
added at a rate of 1.1 mL/hr with a syringe pump to a rapidly stirred
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suspension of cesium carbonate (1.74 g, 5.35 mmol) In DMF (100 mL) at
75 0. After the 18 hour addition was completed, the reaction mixture was
stirred for an additional hour. The solvent was removed in vacuo and the
residue was dissolved in methylene chloride and water. The organic layer
was separated, dried over sodium sulfate, and evaporated in vacuo. The
residue was chromatographed on silica gel with methylene chlorlde/ethyl
acetate (49:1) as eluent to give 0.88 g (63%) of the cyclic disulfonamide 49
as a white fluffy solid: mp 72-73 °C. IR (deposit): 1339, 1159 (SO2) cm-i. 1H
NMR (CDCI3): 5 2.41-2.49 (m, 8H), 2.62-2.72 (m, 2H), 2.86-2.95 (m, 2H).
3.01-3.03 (m, 2H), 3.14-3.21 (m, 4H), 3.43-3.63 (m, 4H), 3.65 (s, 3H), 7.017.06 (t, IH), 7.18 (d, 2H), 7.31 (d, 4H), 7.69 (d, 4H). Anal. Calcd for
C29H36N2O6S2: C, 60.81; H, 6.34. Found: 0,61.06; H, 6.29.
Diazacrown Ether 46
Method A: To a solution of cyclic diamide 45 (0.59 g, 2.00 mmol) in
THF (10 mL) was added dropwise 2M borane-dimethyl sulfide complex (8
mL) and the solution was refluxed for nine hours. Water (15 mL) was slowly
added and the solvent was evaporated in vacuo to give a white solid which
was treated with 6N hydrochloric acid (10 mL) and water (10 mL) and
refluxed for 12 hours. Aqueous ammonium hydroxide was added until a pH
of 10 was achieved. The aqueous solution was extracted with
dichloromethane and dried over sodium cartDonate. Evaporation of the
solvent in vacuo gave 0.35 g (66%) of the cyclic diamine 46 as a light yellow
oil. IR(neat): 3343 (NH)cm-i. iH NMR (CDCI3): 5 1.58 (br s, 2H), 2.49-2.76
(m. 8H). 3.11-3.25 (m, 4H), 3.45-3.49 (m, 4H), 3.71 (s, 3H), 7.00-7.13 (m. 3H).
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13 0 NMR (CDCI3): 5 30.39, 49.16, 49.80, 61.16, 68.79, 124.89, 129.49,
132.97,157.81. Anal. Calcd for C15H24N2O2: 0,68.15; H. 9.15. Found: 0,
67.84; H, 9.40.
Method B: Cyclic disulfonamide 49 (1.00 g, 1.75 mmol), sodium
phosphate (1.04 g, 7.33 mmol), and 6% sodium amalgam (10.48 g, 27.34
mmol) were combined and brought to reflux in a methanol/ dioxane solvent
mixture (4:3, 35 mL). After 12 hours, the solvent was removed in vacuo and
dichloromethane was added to the residue. The insoluble solids were
filtered and the filtrate was passed through a short bed of alumina using
dichloromethane/methanol (19:1) as eluent to give 0.45 g (98%) of cyclic
diamine 46 as a coloriess oil.
Diazacrown Ether Diethyl Ester 50
Method A: Cyclic diamine 46 (0.32 g, 1.21 mmol), ethyl bromoacetate
(0.81 g, 4.84 mmol) and potassium cariDonate (0.67 g, 4.84 mmol) in
acetonitrile (20 mL) were stirred at 45 °C for 12 hours. The solvent was
removed in vacuo and the residue was dissolved in a dichloromethane/water
mixture. The organic layer was separated, dried over sodium sulfate, and
evaporated in vacuo. The residue was chromatographed on silica gel with
dichloromethane/methanol (93:7) as eluent to give 50 (0.35 g, 66%) as a
light yellow, viscous oil. IR (deposit): 1732 (C=0)cm-1. iH NMR (CDCI3): 5
1.27 (t. 6H). 2.40-2.53 (m. 4H), 2.70-3.02 (m, 10H), 3.12-3.17 (m, 2H), 3.46
(dd, 4H). 3.69 (s, 3H), 4.15 (q, 4H), 6.96-7.05 (m, 3H). 13C NMR (CDCI3): 5
14.18, 29.11, 53.91, 54.69, 55.30, 59.82, 60.75, 69.17, 123.32, 129.03,

68
133.73, 157.85, 171.85. Anal. Calcd for C23H36N2O6: C, 63.28; H. 8.31.
Found: 0, 62.51; H, 8.26.
MgthQd B: Cyclic diamine 46 (0.40 g, 1.51 mmol) was dissolved in dry
DMF (20 mL) at room temperature. Sodium hydride (0.18 g of a 60%
dispersion in mineral oil, 4.54 mmol) was added and the heterogenous
mixture was stirred for 30 minutes. Ethyl bromoacetate was rapidly added In
one portion and the solution was stirred for 24 hours. Several drops of water
were added and the solvent was removed in vacuo. The residue was
dissolved in dichloromethane/water. The organic layer was separated, dried
over sodium sulfate, and passed through a bed of alumina with
dichloromethane/ methanol (49:1) as eluent to give 0.60 g (91%) of 50 as a
light yellow oil.
Diazacrown Ether Dimethyl Ester 55
Following Method B for the preparation of diethyl ester 50, reaction of
cyclic diamine 46 (0.40 g, 1.51 mmol), sodium hydride (0.18 g, 4.54 mmol).
methyl bromoacetate (0.69 g. 4.54 mmol) in DMF (15 mL) for 22 hours gave
55 (0.53 g. 85%) as a yellow oil. IR (film): 1735 (0=0) cm-i. iH NMR
(CDCI3): 5 2.40-2.52 (m. 4H). 2.70-3.15 (m. 12H), 3.48 (d of d, 4H), 6.98-7.06
(m, 3H). Anal. Calcd for C21H32N2O6: 0,61.75; H, 7.90. Found: 0,61.56;
H, 7.98.
Nitrated Dig^7anrnwn Ether Diethyl Ester 51

Diester 50 (0.28 g, 0.64 mmol) was dissolved in nitromethane (10 mL)
and the solution was heated to 70 °C. Nitronium tetrafluoroborate (0.42 g,
3.20 mmol) was added in one portion and the solution was stirred for two
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hours. After cooling, a small amount of solid potassium carbonate was
added followed by several drops of water. The solvent was removed in
v2£Ufi and the residue was dissolved in dichloromethane, filtered, and
chromatographed on alumina with dichloromethane/methanol (49:2) as
eluent to give 0.18 g (58%) of 51 as a dark orange oil. IR (deposit): 1732
(C=0); 1519, 1341 (NO2) cm-i. 1H NMR (CDCI3): 5 1.29 (t, 6H), 2.45-3.20 (m,
16H), 3.46 (dd, 4H), 3.76 (s, 3H), 4.14 (q, 4H), 7.95 (s, 2H). 13C NMR
(CDCI3): 5 14.27, 29.11, 53.71, 54.48, 55.21, 60.15, 61.34, 69.86, 124.41,
135.54, 143.22. 163.50, 171.70. Anal. Calcd for C23H35N3O8: C, 57.37; H,
7.33. Found: 0, 56.70; H, 7.38.
Nitrated Diazacrown Ether Dimethyl Ester 56
Following the given procedure for the preparation of diethyl ester 51,
reaction of dimethyl ester 55 (0.39 g, 0.95 mmol) gave 56 (0.35 g, 81%) as
an oil. IR (film): 1734 (C=0), 1515, 1330 (NO2) cm-i. iR NMR (CDCI3): 5
2.45-3.18 (m,16H), 3.36 (d of d. 4H), 3.60 (m. 9H), 7.79 (s, 2H).
Chromoaenin Diazacrown Ether Diethyl Ester 53
The nitrated diethyl ester 51 (0.39 g. 0.81 mmol) was dissolved in 95%
ethanol (40 mL). A catalytic amount of PTSA was added followed by 10%
Pd/C (0.04 g). The mixture was shaken under 50 psi of hydrogen for 24
hours. The solution was filtered and the solvent removed In vacuo to give an
oil which was filtered through a bed of alumina with dichloromethane/
methanol (49:1) as eluent to give the slightly impure amine 52 (0.40 g) as a
oil which was used for the next step without further purification. iH NMR
(CDCI3): 5 1.28 (t, 6H). 2.31-3.69 (m. 23H). 4.15 (q, 4H), 6.37 (s, 2H). 13C

NMR (CDCI3): 5 14.28, 29.34, 53.85, 54.86, 55.23, 59.95, 60.98, 68.18,
115.85.134.39.141.73.150.78.172.03.
Amine 52 (0.40 g. ) was dissolved in methanol (10 mL) and picryl
chloride (0.28 g. I.13 mmol) and anhydrous potassium carbonate (0.16 g.
1.13 mmol) were added. The mixture was stirred at room temperature for 18
hours. The solvent was removed in vacuo and the residue was dissolved in
dichloromethane and filtered. The filtered solution was chromatographed on
silica gel with dichloromethane/methanol (19:1) as eluent to give 53 (0.35 g.
64%) as a glassy solid. IR (deposit): 1725 (C=0). 1510, 1334 (NO2) cm-i. iR
NMR (CDCI3): 5 1.26 (t. 6H). 2.31-3.22 (m. 16H). 3.44 (d of d. 4H), 3.70 (s,
3H), 4.14 (q, 4H), 6.76 (s, 2H). 9.07 (s. 2H). Anal. Calcd for C29H37KN6O12:
C. 49.71; H, 5.32. Found: 0,50.11; H, 5.35.
Chromooenic Diazanrown Ethfir Dimethyl F.gtPr ^7
Following the given procedure for the preparation of chromogenic
diethyl ester 53, nitrated dimethyl ester 56 (0.29 g, 0.53 mmol) was
converted into chromogenic dimethyl ester 57 (0.19 g, 58%) as a glassy
solid. IR (deposit): 3350 (N-H), 1736 (0=0), 1512, 1339 (NO2). 1H NMR
(CDCI3): 2.68-3.18 (m, 16H), 3.53 (brs, 4H), 3.69-3.71 (m, 9H), 6.84 (s, 2H),
9.06 (s, 2H), 9.77 (brs, IH). Anal. Calcd for C29H37N7O14: C, 49.22; H, 5.27.
Found: 0, 49.03; H, 5.16.
Chormogenic Diazacrown Ether Dicarboxvlic Acid 39
Diester 53 (0.13 g, 0.20 mmol) was dissolved in a mixture of 95%
ethanol/dioxane (15:1, 16 mL). Potassium hydroxide (0.06 g, 0.98 mmol)
was added and the solution was stirred at room temperature for four hours.
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The solution was acidified to pH«1 with 6N HCl. The solvents were removed
in vacuo and absolute ethanol was added followed by evaporation in vacuo.
This process was repeated several times. The solid residue was dissolved in
a minimum amount of ethanol and filtered. To the filtered solution was added
100 mL of anhydrous diethyl ether which caused a precipitate to form. The
solid was filtered and washed with large amounts of diethyl ether. Drying
under vacuum gave 0.12 g (85%) of 39 as a orange solid: mp > 160 °C
(decomposition). IR (KBr): 3395 (OH), 3312 (NH), 1736 (C=0), 1535, 1337
(NO2) cm-1. IH NMR (DMSO): 5 2.86-4.29 (m, 20H), 7.18 (s, 2H), 8.97 (s,
2H), 10.28 (brs, IH).
Nitrated Chromogenic Diazacrown Diethyl Ester 54
Chromogenic diethyl ester 53 (100 mg, 0.15 mmol) was dissolved in
chloroform (15 mL) and heated to 50 °C. A mixture of 0.5 mL each of
chloroform, acetic acid , and fuming nitric acid was added and the reaction
mixture was stirred for 10 minutes. The reaction mixture was neutralized with
potassium carbonate and the organic solution was dried over sodium sulfate.
Evaporation in vacuo gave an orange oil which was chromatographed on
silica gel with dichloromethane/methanol as eluent to give 54 (75 mg, 70%)
as a red-brown oil. IR (deposit): 3350 (N-H), 1735 (0=0), 1516.1336 (NO2)
cm-1. 1H NMR (CDCI3): 5 (1.29 (t, 6H), 2.18-3.75 (m, 23H), 4.20 (m, 4H), 7.94
(s, IH), 9.05(s, 2H).
Nitrated Chrnmnnenic Di?^7anrnwn Dimethyl Ester 58
Following the given procedure for the preparation of nitrated
chromogenic diethyl ester 54, chromogenic dimethyl ester 57 (120 mg. 0.19
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mmol) was nitrated to give nitrated chromogenic dimethyl ester 58 (70 mg,
58%) as an oil. IR (film): 3330 (N-H), 1736 (0=0), 1512. 1339 (NO2) cm-i.
IH NMR (CDCI3): 5 2.23-4.47 (m, 29H), 6.83 (s. IH), 9.10 (brs, 2H). 10.71
(brs, IH).
Nitrated Chromogenin Diazanrnwn
Ether Dicarboxvlic Acid 4Q
Chromogenic dimethyl ester 58 (70 mg, 0.10 mmol) was dissolved in
16 mL of a 95% ethanol/dioxane solution (15:1). Potassium hydroxide (70
mg, 1.00 mmol) was added and the solution stirred at room temperature for
seven hours. The solution was acidified to pH=1 with 6 N HCl. The solvent
was removed in vacuo and absolute ethanol was added followed by
evaporation in vacuo. The addition and evaporation of absolute ethanol was
repeated several times. The solid was dissolved in a minimum amount of
ethanol and the mixture was filtered. Anhydrous diethyl ether was added to
the filtrate. The resulting filtrate was collected by filtration and dried under
vacuum to give 40 (64 mg, 86%) as an orange solid which underwent
decomposition when heated. IR (KBr): 3386 (OH), 1736 (0=0), 1534, 1500,
1343 (NO2) cm-1. 1H NMR (DMSO-de): 5 2.59-4.20 (m, 25H), 7.41 (s, IH),
9.04 (s,2H). Anal. Calcd for C25H26N70i4-4HCI: C, 37.66; H, 4.17. Found:
0,37.46; H, 4.27.
DiethylphQ.<;phnnate 59
Diamine 46 (0.42 g, 1.58 mmol) and diethylphosphite (0.48 g, 3.48
mmol) were combined followed by the rapid addition of formaldehyde (2.82
g of a 37% aqueous solution, 3.48 mmol). The mixture was stirred at room
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temperature for one hour. The excess diethylphosphite and formaldehyde
were removed in vacuo. The residue was chromatographed on silica gel
with dichloromethane/methanol (19:1) as eluent to give 59 (0.79 g, 91%) as
aclearoil. IR(neat): 1337 (P=0)cm-i. 1H NMR (CDCI3): 51.26-1.37 (m,
12H), 2.48-2.56 (m. 4H). 2.67-3.23 (m, 16H), 3.68 (s, 3H), 4.02-4.19 (m, 8H),
6.95 (d of t, 1H), 7.10 (d, 2H). Anal. Calcd for C25H46N208P2* 0.05 CH2CI2: c,
52.89; H, 8.17. Found: C, 52.65; H, 8.22.
Diphosphosphonic Acid Monoethyl
Ester DIpotassium Salt 60
Diethylphosphonate 59 (0.15 g, 0.27 mmol) was dissolved in 95%
ethanol (3 mL) followed by the addition of potassium hydroxide (0.129 g,
2.00 mmol). The solution was stirred at 50 °C overnight. The solvent was
removed in vacuo and the residue was dissolved in dichloromethane and
dried over sodium sulfate. Removal of the solvent in vacuo gave 60 (0.12 g,
78%) as a hygroscopic, tan solid. IR (neat): 1325 (P=0)cm-i. I H NMR
(CDCI3): 5 1.24 (t, 6H), 2.21-3.28 (m, 16H), 3.48 (s, 3H), 3.69 (q, 4H), 4.27 (br
s, 2H), 7.25-7.28 (m, 3H). Anal. Cacid for C21H36K2N2O8P2: C, 43.14; H,
6.21. Found: 0,43.08; H, 6.45.
Sulfonamidp nimesvlate 62
To a suspension of diol 61 (50.00 g, 0.19 mol) and triethyl amine
(57.70 g, 0.57 mol) in dichloromethane (400 ml) at -20 °C was added
dropwise a solution of methanesulfonyl chloride (54.41 g, 0.47 mol) In
dichloromethane (100 ml) while maintaining a temperature below -10 °C.
After stirring for an additional 15 minutes at this temperature, the cold bath
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was removed and the reaction mixture was allowed to warm to room
temperature over a one-hour period. The mixture was washed with 100 ml
each of cold water, 10% hydrochloric acid, saturated sodium bicarbonate,
and brine. The organic layer was separated and dried over magnesium
sulfate. The solvent was removed in vacuo to give dimesylate sulfonamide
62 (78.9 g) as a white solid: mp 44-45 °C. iR NMR (CDCI3): 5 2.38 (s, 3H),
3.08 (s, 6H), 3.41 (t, 4H), 4.32 (t, 4H), 7.28 (d, 2H), 7.62 (d, 2H).
Sulfonamide Diazide 63
To a flask equipped with a mechanical stirrer and water (400 ml) was
added dimesylate 62 (78.90 g, 0.19 mol), sodium azide (37.55 g, 0.58 mol)
and Aliquat 336 (25.00 g). The suspension was heated at reflux for two
hours. After cooling the reaction mixture to room temperature, the mixture
was extracted with diethyl ether, dried over magnesium sulfate, and the
solution was concentrated to ~ 75 ml. After separation on alumina using a
gradient elution with petroleum ether/diethyl ether as eluent, petroleum ether
was added to the diazide fraction to induce crystallization which gave 63
(31.2 g, 53.1%) after drying at room temperature under high vacuum. Heating
to dryness was avoided due to the potential explosiveness of diazides. IR
(deposit): 2939, 2924, 2125 (N3) cm-i. iR NMR (CDCI3): 5 2.44 (s, 3H), 3.29
(t. 4H), 3.54 (t, 4H), 7.34 (d, 2H), 7.71 (d, 2H). 13C NMR (CDCI3): 5 21.5,
49.0, 127.2, 130.0, 135.6, 144.1.

Sulfonamidp Diamine 64
Diazide 63 in dry THF (200 ml) was added to a suspension of lithium
aluminum hydride (10.12 g, 0.27 mol) in THF (250 ml) over a one-hour period
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at -10 °C. After the azide addition was completed, the reaction mixture was
warmed to 10 °C for 30 minutes and then cooled to -15 °C before quenching
the suspen<ion with 5% sodium hydroxide (20 ml). The reaction mixture was
allowed to stir overnight and filtered. The residue chromatographed on
alumina with dichloromethane/methanol (gradient elution) as eluents to give
64 (16.5 g, 66.1%) as a light yellow oil. IR (neat): 33.71, 3306 (NH) cm-i.
IH NMR (CDCI3): 5 1.53 (brs, 4H), 2.42 (s, 3H), 2.87 (t, 4H), 3.13 (t, 4H), 7.32
(d, 2H), 7.70 (d, 2H). 13C NMR (CDCI3): 5 21.2, 40.9, 52.4, 127.0, 129.6,
135.6, 143.3.
Cvclic Diamide 65
Diacid chloride 44 (2.30 g, 8.85 mmol) in toluene (20 mL, solution A)
and diamine sulfonamide 64 (2.28 g, 8.85 mmol) and triethylamine (2.69 g,
26.35 mmol) in dichloroethane (19 mL, solution B) were added
simultaneously during a six-hour period to 500 mL of rapidly stirred toluene
in a Morton flask at room temperature . After stirring for an additional 18
hours at this temperature, the solution was filtered and the solvent was
removed in vacuo. The residue was chromatographed on silica gel with
chloroform/methanol (19:1) as eluent to give 65 (0.83 g, 21%)as a white
solid. 1H NMR (CDCI3): 5 2.37 (s, 3H), 2.94-3.79 (m, 12H), 3.86 (s, 3H), 6.80
(t, 2H), 7.06-7.30 (m, 6H), 7.53 (d, 2H). 13C NMR (CDCI3): 5 21.45, 37.98,
40.05, 49.62, 60.75, 125.93, 127.18, 129.98, 130.99. 133.24, 144.29, 155.69,
171.19.

Cyclic TrisulfonamidP
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Disulfonamide 48 (0.75 g, 1.49 mmol) and the ditosyl sulfonamide 66
(0.75 g, 1.32 mmol) were dissolved in DMF (15 mL) and added dropwise
over a six-hour period to a suspension of cesium carbonate (0.97 g, 2.98
mmol) in DMF (20 mL) at 90 °C. The mixture was stirred for an additional 14
hours. The solvent was removed in vacuo and the residue was taken up in
dichloromethane. The solution was washed with water, dried over sodium
sulfate, and evaporated in vacuo. The residue was chromatograhed on silica
gel with dichloromethane/methanol (49:1) as eluent to give 67 (0.45 g, 47%)
as a white solid: mp 104-106 °C. iR NMR (CDCI3): 5 2.04-3.82 (m, 28H),
6.95-7.01 (m. 6H). 13C NMR (CDCI3): 5 21.34.33.31,41.99,45.81,50.60.
50.72. 59.81. 65.84. 124.39. 126.97. 127.17. 127.67, 129.59, 131.33, 132.49,
135.12, 135.41, 143.26, 143.36, 156.88. Anal. Calcd. for C36H43N3O7S3: 0,
59.47; H, 5.96. Found: 0, 59.43; H, 5.90.
2.6-Di(carbgthQxym9thyl)ani?Ql$ (70)
Dinitrile 42 (4.00 g, 21.48 mmol) was dissolved in absolute ethanol
(200 mL) and was brought to reflux with the condensing vapors passing
through a Soxhlet thimble containing sodium sulfate. Anhydrous
hydrochloric acid gas was bubbled through the ethanolic solution for 36
hours. Water (5 mL) was then added and the solution was stirred for one
hour. The solvent was removed in vacuo and the residue taken up in
dichloromethane and dried over magnesium sulfate. Filtration through a bed
of alumina with dichloromethane as eluent gave product 70 (4.80 g, 80%) as
a colorless oil. IR (neat): 1736 (C=0) cm-i. iR NMR (CDCI3): 51.25(t,6H),
3.66 (s, 4H), 3.74 (s, 3H), 4.15 (q, 4H), 7.02-7.09 (m, IH), 7.19 (d. 2H). 13C
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NMR (CDCI3): 5 13.99, 35.43, 60.64, 61.27, 124.13, 127.83, 130.18, 156.60,
171.43. Anal. Calcd. for C15H20O5: 0,64.27; H,7.19. Found: 0,64.03; H,
7.05.
Diol 71
Diethyl ester (2.00 g, 7.13 mmol) was dissolved in THF (12 mL) and
10M borane-dimethyl sulfide (1.43 ml, 14.27 mmol) was added. The mixture
was brought to reflux allowing the dimethyl sulfide to distill over. After one
hour, the reaction was cooled followed by the addition of water (4 mL) and
potassium carbonate (2.00 g). The solution was extracted with diethyl ether
and the ether layer was dried over sodium sulfate. The crude product was
chromatographed on silica gel with dichloromethane/ methanol (19:1) as
eluent to give 71 (1.00 g, 71%) as a clear, colorless oil. IR (neat): 3443 (OH)
cm-1. 1H NMR (CDCI3): 6 2.47 (br s,2H), 2.91 (t, 4H), 3.77 (s, 3H), 3.89 (t,
4H), 6.97-7.26 (m, 3H). 13C NMR (CDCI3): 5 33.56, 61.21, 63.23, 124.69,
129.37, 129.59, 132.03. Anal. Calcd. forCuHieOs: C, 67.32; H, 8.22.
Found: 0, 67.03; H, 8.27.

Dimesylate 72
Diol 71 (0.92 g, 4.69 mmol) and triethylamine (1.42 g, 14.07 mmol)
were dissolved in dichloromethane (30 mL) and cooled to -10 °C.
Methanesulfonyl chloride (1.61 g, 14.07 mmol) dissolved In dichloromethane (20 mL) was added dropwise over a 30-minute period while
keeping the temperature below -5 °C. After stirring for an additional 30
minutes, the reaction mixture was washed with 50 mL each of cold 5%
hydrochloric acid, 10% sodium bicarbonate, and water. Drying over sodium
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sulfate and evaporation of the dichloromethane in vacuo gave 72 (1.60 g,
95%) as a light yellow oil. This product was used without further purification.
IH NMR (CDCI3): 5 2.95 (s, 6H), 3.14 (t, 4H), 3.83 (s, 3H), 4.49 (t, 4H). 1.097.32 (m, 3H).
Cyclic Disulfonamide 73
Disulfonamide 48 (1.15 g, 2.29 mmol) and dimesylate 72 (0.78 g, 2.29
mmol) were dissolved in DMF (20 mL) and added over a 10-hour period to a
suspension of cesium carbonate (1.62 g, 5.04 mmol) in DMF (20 ml) at 50 °C.
Stirring was continued for an additional 14 hours. The solvent was removed
in vacuo and the residue taken up in dichloromethane and washed with
water. After drying over sodium sulfate and evaporation of the
dichloromethane in vacuo, the crude product was chromatographed on silica
gel with dichloromethane as eluent to give 73 (0.59 g, 39%) as a viscous,
light yellow oil. 1H NMR spectroscopy indicated a cis:trans isomer ratio of
17:3. Attempts were not made to separate the two isomers. iR NMR
(CDCI3): 5 2.39-2.60 (m, 13H), 2.73-2.91 (m, 10H), 3.66 (s, 6H), 6.60-6.71
(m, 6H), 7.67 (d, 4H), 7.79 (d, 4H).

CHAPTER III
SYNTHESIS AND COMPLEXATION STUDIES OF
NOVEL PROTON-IONIZABLE BENZOIC AND
PHOSPHONIC ACID CROWN ETHERS
This chapter includes the synthesis and complexation studies of the
novel benzoic acid crown ether 78c and the series of phosphonic acid crown
ethers 80a-c. Included in the discussion are results from iR NMR spectroscopic and calorimetric studies for the alkali metal salts and pKa
measurements for the acids.
Synthesis of Benzoic Acid Crown Ether 78c
The previously reported iR NMR evidence for the participation of the
heteroatom-containing side arm in crown phosphonate monoethyl ester 22
warranted a more thorough investigation of this type of system.^s Advantage
was to be taken of the new high field 300 MHz FT-NMR spectrometer and
coupled with calorimetry results to help explain the complexation of alkali
metal cations by these compounds. To fully interpret the results, it was
necessary to extend the investigation to include various crown ether ring
sizes and the full range of alkali metal cations. It was also of Interest to
determine if the results obtained for the series of phosphonic acid crown
ethers could be extended to the corresponding benzoic acid derivatives.
To simplify the synthesis of the series of compounds, the l^n-butyl
group which was present in 22 was omitted In the new series. The initial
objective was to develop a synthetic route from which both the benzoic acid
crown ether series 78a-c and the series of phosphonic acid crown ethers
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80a-c could be prepared via a common intermediate. It was postulated that
the reaction of substituted crown ethers 76a-c with n-butylllthium followed by
quenching with methyl chloroformate or diethyl chlorophosphonate would
give methyl benzoate crown ethers 77a-c and diethyl phosphonate
ethers 79a.c, respectively (Scheme XXI). Subsequent hydrolysis would
yield benzoic acid crown ethers 78a-c and phosphonic acid crown ethers
80a-c.
Bromination of o-bromotoluene with N-bromosuccinimide In carbon
tetrachloride gave 2-bromobenzyl bromide (75) in a 84% yield. Bromide 75
was reacted with the sodium alkoxide of hydroxymethyl-18-crown-6 to give
the key intermediate 76c. However, when 76c was treated with nbutyllithium at -78 °C in THF followed by quenching with methyl
chloroformate, problems were encountered. While it appeared that some of
the desired methyl benzoate crown ether 77c was formed, a by-product was
produced in approximately equal amounts. TLC analysis showed two
compounds with very little difference in the Rf values. The infrared spectrum
showed two strong carbonyl stretching absorptions of equal intensity. The
first absorption at 1756 cm-i was consistent with an aliphatic ester, while the
second at 1736 cm-i corresponded to an aromatic ester carbonyl. Although
no attempt was made to separate the two compounds, these observations
along with the iR NMR spectrum of the product mixture led to the conclusion
that the two compounds were structural isomers. From the available
evidence, the products were postulated to be 78c and the Isomer 83.
A proposed mechanism for the formation of 83 is given in Figure 7.
After metal halogen exchange to form the aryllithium intermediate 81, proton
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Figure 7. Proposed mechanism for the formation of 83.
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abstraction of one of the relatively acidic benzylic protons may occur to give
the resonance-stabilized benzylic anion 82. The addition of methyl
chloroformate to the mixture of lithiated compounds 81 and 82 would lead to
the formation isomers 77c and 83. Due to the anticipated difficulty that
would be encountered in the separation of these two isomers, this synthetic
route was abandoned.
A second possible route to the benzoic acid series of compounds
involved the bromination of methyl o-methylbenzoate followed by coupling
with (hydroxymethyl)crown ethers to give 77a-c and hydrolysis to benzoic
acid crown ethers 78a-c. A model system was used to determine the
feasibility of this route. Bromination of methyl o-methylbenzoate with Nbromosuccinimide gave 84 (Scheme XXII). The iR NMR spectrum of the
product mixture indicated an 86% conversion to 84 with the remainder being
unbrominated reactant. The mixture was used without further purification for
the next reaction step. The coupling of 84 with (hydroxymethyl)cyclohexane
gave two substitution products. One was the desired product 85 and the
second was the transesterified product 86.
It was decided to suppress the competing transesterification reaction
by blocking the carbonyl group with a t-butyl ester function as outlined in
Scheme XXIII. The reaction of 2-methylbenzolc acid with oxalyl chloride
gave acid chloride 87 in a quantitative yield. The addition of t-butanol to acid
chloride 87 in the presence of pyridine yielded the t-butyl ester 88 in 85%
yield. Bromination of 88 with N-bromosuccinimide gave a 61% yield of 89
after purification on a silica gel column. The coupling of 89 with
hydroxymethyl-18-crown-6, using the same conditions as in the model
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reaction, gave a 90% yield of t-butyl benzoate crown ether 90. Hydrolysis of
90 to benzoic acid crown ether 78c was accomplished in 44% yield with
potassium tgrt-butoxide in toluene. It is believed that the low yield resulted
from loss of some of the acid product to the aqueous layer during the wori^-up
process.
Svnthesis of Phosphonic Acid Crown Ethers 8Qa-c
The synthetic route used to prepare the phosphonic acid crown ethers
80a-c followed a route similar to that reported for the t-butyl substituted
phosphonic acid analog 22. As outlined in Scheme XXV, reaction of 0iodotoluene with triethylphosphite in the presence of activated copper at
160 °C gave the known ^6 diethyl phosphonate 91 (78%). The diethyl
phosphonate was brominated to give previously reported^^ 92 with a purity
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of approximately 93%, as determined by ^H NMR spectroscopy. The product
was used without further purification in the coupling with the hydroxymethyl
derivatives of 12-crown-4, 15-crown-5, and 18-crown-6 to give 79a-c in 30,
42, and 60% yields, respectively. The coupling with hydroxymethyl-12crown-4 was performed in DMF instead of THF because of the low solubility
of the sodium alkoxide derived from hydroxymethyI-12-crown-4 in THF.
Hydrolysis of 79a-c was accomplished using the standard conditions of
sodium hydroxide in 95% ethanol to give 80a-c in yields of 90, 91, and 95%,
respectively.
^H NMR Spectroscopic and Calorimetric Results
Chemical shifts (5) and the chemical shift difference (A 5) for the AB
quartet exhibited by the diastereotopic benzylic protons in crown ether
carboxylic acid 79c and crown ether phosphonic acid monoethyl esters
80a-c are listed in Table 3. The chemical shift values for the AB quartet
were based on calculations for the center of gravity.^^ The coupling
constants (JAB) for all observed doublets were approximately 12 Hz which is
consistent with normal bond angles for a tetrahedral methylene group. The
chemical shift values were determined to be independent of the sample
concentrations. The alkali metal salt complexes of 79c and 80a-c were
prepared by dissolving the acids in deuterated chloroform and stirring in the
presence of the appropriate anhydrous metal cariDonate and filtering to
provide solutions of the complexes (Figure 8). All ^H NMR spectra of the
metal complexes were measured with an IBM AF-300 spectrometer.
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Figure 8. Preparation of alkali metal salts for 1H NMR studies.

Stability constants (log K) for complexation of compounds 80a-c with
the alkali metal cations were obtained by Dr. Visvanathan Ramesh by titration
calorimetry and are listed in Table 4.^9 For comparative purposes, the log K
values for the parent crown ethers are also included. In all cases, the
temperature change for forming the lithium metal cation complex was too
small to determine a log K value.
Discussion
It is evident from the data in Table 3 that the ^H NMR absorptions for
the benzylic protons in 80a-c and their metal complexes show a strong
dependence on the nature of the metal cation complex. The chemical shift
(5) for the benzylic protons of the metal complexes show a downfield shift in
going from the acid to the corresponding complexes with a larger shift as the
ionic radius of the metal cation increases. This relationship between the
change in chemical shift (A 5) for the alkali metal complexes relative to that of
the acid as a function of the Ionic radius of the metal cation Is illustrated in
Figure 9. The A5 values for the alkali metal salts of the 12-crown-4
compound 80a and the 15-crown-5 compound 80b show similar trends with
a gradual downfield shift of the benzylic protons as the ionic radius of the
metal cation increases. This progressive deshielding can be explained by
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Table 3. Chemical Shifts (5, A5) and the Chemical Shift Difference (A\)) for
the Benzylic Protons of 79c and 80a-c and Their Alkali Metal
Salts.
Compound

5 (ppm)

80a
Li+
Na+
K+
Rb+
Cs+

4.83
4.90
4.93
4.95
4.97
4.98

80b
Li+
Na+
K+
Rb+
Cs+

4.85
4.93
5.01
5.06
5.07
5.09

80c
Li+
Na+
K+
Rb+
Cs+

4.85
4.93
4.94
5.01
5.12
5.13

79c
Li+
Na+
K+
Rb+
Cs+

4.94
4.92
4.84
4.89
4.94
4.96

A6 (ppm)a

Av (Hz)b

0.07
0.10
0.12
0.14
0.15

28.47
c
15.83
c
31.00
45.16

0.08
0.16
0.21
0.22
0.24

4.15
17.18
53.48
32.08
39.12
61.41

0.08
0.09
0.16
0.27
0.28

12.79
52.12
62.40
60.99
109.22
94.22

-0.02
-0.10
-0.05
0.00
0.02

C
C

45.92
56.94
63.17
21.50

„ Th» Hi«oronrp in the chemical shift from the corresponding acid.
b Ja^eS^wrecacuSed based on the center of gravity for the AB quartet.
c The peaTappears as a broad singlet In the ^H NMR spectrum.
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Table 4. Stability Constants (log K) as Determined by Titration Calorimetry in
90% Methanol-10% Water for the Complexation of 80a-c
and the Parent Crown Ethers with the Alkali Metal Cations.89
Comoound
12-crown-4

Alkali ^ietal Cation

looK

Li+
Na+
K+
Rb+
Cs+

a
2.54 ± 0.04
2.82 ± 0.02
a
a

Li+
Na+
K+
Rb+
Cs+

2.56 ± 0.02
3.17 ±0.08
3.04 ± 0.03
2.98 ± 0.00
2.66 ± 0.06

Li+
Na+
K+
Rb+
Cs+

a
3.67 ± 0.02
5.43 ± 0.05
4.65 ±0.02
4.01 ±0.18

Li+
Na+
K+
Rb+
Cs+

a
2.62 ± 0.22
1.55 ±0.11
a
a

Li+
Na+
K+
Rb+
Cs+

a
3.31 ±0.11
2.99 ± 0.06
2.83 ± 0.02
2.48 ± 0.09

Li+
Na+
K+
Rb+
Cs+

a
3.24 ±0.00
3.28 ± 0.02
3.45 ± 0.01
3.35 ± 0.01

15-crown-5

18-crown-6

80a

80b

80c

:_ ^u»r>^o %«#oc tnn .<;mall to determine a log K value.
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Figure 9. Chemical shift vs. the ionic radius of alkali metal cations.
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the increasing involvement of the side arm ethereal oxygen in coordinating
with the alkali metal cation. For 12-crown-4 and 15-crown-5, X-ray
crystallographic studies have shown that the Na+, K+, Rb+, and Cs+ metal
cations form a "perching" complex.9o-92 The simultaneous coordination of the
anionic phosphonate function provides an enclosed complex to varying
degrees. A small cation forms a closed complex while a gradual opening of
the side arm can be expected as the ionic radius is increased (Figure 10).
This gradual opening results in an Increased participation by the side arm
ethereal oxygen in coordination with the metal cation resulting in a
deshielding of the benzylic protons.
The trend for 80c is notably different. The 18-crown-6 ring is large
enough to fully accommodate the LI+, Na+, and K+. thereby, limiting the
interaction with the side arm ethereal oxygen. The abrupt change in going
from the K+ to the Rb+ complex indicates a change to a "perched" complex.
For the "perched" complexes with Rb+ and Cs+, a return to a gradual
downfield shift is again obsen/ed.
The chemical shift difference (AD) between the doublets of the AB
quartet can be interpreted as a reflection of the rigidity of the anionic side
arm. A plot of the Av value for the AB quartet as a function of the ionic radius
of the metal cation is shown in Figure 11. To understand the observed
trends, two important factors must be considered. First, the heteroatoms of
the macrocyclic ring are the major contributors to the stability of a metal
complex. Second, the side arm and the macrocyclic crown ether ring can be
considered to make separate contributions to the complexation of the metal
cation. Figure 11 again shows similar trends in Ax> for 80a and 80b. In the
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complexation of these two compounds with the smaller metal cations (Li+,
Na+, and K+), the primary coordination sites are the heteroatoms in the
macrocyclic ring. The anionic phosphonate function orients over the metal
cation, but there is very little contribution by the side arm ethereal oxygen. In
this case an increase in Ax> would indicate an increase in the stability of the
complex. A comparison of the Av values of Li+, Na-*-, and K+ complexes with
the log K values for the same metal cations (Table 4), verifies this trend.
However for the larger cation complexes of Rb+ and Cs+, the relationship no
longer holds. The Av values begin to Increase again while the log K values
continue to decrease. The increasing AD values can be interpreted as the
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formation of a more rigid side arm due to the increased participation of the
ethereal oxygens in coordination with the metal cation while the decrease in
the stability of the complexes is due to the increasingly poor ion-dipole
interactions with the metal cation.
The results obtained for 80c show that the most stable complex
(highest stability constant) and the most rigid complex (largest AD value) was
the rubidium cation complex. If the trend for 80c were to follow those
observed for 80a and 80b, one would expect that complexation with metal
cations larger than cesium should show an increase in AD with a continued
decrease in log K values.
To understand how the side arm influences the stability of the crown
ether-metal ion complex, a comparison between the log K values for 80a-c
and those for the parent crown ethers 12-crown-4, 15-crown-5, and 18crown-6 can be made. As mentioned eariier, the 12-crown-4 and the 15crown-5 ring systems are not optimal ring sizes for any of the alkali metal
cations. The additional anionic binding site of the side arm appears to help
stabilize the complexes. For example, the log K values for the Na+ complex
of 80a and 80b are higher than those for 12-crown-4 and 15-crown-5
respectively. However, for 18-crown-6, which has the optimal ring size for K+,
Incorporation of the additional anionic binding site diminishes the log K value
for K+ and exerts a leveling effect upon the differences between the log K
values for complexation of the series of alkali metal cations. The largest log
K values for 80a-c appear to result when a slightly perched complex is
formed.
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The conclusions of the study indicate that due to the independent
interaction of the macrocyclic crown ether ring and the side arm and the
varying degrees of coordination with the complexed metal cations, a direct
correlation between the chemical shift difference (AD) and the stability of the
complex cannot be made. The additional side arm binding sites can help
stabilize complexes when the macrocyclic ring is not the optimal size for the
complexed metal cation, but will tend to diminish the strength and selectivity
of complexation when a side arm is attached to a crown ether ring which is
already appropriately sized to accommodate a specified metal cation.
Results and Discussion of pKa Values for 80a-c and 93
The pKa values for the phosphonic acids 80a-c and for phosphonic
acid®6 93 as determined by Dr. Visvanathan Ramesh are listed in Table 5.^3
There is a definite trend in the pKa values with respect to the number of
heteroatoms in the crown ether ring. The results can be explained by use of
evidence obtained from the ^H NMR spectra of the acids which clearly show
an AB quartet for the benzylic protons (Table 3). This suggests that in the
acid form there is intramolecular hydrogen bonding between the macrocyclic
ring and the phosphonic acid side arm. If the strength of the hydrogen
bonding interaction were related to the number of oxygen heteroatoms
available for coordination, then the acidity should increase with a decrease in
the number of oxygen heteroatoms. This is the observed trend with the
strongest acid being 93 with no crown ether present and the weakest acid
being 80c. It can be seen that 93, even in the presence of one equivalent of
18-crown-6, is considerably more acidic than 80c.
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Table 5. pKa Values In Water for Compounds 80a-c and 93.93
Compound

pKa

80a

3.135 ±0.016

80b

3.191 ±0.015

80c

3.226 ±0.014

93

2.847 ± 0.020

93 + 18-crown-6

2.980 ± 0.016

CH3O

A^P-OEt
93

General Experimental
In addition to the general experimental mentioned in Chapter II, Nbrormosuccinimide was recrystallized from water and dried under high
vacuum. Activated copper metal was prepared according to the procedure
reported in Organic Synthesis, Collective Volume H.^^
P-Bromoben^yl Rrnmide (75)
o-Bromotoluene (10.00 g, 59 mmol) was dissolved in carbon
tetrachloride (100 mL) followed by the addition of N-bromosuccinimide
(10.41 g, 59 mmol) and a catalytic amount of benzoyl peroxide. The reaction
mixture was stirred at reflux for six hours. After cooling to room temperature,
the reaction mixture was filtered and the filtrate was washed with water and
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dried over sodium sulfate. Removal of the solvent in vacuo gave a light
yellow liquid which was vacuum distilled to give the product 75 (84%): bp
80-85 °C, 0.85 mm Hg (Lit.ss 120-130 °C, 16 mmHg). 1H NMR (CDCI3): 5
4.54 (s, 2H), 7.10 (dt, IH), 7.23 (dt, IH), 7.38 (dd, IH). 7.51 (dd, IH).
1 -Bromo-2-r(oxvmethy|-l S-crown-fi)
methvl]-benzene (7^r.)
Hydroxymethyl-18-crown-6 (1.50 g, 5.10 mmol) in THF (10 mL) was
added dropwise to a flask containing sodium hydride (0.31 g, 7.65 mmol of a
60% dispersion in mineral oil). The mixture was stirred for five minutes at
room temperature. Bromide 75 (1.40 g, 5.10 mmol) in THF (10 mL) was
added over a 10-minute period. After the addition was completed, the
reaction mixture was stirred overnight at room temperature. The solvent was
removed in vacuo and the residue was dissolved in dichloromethane and
dried over magnesium sulfate. The solvent was removed in vacuo and the
residue was chromatographed on silca gel with carbon tetrachloride/ethyl
acetate (1:1) as eluent to give 76c as a viscous, colorless oil. ""H NMR
(CDCI3): 5 3.62-3.74 (m, 25H), 4.60 (s, 2H), 7.14 (dt, IH), 7.30 (dt, IH), 7.50
(m, 2H). 13C NMR (CDCI3): 5 69.93, 70.64. 70.76. 70.83, 71.56, 72.32, 72.50,
78.33, 122.40. 127.22, 128.70, 128.82, 132.31, 137.58. Anal. Calcd for
CisHzyOeBr: C, 51.56; H, 6.49. Found: C. 51.44; H, 6.46.
Mfithvl 2-mrnmnmethynhfin7oate (85)

Methyl o-methylbenzoate (3.00 g, 0.20 mmol) was dissolved In carbon
tetrachloride (25 mL) followed by the addition of N-bromosuccinimide (3.56 g,
20 mmol) and a catalytic amount of benzoyl peroxide. The reaction mixture

98
was stirred at reflux for 8 hours. After cooling to room temperature, the
reaction mixture was filtered and the filtrate was washed with water. The
filtrate was dried over sodium sulfate and the solvent was removed In vacuo
to give a light yellow oil. The ^H NMR spectrum indicated the product to be
approximately 86% pure with the remainder being reactant. The material
was used in the coupling reaction without further purification.
Acid Chloride 87
o-Toluic acid (5.00 g, 36.7 mmol) was suspended in dry benzene (30
mL) and oxalyl chloride (9.32 g, 73.46 mmol) was added in one portion. The
reaction mixture was stirred at room temperature for 14 hours under nitrogen.
The solvent and the excess oxalyl chloride were removed in vacuo to give a
quantitative yield of acid chloride 87 as a light green oil. IR (neat): 1770
(0=0) cm-1.
t-Butyl o-Methvlbenzoate (88)
Pyridine (8.90 mL, 110.2 mmol) and t-butanol (10.41 mL, 110.16
mmol) was added dropwise to a flask containing the acid chloride (36.7
mmol). After stirring overnight at room temperature, a white percipitate had
formed. Dichloromethane was added to the flask and the organic solution
was washed with water followed by 5% aqueous HCl. Drying over sodium
sulfate followed by passing the crude product through a short bed of alumina
using petroleum ether as eluent gave t-butyl ester 88 (6.02 g, 85%) as a
clear colorless oil. IR (neat) 1718 (C=0)cm-1. I H NMR (CDCI3): 5 1.59 (s.
9H), 2.57 (s, 3H). 7.18-7.24 (m, 2H), 7.33 (dd, IH), 7.83 (dd, IH).

t-Butvl 2-fBromQmethyhhonzQatP> (RQ)
t-Butyl o-methylbenzoate (1.68 g, 8.76 mmol) was dissolved in cariDon
tetrachloride (20 mL). N-Bromosuccinimide (1.81 g, 10.52 mmol) and
benzoyl peroxide (0.20 g) were added and the mixture was irradiated with a
500-watt tungsten lamp for two hours. The reaction was cooled to room
temperature and washed with water. The organic layer was dried over
magnesium sulfate and the solvent removed in vacuo to give a viscous oil.
Chromatography on silica gel with carbon tetrachloride as eluent gave the
monobrominated product 89 (1.46 g, 61%) as a coloriess liquid. IR (KBr). ""H
NMR (CDCI3): 5 1.62 (s, 9H), 4.93 (s, 2H), 7.29-7.48 (m, 3H), 7.87 (dd, IH).
t-Butyl 2-[(Oxymethyl-18-crown-6)methyl]benzoate (77c)
Hydroxy methy l-18-crown-6 (0.89 g, 2.96 mmol) was dissolved in THF
(10 mL) and added to a flask containing sodium hydride (0.14 g, 60%
dispersion in mineral oil, 3.55 mmol). After stirring for five minutes t-butyl 0(bromomethyl)benzoate (89) (0.80 g, 2.95 mmol) dissolved in THF (10 mL)
was added. The solution was stirred for three hours at room temperature.
The solvent was removed in vacuo and the residue was dissolved in
dichloromethane/ water. The organic layer was separated, dried, and
filtered. The filtrate was chromatographed on alumina with dichloromethane/
methanol (49:1) as eluent to give 77c (1.29 g, 90%) as a viscous, colorless
oil. IR(neat): 1710 (0=0), 1126 (C-0)cm-i. 1 H NMR (CDCI3): 51.59 (s,
9H), 3.61-3.86 (m, 25H), 4.91 (s, 2H), 7.30 (d oft. IH). 7.48 (d oft. IH). 7.65
(d of d, 1H), 7.86 (d of d, 1H). 130 NMR (CDCI3): 5 28.24, 70.05. 70.64.
70.68, 70.73, 70.84, 70.86, 71.29, 71.84. 76.65, 77.07, 77.49, 78.51, 81.30,

^^
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126.70, 127.21, 129.93, 130.28, 131.72, 140.35, 166.50. Anal. Calcd for
C25H40O9: C, 61.97; H, 8.32. Found: 0,62.20; H, 8.16.
2-f(Oxvmethvl-18-crnwn-6)methyl]hfinzoic Acid (78c)
t-Butyl o-[(Oxymethyl-18-crown-6)methyl] benzoate (0.60 g, 1.23
mmol) was dissolved in toluene (10 mL). Potassium t-butoxide (0.16 g, 1.48
mmol) was added which turned the solution a dark orange color. The
reaction mixture was stirred at reflux under a nitrogen atmosphere for 18
hours at which time TLC indicated no ester remaining. The solvent was
removed in vacuo and the residue was dissolved in water. The aqueous
solution was acidified with 6N HCl and extracted with dichloromethane. The
organic layer was dried over sodium sulfate and passed trough a short bed
of silica gel with dichlorometane / methanol (4:1) as eluent to give acid 78c
(0.23 g, 44%) as a light orange oil. ""H NMR (CDCI3): 5 3.65-3.74 (m, 22H),
3.83-3.86 (m, 3H), 7.35 (d of t, 1H), 7.53 (d of 1.1H), 7.64 (dd, 1H), 8.02 (d of t,
IH). ISO NMR (CDCI3): 5 69.59,70.41,70.54,70.66,70.75,71.35,71.40,
76.57, 77.00, 77.42, 78.13, 127.00, 127.64, 128.12, 131.06, 132.46, 140.57,
170.71.
Diethyl o-Tolylphn.gphnnate (91)
2-lodotoluene (10.00 g, 46.0 mmol) and activated copper metal^^
(3.18 g, 50.0 mmol) were heated to 160 °C under a nitrogen atmosphere.
Triethyl phosphite (22.86 g, 0.14 mol) was added dropwise to the
heterogeneous mixture resulting in vigorous foaming. After the addition was
completed, the reaction mixture was stirred at 160 °C for 24 hours. The
reaction mixture was cooled to room temperature and filtered. The filtrate
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was vacuum distilled (110-113 °C, 0.25 mm Hg, Lit.se 117-118 °C, 0.01 mm
Hg) to give 91 (8.15 g, 78%) as a clear, colorless liquid. IR (neat): 1246
(P=0), 1045 (P-O) cm-1. 1H NMR (CDCI3): 5 1.32 (t, 6H), 2.58 (s. 3H), 4.11
(p, 4H). 7.22-7.31 (m, 2H). 7.43 (dt. 1H). 7.92 (qd, IH). 13C NMR (CDCI3): 5
15.79, 20.74, 61.65, 125.55, 128.13, 131.41. 132.70, 134.14, 142.08.
Diethyl Q-(BrQmQmethyl)benzenephosDhonate (92)87
Diethyl a-tolylphosphonate (2.00 g, 8.76 mmol), N-bromosucclnlmide
(1.87 g. 10.52 mmol) and benzoyl peroxide (0.20 g) were added to a flask
followed by carbon tetrachloride (20 mL). A 500-watt tungsten lamp was
placed two inches from the flask. The reaction mixture was irradiated for two
hours. After cooling to room temperature, the reaction mixture was filtered
and the solvent was removed in vacuo. The residue was passed through a
short column of silica gel with dichloromethane/methanol (100:1) as eluent to
give 2.27 g of a coloriess oil. 1H NMR analysis indicated the material to be
93% of 92 and 7% unreacted starting compound. This material was used
without further purification.
fifineral Pronfidure for the Svnthesis of
Diethyl PhQgphnnate Crown Ethers 79a-c
A (hydroxymethyl) crown ether was dissolved in dry THF (10 mL) and
added dropwise at to a flask containing sodium hydride (1.2 eq ) at room
temperature. The reaction mixture was stirred for 5 minutes. Diethyl 0(bromomethyl)benzenephosphonate (93% pure) dissolved in THF (10 mL)
was added dropwise over a 10-minute period. After the addition was
completed, the reaction mixture was stirred at room temperature for 12 hours.
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The solvent was removed in vacuo and the residue was dissolved in
dichloromethane/water. The organic layer was separated and dried over
magnesium sulfate. The solvent was evaporated in vacuo a.id the residue
was chromatographed on alumina with dichloromethane/methanol (19:1) as
eluent.
Diethyl 2-[(0xymethyl-12-crown-4)methyl]
benzenephosphonate (79a)
Hydroxymethyl-12-crown-4 (0.29 g, 1.42 mmol), sodium hydride (0.29
g 60% dispersion in mineral oil, 1.70 mmol), and diethyl phosphonate 92
(0.45 g , 1.42 mmol) gave diethyl phosphonate crown ether 79a (0.17 g,
30%) as a viscous, colorless oil. IR (neat): 1248 (P=0), 1110 (P-0) cm-"". ""H
NMR (CDCI3): 5 1.33 (t. 6H). 3.56-3.79 (m. 15H). 4.09-4.17 (m,2H). 4.87 (s.
2H). 7.35-7.37 (m. 1H), 7.56 (d of 1.1H), 7.68 (d of t, 1H), 7.89 (q of d, 1H).
130 NMR (CDCI3): 5 16.32, 30.93, 61.59, 69.91, 70.11, 70.30, 70.54, 71.20,
71.81, 78.69, 127.32, 128.54, 131.97, 133.18, 141.08. Anal. Calcd for
C20H33O8P: C, 55.56; H, 7.69. Found: C, 55.08; H, 7.30.
niPthyi 2-r(Oyymftthvl-i 5-crown-5)methvn
hpn7enephOi«^phnnate (79b)
Hydroxymethyl-15-crown-5 (1.78 g, 5.75 mmol), sodium hydride (0.28
g 60% dispersion in mineral oil, 6.90 mmol) and diethyl phosphonate 92
(1.90 g, 5.75 mmol) gave diethyl phosphonate crown ether 79b (1.15 g,
42%) as a colorless oil. IR (neat): 1249 (P=0), 1128 (0-0) cm-i. iH NMR
(CDCI3): 5 1.32 (t. 6H). 3.61-3.89 (q. 4H). 4.87 (s. 2H). 7.29-7.39 (m, 1H),
7.55 (d of t, 1H), 7.70 (d of t, 1H), 7.90 (q of d, 1H). Anal. Calcd for
C22H37O9P: C, 55.45; H, 7.83. Found: 0, 54.80; H, 7.79.
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Diethyl 2-f(0xvmethyi-ifl-^r^,^^n ff)
benzenephosphnnato (TQ^^
Hydroxymethyl-l8-crown-6 (0.89, 3.03 mmol), sodium hydride (0.15 g
60% dispersion in mineral oil. 3.64 mmol). and diethyl phosphonate 92 (1.00
g, 3.03 mmol) gave diethyl phosphonate crown ether 79c (1.00 g. 60%) as a
viscous oil. IR(neat): 1249 (P=0). 1120 (C-0) cm-i. 1H NMR (CDCI3): 5
1.33 (t, 6H), 3.63-3.85 (m, 25H). 4.00-4.21 (m, 4H), 7.35 (d of t, 1H). 7.55 (t of
t, 1H), 7.69 (d of t, 1H), 7.90 (q of d, IH). Anal, calcd. for C24H41O10P: 0,
55.38; H, 7.94. Found: 055.26; H, 7.88.
General Procedure fnr the Hvrirnlygis of 79a-n
to Monoethyl Phn.gphnnic Add Ornwn Ethfir.g fiOa-r^

The diethyl phosphonate crown ether was dissolved In 95% ethanol
followed by the addition of sodium hydroxide (2 eqs.). The reaction mixture
was stirred at reflux for 12 hours. The solvent was removed in vacuo and the
residue was dissolved in water. The aqueous solution was extracted with
dichloromethane, acidified with 6N aqueous HCl to a pH=1, and extracted
with several portions of diethyl ether. The diethyl ether extracts were
combined and dried over sodium sulfate. Removal of the solvent in vacun
gave the pure monoethyl phosphonic crown ether.
Monoethyl 2-[(0xymethyl-12-crown-4)]
benzenephosphonate (80a)
Diethyl phosphonate crown ether 79a (0.17 g. 0.39 mmol) and sodium
hydroxide (31 mg, 0.79 mmol) in 95% ethanol (5 mL) gave 80a (141 mg,
90%) as a colorless oil. IR (neat): 3430 (0-H), 1350 (P=0), 1112 (P-0) cm-i.
IH NMR (CDCI3): 5 1.33 (t, 3H), 3.59-3.86 (m. 17H). 4.10 (p, 2H), 4.78 (d.
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1H), 4.89 (d, 1H), 5.72 (br s, 2H), 7.36 (q of t, 1H), 7.50 (d of t, 2H), 7.92 (q of
d, IH). Anal. Calcd for C18H29O8P • 0.7 H2O: 0,51.85; H, 7.35. Found: 0,
51.75; H, 7.17.
Monoethyl 2-r(OxvmPthy|-l S-crown-.S)
methvl]benzenephQ.<^phonate (8Qb)
Diethyl phosphonate crown ether 79b (1.15 g, 2.41 mmol) and sodium
hydroxide (0.19 g, 4.82 mmol) in 95% ethanol (20 mL) gave 80b (0.98 g,
91%) as a colorless oil. IR (neat): 3448 (0-H), 1349 (P=0), 1110 (P-0) cm-i.
1H NMR (CDCI3): 5 1.30 (t, 3H), 3.60-3.86 (m, 21H), 4.06 (p, 2H). 4.85 (s. 2H),
7.32 (q of t, 1H), 7.52 (t, 1H), 7.63 (t, 1H), 7.90 (q of d, 1H). Anal. Calcd for
C20H33O9P: C. 53.57; H, 7.42. Found: C, 53.52; H, 7.53.
Monoethyl 2-f(Oxymethyl-18-crQwn 6)
methvl]benzene phosphonate (80c)
Diethyl phosphonate crown ether 79c (0.50 g, 0.96 mmol) and sodium
hydroxide (0.080 g, 1.92 mmol) in 95% ethanol (10 mL) gave 80c (0.45 g,
95%) as acolorless oil. IR (neat): 3428 (0-H), 1352 (P=0), 1110 (P-0) cm-i.
IH NMR (CDCI3): 5 1.31 (t, 3H), 3.61-3.85 (m, 25H). 4.08 (p,2H), 4.82 (d,
1H), 4.88 (d, 1H), 7.34 (q of t, 1H), 7.52 (t of 1.1H), 7.58 (t. 1H). 7.92 (q of d,
IH), 9.81 (brs, 1.2H). Anal. Calcd forC22H36O10P • 0.5 H2O: C. 52.75; H,
7.39. Found: 0, 52.52; H, 7.47.
IH NMR Sample Preparation and Experiments
Each of the monoethyl phosphonic acid crown ethers 80a-c (0.12 g)
and the benzoic acid crown ether 78c (0.12 g) were dissolved in chloroformd (6.0 mL containing 0.05% TMS). The solution was then divided into six
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shell-capped vials (1 mL of solution per vial) with one of the five anhydrous
metal carbonates (0.10 g) being added to each vial. The vials were capped
and the solutions stirred for one hour at room temperature. The sclutions
were then filtered directly into the NMR tubes by use of disposable pipets
packed with glass wool and a short bed of Celite filter aid. ""H NMR
spectroscopy was performed with the IBM AF-300 spectrometer.
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