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THE TEMPLATE EFFECT AND SYNTHESIS OF IONOPHOROUS
MACROCYCLES
by Brian Robert Bowsher

The template role of alkali and alkaline-~earth metals has been investi-
gated in detail for the synthesis of some unsubstituted cyclic poly-
ethers ~ 'crown ethers'. It was found that the concept 6f a template
effect was more applicable to the role of alkali metals than alkaline-
earth metals in the synthesis of crown ethers. The template effect
however should not be used in isoclation, but rather in conjunction with
other factors, such as the charge density of the cation, solvent
dependence and the base strength of the reaction medium in order to
maximise macrocyclic yields.

Optimum synthetic conditions were used to make a series of alkyl and
acid substituted crown ethers; chosen because of their similarity to
natural ionophorous antibiotics. The ion-transporting abilities of
these compounds was examined by use of a bulk chloroform membrane
experiment and liposome studies. In the bulk chloroform membrane
studies there was found to be a broad correlation between the fit of a
cation:icrown ether complex and the transport rate. The introduction
of lipophilic substituents decreased sodium and potassium transport,
but a certain degree of lipophilization assisted lithium transport.
Preliminary work on the synthesis of acid substituted crown ethers
suggested that transport may occur via a different mechanism from that
of crown ethers with non~ionizable functional groups. A limited study
of liposome experiments showed that bulk chloroform studies, whilst

very useful, may not be directly applicable to biological membranes.
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Further investigation showed the structure to be that of 2,3,11,12~
dibenzo~1,4,7,10,13,16 - hexaoxacyclo-octadeca - 2,11 - diene (1). In
classical papers, Pedersen22~26reported the synthesis of over fifty
macrocyclic polyethers, Due to the very cumbersome names given to the
polyethers by strict application of the IUPAC rules, Pedersen instigated
the use of the generic name ‘crown’ because of the similarity of CFK
molecular models to a regal crown and by the ability of these compounds

to *crown' cations by complexation. The names are made up of the ring
substituents, the total number of atoms in the polyether ring, ‘crown®

and the number of oxygen atoms in the ring. Thus (1) is dibenzo-18-crown=6.
Since this pioneering work, many more crown compounds have been synthesised
ranging from rings of nine to sixty members, Some of these are illustrated

in Plate 1.1,

1.2.2 Functionalized Crown Ethers

Functionalized crown ethers can be broadly divided into two groups -
those where the functionality is attached to an aromatic ring and is

generally introduced by reaction of the relevant crown ether, and those
where the functionality is directly attached to the carbon skeleton of the

crown ether and is generally introduced at an early stage before cyclization.
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Plate 1,1 Selected Macrocyclic Compounds




(13) (14,)
"H:HCHz")'n“

(18a) R = CHyCH,OMe
(18b) R = Q_OMG.CéHA
(18c) R = 'QOMG.CGHLF

(17a) X=CHy
(17h) X = CHpCHpCH?
(17¢) X = CHy0CH2CH)
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(37a) X=0
(31b) X=CHg
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and this has been utilized to provide a basis for selective extraction
and transport of alkali metal cations. The incorporation of nitrogen
into a crown ether skeleton gives a simple way of linking two
macrocycles as investigated by Lehn and co—workers,71 - This

is exemplified in structures (35)88 and (36)89 in Plate 1.1. Other
interesting macrocyclic compounds include the ‘multi~loop’ crown
ethers, as reported by Weber9o, e.g. (37), which couple macrocycles
by spiro carbon atoms. Recently a bicyclic compound (38)91 has been
reported to have an allosteric effect -~ the receptivity of one ether
ring towards a second Hg(CNzais enhanced by a factor of ten by the
binding of the first Hg(CN)Z . One most unusual multicyclic compound
(39) has recently been reportedgz. The synthesis of (brO)93 is most
interesting in that it contains both a nitrogen macrocycle and oxygen
macrocycles and so may independently bind both transition metal ions

and alkali and alkaline~earth cations.

1.2.6. Open Chain Analogues

The linear, non-cyclic macropolyethers have received considerable
attention due to their greater flexibility, and ability to form a
pseudo=-cyclic structure upon complexation in a similar way to'that of
the non-cyclic natural ionophorous antibiotics (see section 1.7.1).

The investigation into their synthesis and properties has been led

by VBgtle and co-workersgu - 96. In particular it has been found that
for successful binding at least one of the terminal groups of the

glymes should be a rigid donor group97 - 100, as epitomised by (41) - (43)
in Plate 1.1, 1In general, the simple oligo (ethylene glycol ethers),
e.g. (Wia), do not form stoichiometric complexes with Group 1A and 11A
cations, élthough an exception.to this is the formation of complexes

of heptaglyme with Ca(SCN), and Ba(SGN§299. Indeed recent studies® ' 0%+
102have shown the formation of stoichiometric alkaline~earth salt
complexes with the higher oligoethylene glycolsl()l. (#4b,n) 3); and

the lower glycols (44b,n) 0) have been demonstrated % to act as
lipophilizing and discriminating ligands for alkali and alkaline-earth
salts. One particularly interesting non~cyclic compound is (45}103
which is analogous to some natural ionophorous antibiotics - especially

A23187 ~ and exhibits selective cation transport against a concentration
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gradient., A further development is the synthesis of the non-cyclic,

three~dimensional analogue of the cryptands9a’1ou’1o5 as in (46),

1.2.7 Novel and Unusual ‘Crown Ethers?

Photochemical reactions often provide a useful synthetic route
86,87

N N N &
to unusual crown ethers. Some applications have already been examined
and the introduction of anthracenes dnto crown ethers to generate

. 06
'photo~crowns ® has recently been reviewed . Two further examples

A
are given in reactions*(l.ll)lo? and (1;12)10“ respectively,

Reaction (1.12) illustrates the introduction of a trans double bond

into the crown ether framework. Further examples of this type, of

the general structure (47) have been reportedlo9. The substitution

of the aza-linkage into the aromatic part of a crown ether has already

been referred to (86’87). This gives a chromophore which may be

sensitive to ion complexation, typified by (48)110. Further chromophorés
may be introduced, e.g. (49), and this whole field has been reviewedlll’llz.
Another modification is to introduce the azo group directly into the crown

ether framework, e.g. (50)113,
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The introduction of aromatic groups to a crown ether has led to
some interesting compounds. A series of crown ethers containing a
TV~donor sub-unit have been developedllu, e.g. (51), in order to
investigate the effect of the aromatic ring. Similarly Larson and
Sousa115 have determined the effect of alkali metal ion complexation
onto a crown ether containing naphthalene derivatives. Particularly
interesting compounds are the ‘rope-skipping’® crown ethers, e.g.
(52)1:L , which give various enantiomeric conformations. A similar
chemistry is observed for the introduction of bullvaleroc to give
crown ethers of fluctuating size, e.g. (53)117, A bipyridyl moiety
has been introduced into a crown ether, (54)11‘, so as to give
potential binding sites for both alkali and transition metal ions
(cf ref.94)., Further to section 1.2.6, other novel multicyclic
macrocyles include (55)119, and (56)12O

veratrylene skeleton.

which incorporates a tri-

Cram and co~worker5121m3 have designed a series of ligands,
exemplified by (57) and (58). Unlike the crown ethers, these contain
an enforced cavity by means of a rigid support structure, and can
selectively bind alkali metal ions. The ferrocene unit has been
introduced into crown ethers, e.g. (59)12a’125, to give a novel
series of macrocyclic compounds. Finally, a complex macrocyélic
structure incorporating two diaza crown ethers, (60), has been
synthesi596126 to act as an analogue of the actinomycins.

1.3 SYNTHESIS OF CROWN ETHERSC'21127159,09,127

Four different methods of producing the aromatic cyclic polyethers

were given by Pedersen21’53’26 as represented in Scheme(1l.1).
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Scheme (1.1)

R,S,T,U and V are divalent organic groups, generally of the type
~(CH,CH,0) CH,CH,~. In method (b) S and T may or may not be
jdentical. This method is perhaps the most versatile for the
synthesis of crown compounds containing two or more aromatic groups,
particularly Dr an odd number of oxygen atoms in the polyether ring,
Partially, or fully saturated crown compounds are prepared from the
corresponding aromatic cyclic polyether by catalytic hydrogenation,
typically in n~butanol at 100°C and 7 - 10 atm. over a ruthenium
catalyst.

More recently, the yield of 18-crown-6, which originally was 2%,

was greatly improved by utilization of a potassium templatelz8

according to Scheme (1.2).
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TBuok
5olven+

Scheme (1.2)

An excellent method of isclation of 18-crown=6,(3), has been reported

by Cram 129 which utlllzgs an acetonitrile~ crown ether complex,

Liotta and co-workers have shown the use of Na and Ll templates

in similar Williamson ether type syntheses of 15=crown=~5,(2), and

12~crown-l4,(5), respectively. The synthesis of 18-crown=6 and especially
15-crown~5 has been improved by Reese 131 by the use of an excess of

bis (Zochloroethyl) ether with the relevant polyethylene glycol
(see Chapter 2).

4 different approach to the synthesis of crown ethers has been
formulated by Dale and co-workerqu? N 13@. This involves the
oligomerization of ethylene oxide using BFB in the presence of
fluoroborate, fluorophosphate and fluorcantimonate salts of the
alkali, alkaline-earth and transition metals., The product ratio is.
dependent on the choice of cation, although ylelds are only about

10% based on ethylene oxide,

A 11t template was thought to be operating for the formation

of the furan macrocycle (24) in the acid-catalyzed condensation of furan

135

and acetone ~~, as in reaction (1.13).
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(1.13)

More recently transition metal ions have been shown to act as templates
136 137,138

in this synthesis . This reaction has been thoroughly investigated

(see section 2.3.2).
A template synthesis using group 1A metal ions has been developed

by Reinhoudt and co»workers,lBg’l&o which produces novel crown compounds

from benzenes, furans and thiophenes as in reaction (1.14)

t
@: . HO(CH,CHpO),H  2KOBY
30— 60’

(1.14)

The same group of workers have also investigatedlul the use of metal

fluorides as base in the template synthesis of crown ethers (see
Section 2.32). This has been extended by Ando et a1142 to the use of

potassium fluoride on alumina as base for the synthesis of some



unsubstituted crown ethers.

Recently the use of caesium salts in crown ether synthesis has
been reported143 where the dicaesium salts of various dihydric
phenols react with dibromo-polyethylene glycols to give crown ethers

as in reaction (1.15).

XC ?\;/D\jr
X H s
=G =
N7~y MeOH 7 Sz7yes o dof

2) X =Y=00),Z =CH
b) X = Y= 0m,Z = CH
¢) ¥ = 0,Y=C0gl0),7 =CH
115 d] X =v=0(23),Z=N

Because of its large size (see section 2.3.1), it is uncertain as to
whether Cs+ is acting as a template, although this seems likely as the
yields for n = 5 are greater than n = L which in turn are greater

than n = 3, and cst would give the best Tit to the cavity for n = 5.
The usé of alkali metal carbonates as templates has also been exploited
14k, 245 in the synthesis of diaza crown ethers (see section 2.3.3).

The use of Ba2+ and Sr2+ as template ions in crown ether syntheses
in agueous solution has been reportedlué, employing polyeﬁhylene glycol
monobromide, formed in situ from the dibromide by the action of
hydroxide ion. A similar method for the synthesis of unsubstituted
crown ethers from oligoethylene glycols by treatment with arenesulphonyl
or alkanesulphonyl chlorides in the presence of the suitible alkali
147

metal hydroxide or alkoxide template has been described and is
represented in Scheme (1.3). A similar method, starting from

reaction of a substituted epoxide and the relevant polyethylene glycol
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M=Na,K

Scheme(1.3)

has been useduO to give a series of substituted crown ethers, The
same researcher338’39 have used a novel approach to give substituted
macrocycles via polyethylene glycol f3 ~haloalkyl ethers prepared
from the coupled addition of halogen cation and polyethylene glycol
to a substituted olefin Esee section 3.1.2). As referred to earlier,
(1.2.2 (B)) kel et al Wi - 46)

Williamson ether approach in conjunction with the optium template
ion in order to give substituted crown ethers. It is worth noting

L4y, 148

that the template effect here 1s even more pronounced where

have utilized a traditional

the substituént contains donor groups which can further interact

with the metal cation and so enhance the template effect.

1.4 COMPLEXES OF CROWN ETHERS

The most striking property of the cyclic polyethers is their
0,56,69,149

ability to complex various spec1es . These complexes
will be classified as: alkali and alkaline-earth, other metals

(lanthanides, actinides, transition metals), host~guest complexes



o G

(complexation to protonated amines, neutral molecules) and anion

bound complexes.

1.4,1 Complexes of Crown Fthers with Alkeli and Alkaline-Earth Cations

Since the discovery of crown ethers and the realization that they

23,2
could complex to alkali metal cations 3,26

17,150~156

has been devoted to this area . Pedersen described four

a great deal of research

situations which can be used for the detection or measurement of metal

ion complexation:
1) Observation of changes in the ultra-violet spectra of aromatic
crown ethers
ii) Observation of changes in the solubilisation of salts and crown
compounds in different solvents
iii) The isolation of crystalline complexes

157

iv) Two phase liquid extraction ' - see section 1.5.3.

Initially it was thought22’23 that the stoichiometry of the
complexes was 1 : 1, but later investigations have shown this not
always to be the case: 2 ¢ 1, 3 ¢ 2, # : 3 and 1 : 2 polyether: metal
cation complexes have been isolated. In general the type of complex
can be predicted from an examination of the relative sizes of the
macrocyclic cavity and ionic diameter of the cation. The diameter
of selected cations is given in Table 1.1158 and the diameter of

158 :
selected crown ethers is given in Table 1.2 5).

Table 1.1 Tonic diameter of selected Group IA and IIA Cation5158 in

Angstroms
Lit 1.36
wat 1.94 Mg2+ 1.30
gt 2,66 N 1.98
mot 2.9k et 2.26
cs ™ 3.3 Ba®t 2.68




Table 1.2 Cavity diameters of selected Crown Ethersl58 in Angstroms
A1l 12-crown~l 1.2 = 1.5
All 15-crown=5 1.7 -~ 2.2
A1l 18-crown-6 2.6 = 3.2
All 2l=-crown=7 3.4 - 4.3

Tn general, particularly for the alkali metal cations, if the size of
the metal cation is similar to that of the macrocyclic cavity a 1 ¢ 1
complex will be formed with the cation sitting in the centre of the
cavity. This has been confirmed by X-ray crystallographic studies

of the complexes - much work being done in this field by Truter

and co-workersl5o’l52’159, However this is not always the case.

For example the complex formed by rubidium thiocyanate and dibenzo-
18-crown~6 was found by X-ray studiesléo to have the rubidium ion

at the exact centre, but just above, the macrocyclic plane.

Where the polyether ring is substantially larger than the cation
this gives, in general, two possible modes of complexation. Firstly
the macrocycle may undergo a conformational change to wrap around
the cation. The classic example of thislél is that of potassium
jodide with dibengo-30-crown~10 (8), where the potassium ion is
totally encapsulated by the crown ether, co-ordinating to every
oxygen of the polyether ring, Secondly a 2 : 1 metal ion: polyether
will result. An example of this is the complex formed between dibenzo-
30~crown~10 and two molecules of sodium isothiocyanateléz. Similar cases

of binuclear compounds are found in mixed donor, Schiff base ligands,
a recent example is (61)163 which can complex two Cu2+ ions. The field

73

of dinuclear cryptates has recently been reviewed 7.
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Conversely, when the polyether ring is substantially smaller
than the cation, this generally gives rise to a sandwich type complex
where the cation is between two polyether units. An example of this
is the 2 : 1 sandwich complex formed between benzo-l5-crown-5 (7) and

2

potassium iodideléq, where the cation is located between the two

parallel macrocycles.

Whilst the idea of cavity diameter: cation diameter to determine
the stoichiometry and nature of complexes has in general been very
successful for the alkali cations, there are exceptions. For example
the formation of 1 : 1 complexes of the thallous ion with benzo~«15~orown~5l 5

s

as compared with 1 : 2 sandwich complexes formed with the similar

1

e
sized potassium ion with the same crown etherléj, Further examples
. . 17,156,166,167 . . .
are given by Poonia et al in reviews of the subject.

The concept breaks down even more when examining the structures of
complexes formed by the alkaline~earth cations, particularly Mg2+ and
ca?t 17,156,166,167 found
that complexation of magnesium and calcium was difficult due to the

high charge density of these cations which favoured a higher

, with crown ethers. Poonia and co~workers

interaction with the counter-ion. Indeed, the anion-philicity of
calcium is such that a complex has been reported168 where the calcium
is in an exclusive anion~solvent environment, despite the presence of
benzo~l5=crown~5 which has the right cavity size for calcium. The
synthesis of calcium and magnesium complexes with crown ethers is
possible only when the crown ether is potentially nucleophilic, and
such factors as the nature of the counter-ion, which should favour
solubilisation of the salt in an organic environment, and the polarity

of the solvent greatly influence complexation (see section 2.3.1).

Hence, in summary, although the relative sizes of the cation and
crown cavity are a useful guide to the nature of complexation, other
factors, particularly the charge density of the metal cation, the
nature of the anion, the solvent, and extent of solvation of the ion

and the binding sites, must be considered.
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1.4.2 Complexes of Crown Ethers with Other Metal Tons

A. Transition Metals Although there are innumerable transition metal

complexes with nitrogen donor and mixed donor macrocycles, because of
the very weak affinity of the ‘soft' transition metal ions for the ‘hard®
oxygen donors, there are very few reported complexes with purely oxygen

containing crown ethers. Most of the complexes reported do not have the

metal ion sitting in the cavity of the macrocycle, but rather placed
between two cyclic polyethers in a sandwich type structure so as to

achieve optimum octahedral co~ordination. The first example of

such a complex is between dicyclohexyl-18-crown-6 (4) and C02+ 169‘
1709 examples are

172 562% Litn

Similar non-inclusive complexes have been reported
those of Mn2+ with l8~crown»6,171 Gu2+ with 15-crovwn=>5,
18=crown~6 and dibenzo»lB»crown»6173; and the X-ray structures were very
recently reportedl74 for non-inclusive P%2+ complexes with 1%crown-6,
Although rare, some inclusive complexes of the transition metal ions
have been reported, for example those formed by niobium and tantalum
with dibenzo~l3-crown=6, 18-crown-6 and 15~crown~5.175 and the complex

formed by ng+ with the acyclic polyether 1, 15-bis (2-bromophenyl)-2,5,

8,11,14 - pentaoxapentadecanel76¢

B, Ianthanide Metals After complexes of crown ethers with alkali and

alkaline~earth cations, the complexes of the lanthanide metals have
been the most widely studied. Two important general features arel77:
i) Complexation behaviour depends on cavity size
ii) A1l crown ethers stabilize the 42 oxidatidn state in preference to +3.
Another interesting feature is the common occurrence of the unusual 4 : 3
metal ion : crown complex in addition t& the 1 : 1 complex for most of
the lanthanide metals. This has been investigated for the lanthanide
nitrates with 15-crown-5 and 18mcrown~6178 igd the lanthanide perchlorates
9

and nitrates with 12~crown-4 and 15-crown-5 The sandwich complexes

of 12=crown~4 with lanthanide salts have been investigatedl(o and show
dependence on the anion, Whereas Nd(NOB)3 generates a 1 : 1 complex,
perchlorate salts of La, Pr, Eu, Ho, Er, Tm and Yb generate 1 : 2
complexes, This is atﬁributedlgo to the very weak complexing properties
of Cloa, whereas NOS competes favourably with the polyether for
complexation. The complexation of Sm is noteworthlel as it is a
useful probe for transuranic elements. Complexation of lanthanides

with croun ethers often gives rise to unusual spectral properties. For
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example, there are remarkable changes in charge transfer, £f-d and f=f
transition5182’183, and the quantum yields for photoreductlon of Eu3+
are dramatically increased in the presence of 13mcrown«6

confirming the potential of the crown ethers to stabilize the +2
oxidation state. Some aspects of the complexation of lanthanides with
crown ethers have been reviewedlsg, In summary, lanthanide
complexation is, like that of the alkall and alkaline~earth cations,
not as simple.as it might first appear. Complexation depends on

not only the dimensions of the macrocyclic cavity, but also the
rigidity of the macrocycle, the nature of its donor atoms and as the
complexing properties of the counter-ion. It is worth noting that

the most stable rare-earth complexes known are formed by the tetra-

177, 184

acetic, tetra~aza macrocycle (62)

oot N\ \/CooH
(62 )

CooH / N/ \ fO2H
which might have great potential in separating rare earth ions from
transition and alkali metal ions.
¢. Actinides Practically the only actinide to receive attention
with respect to crown ether complexation has been uranium 85, which
forms both inclusive and exclusive complexes. Interest has centred
on the ability of crown ethers to stablllze various oxidation states:
e.f. UVI, asin UOZ (vo )2 18 crown~6
UV, formed by the photoreductlon of UO2 18~crown~6 (0104)2,
Ulf, as in UCL,. d:cchOhexy1w18~crown~6 8
UIII? as in U013, 18~crown=6 or U(BH@)B
Indeed a case has been reported 90 of uranium™ insertion into

18-crown~6 with co-existence of the metal in two oxidation states in

187

69,

18»0rown~

the complex,
D. *p* Block Hlements The thallium cation, TL', which, due to the
2+, which has a

inert s pair effect has a similar size to K 191, and P
similar size to Sr?+, are gquite similar to the alkali and alkaline-
earth cations in their macrocyclic binding properties and tend to
form complexes even more stable than those of other metal ions of

- . 192 . . .
similar size 9 . However, with these exceptions, very little work
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has been done on the other °*p*® block metallic elements, TinI complexes

. . \ 2
with 18~croun~6 and dibenzo-18~crown-6 have been examined 93 a3 have

/
A1CL,, complexes with crown etherslgp. In the latter case it was found

3

that of a variety of crown ethers, only benzo-l5=-crown=5 and those
with an electron releasing substituent formed complexes with AlClB.

1.4.3. Host-Guest Complexes

A. Protonated Amines Since the ammonium ion resembles the potassium

ion with respect to charge and size, it is not surprising that it
forms similar complexes with the cyclic molyethers, Complexes are
formed in organic media with molecules containing guanidinium,
195

arenediazonium and primary and secondary ammonium groups The

complexation of potonated amines, RNH;, by crown ethers differs in

many aspects from complexation of metal cations56. Whereas metal
cations derive most of their binding energy through electrostatic
forces, complexes with ammonium ions are also stabilized through
hydrogen bonds. Hence the favoured complexation is one that gives
maximum hydrogen bonding, and this is illustrated for (63) and (é4) for

a primary amine complex with 18~-crown~6 and guanidinium with tribenzo-

27mcrown~9196 respectively, Although not illustrated, it should be
noted that further stabilization arises from electrostatic interactions
of the remaining ether oxygens with the hydrogens. Structural variations
~ particularly the introduction of chirality (as in 1.2.4) - gives a

potential method of resolving different cnantiomers of amino acids due



to different complexations, and this has been developed in the main
by Cram and co~workers57’58. The effect of the organic *R* group on
the stability of ammonium complexes of 18~crown~-6 has been invesﬁigaﬁedlg?;
and it was found that formation constants decrease in the order NHZ »

HNH; :} HZNH; ;5 RBNH+ , the association constants for alkylammonium

ions being about one hundreth that of K+ . Some of the most studied
host~-guest complexes are those of the alkyl-and aryl-diazonium salts

5 B . . : . .
56,2.98-200 The structure of the arene~diazonium complex is shown below géj)ﬁ

?

2l~crown~7 is actually the nreferred host for most diagonium salts.

In summary, the discrimination arising from a combination of
macrocyclic cavity size and choice of lateral interactions between the
ligand and the substrate should lead to selective complexing agents for
a wide variety of molecules with many potential applications.

B, Neutral Moleoules56’112 Shortly after crown ethers were first
synthesized, DPedersen 201 reported on a number of crystalline complexes

of thiourea and related molecules of no fixed stoichiometry with the

crown ethers, However, until recently, 1ittle work had been done on

the complexation of crown ethers with neutral molecules despite the
knowledgelz9 that acetonitrile formed a solid adduct with 13~crown=6
(used to purify the polyether)., However, there has been an upsurge

of interest in this field and a whole host of neutral molecules have
recently been reporiedzoz -204 which stoichiometrically complex to

crown ethers, These include benzenesulphonamidegoz, urea, malodinitrile,
dimethylsulphoxide, formamide and dimethyl formamide. Recently 1 : 2
host:guest compounds of 18~crown~6 and 2,4-dinitrophenyl hydrazine were
reported205 and one interesting development is the first repor’i;zo6 of
an inclusive complex formed by alirvhatic alcohels with a pyridino

crown ether. One potentially very useful application is the fixation
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of volatile, highly toxic alkylating and acylating reagents by crown
ether complexationllz’zof Such molecules as dimethyl sulphate, N,N-

dimethyl nitrosamine, mesyl chloride, mesyl bromide and acetic anhydride
can be complexed to crown ethers and used as the solid complex without

any loss of efficiency.

1.4.4 Anion Binding Crown Type Compounds

Although crown ethers and similar compounds predominately complex
positively charged, or neutral,species some compounds have been
developed which can bind anions. This work has been done mainly by Lehn
and co~worker5208”211, some of the tynical anion-co~ordinating species
are given in Plate 1.2. Typlcally the monocyclic species can bind to
complex anions such as soi”, oxalate, malona’i;ep succin?te, tagtrateﬁn
maleate, fumavate, squarate, citrate, Co(Cﬁ)g", Fe(GN)g", AMPdmg AP,
and ATEH" whereas the multicyclic compounds e.g. (62) are more suited

for the small mono-~anions such as C1 , F , or Br .
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Plate 1.2 Selected Anion Binding Macrocycles






























Cyclodeps_ipeptld.es















M.de


















M.de
M.de


































b

Table 2.1 Yields of 15-crown-5 with various metal hydroxides in
a series of experiments

Base Yield(%) Base Yield (%)
Li0H 5 b - Me(en), 1 2
NaOH 36 41 139 ca(OH), 1 3
KOH 15 2L 19 Sr(OH)Z L b
RbOH 15 15 - Ba(0H), 5 8
CsOH 10 11 14

T10H 17 20 = NBu,OH 1 1




Table 2.2 Yields“of 18-crown-6 with various metal hydroxides in a
series of experiments

Base Yield (%) Base Yield(%)
LiOH 1 2 2 Mg ( DH)Z - 1 2
NaOH 14 1717 Ca(OH), - 2 3
KOH 27 29 34 Sr(OH)2 £ 10 9
RbOH - 20 27 Ba(CH), - 20 25
CsOH 18 17 20

T10H - 29 26 NBu' },0H 2 6 5
a

Data in part from Ref. 20
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Table 2,3 Yields of 1l5-crown-5 from cyclization of compound (73)

Base vield (%)
LioH 3
NaOH 30
KOH 15
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Table 2.4 Yields of 12-crown=4 with various bases in increasing
basicity MOH to MH in a series of experiments

Base Yield (%) Base vield (%)*
LiOH 0 - NaOH o(4) 1(4)
LiOMe 6 10 NaOMe 4(183) L(22)
LiHP 10 15 NaH 6(11)  5(7)

& pigures parentheses represent yields of 2becrown-3

Use of dmso as solvent, rather than dioxan, gave 12-crovm=i
in a yield of 24%.



Table 2.5 Yields of 15-crown-5 with various bases in increasing
basicity NaF to NaH in a series of experiments

Base Yield (%)
NaF 0 - -
NaOH 36 41 39
NaOlMe 65 66 -
NaNH, 50 Ly -
NaXi 30 s+ b3
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Figure 2.3 The Template Effect of Alkali and Alkaline-earth cations
in the formation of benzo-18-crown-6 in methanol (from

Ref.27)



of the alkaline-earth cations as templating agents - exemplified

by strontium - in these kinetic studies. This was attribuiedz? to
the facidity~-enhancing® ability of the alkaline-earth cations (about
103 times that of the alkall cations for the model compound

© - HOCgH, - (OCHZGHZ)Q OCHB) in conjunction with proximity effects,

Finally, the results, Table 2.3, for the cyclization of li-chloro~
3,6,9,12~tetraoxatetra~decan~-1-0l (73) to give 15-crown~5, where only
one disPIacément reaction occurs, are similar to those obtained for
the production of 15=-crown-5 from triethylene glycol and bis
(Zvchloroqthyl) ether, where two displacement reactions occur . This
suggests that the mechanism for the template effect is to complex
the intermediate species before the second leaving group is displaced -

in agreement with the mechanism proposed by Greenezzg

2.3.2 The Effect of Base

The action of metal salts in the acid catalyzed condensation of

acetone with furan to give the cyclic tetramer (24), as in reaction

£

2.6, has been reportedlB to affect the acidity, or ilonic strength, of

M = alkali,alkaline-earth or transition metal ion

e

X = C1-, Br~, I7, SCN", or 0102

the reaction medium rather than to involve a template role for the
netal ions. The reaction is favoured by the use of strong acid (HC104) &
and salts which further increase the acidity of the medium accoxding

to Hguation 2.128, will also increase the yield of the furan-acetone



-7 B

macrocycle. In general, salts with

pH = pHo - 0.05551_ (87 8 ) [nf _ nT

m 8 ":;-—-»"

T T

pHm = pH to which a salt of concentration M has been added
pHo = pH of acid B
8+,8~ = charges of cation and anion of salt
rT,r~ = ionic radii of eation,anion of salt
hT,h” = functions of hydration requirement of ions

Equation 2.1

a cation of small radius and high hydration function and anions which
are poorly hydrated, e.g. LiCIOM, will increase the acidity and hence
the yield of the macrocycle. It can also be seen that there is & close
correlation between some of the parameters in Iquation 2.1, and those
that fulfill the requirements for a template action, thus explaining

the initial proposal of a template effect.

It was thought that a sinilar effect may be responsible for the
yields of 15-crown-5 and 18-crown-6, that is the predominant factor
in determining the yield of the product would be the strength of the
base., In this connection, it should be noted that the basicity of
the alkali and alkaline-earth metal hydroxides increases with lonic
diameter, Table 2.629g It can also be seen that the basicity of the
alkali metal hydroxides is substantially higher than the corresponding
alkaline-earth metal hydroxides. It is therefore probable that base
strength is a contributory factor to the asymmetry of Figures 2.1 and 2.2
for the alkali metal hydroxides,as well as explaining the increased
yields for the higher alkaline-earth metal hydroxides, Ba(OH)Z and
Sr(OH)Z, compared with Ca(OH), and Mg(OH), .

Further examination of the effect of base, utilizing a common,
ideal templating, cation in the synthesis of l5-crown~5, see Table 2.5,
shows a strong dependence on base strength. This ranges from the |
zero yield with NaF, which presumably is not a strong enough base to
promote anion formation - unlike the fluorides of potassium,
rubidium and caesium5, to a maximum yield of 66% achieved with



Table 2.6 pKa values of var%ous alkali and alkaline-earth metal
hydroxides (at 25°C, in water), from Ref, 29.

Base pKa Base Ka
LiOH 13.82 Mg (OH), 11.42
NaOH 14.77 Ca(0H), 12.9
KOH 16.0 Ba(OH)2 13.36
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NaOMe which has a basicity of approximately 103 times that of NaOHBO«

There does seem to be an optium base strength as illustrated by the
use of the very strong bases NaNHZ and NaH where the yield of
15-crown-5 was lower than for NaOMe. For NaNHZ and NaH complete
dissociation occurs and the production of a large amount of. polymer
indjcates the lowered effectiveness of any co-ordination template
effect.

The importance of base strength is exemplified in the synthesis
of 12-crown-4, as shown in Table 2.4, with the strongest base, LiH,
giving the maximum yield of cyclic polyether. Similarly the yield
of 2lecrown-~8 was maximised with the optium base, NaOMe, where,
because of the template effect, the larger macrocycle was synthesized
in preference to lZucrown»421, These results may also explain the
unusual results of Liotta ggmg;l7, reaction 2.4, where perhaps the
addition of LiCl10, increased the ionic strength or basicity of the
reaction medium, according to Equation 2.1, and thus favoured
macrocycle formation. It also explains why the use of LiOH failed
to give the desired product because, despite the template effect, it

simply was not a strong enough base.

2.3.3 The Effect of Other Factors

The effect of solvent is a very important factor in giving
various erown ether-cation complexes, e.g. a polar solvent may
favour the stability of the complex, It was found that7’25 for
such complexes the selectivity of the crown ether for a larger over
a smaller cation is enhanced as the solvating ability or donicity of
the medium decreases, so that solvent competition towards M -crown
ether interaction is reduced, This has been confimmed by various
determinations of cation selectivity towards crown ethers,
particularly utilizing alkali metal nuclear magnetic resonance
spectroscopy31 (see section 1.5.1). The same effect may be extended
to the use of solvent in crown ether syntheses,  The use of water as
a medium for the barium template synthesis of crown ethers has been
discussedlo. The synthesis of the diaza crown ether (75) by Kulstad
and MalmstenBz, reaction 2.7, ably illustrates the effect of solvent,
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see Table 2.7, for the yields in various solvents with various alkall
metal carbonates. As can be seen, in the protic solvent methanol,

HZN/ \j/ V \HZ MQCOB N
m solvent

M2CO3 3 H H (2.7)

(75)

the yield is very low compared to the aprotic solvents glyme and
dioxan. Complex formation with the intermediate species (74) is at
an optium when the interaction between the metal ion and solvent is
weak, thus giving maximum yields, and this is illustrated by the
use of acetonitrile which does not solvate alkali metal ione as
strongly as glyme and dioxan, giving higher yields, with a maximunm
at sodium, than the other solventsBz. This reaction is also

. noteworthy in its novel application of metal carbonates as non-
nucleophilic bases which also provide the template ion after reaction

with the ammonium salt formed.

Returning to reaction 2.4, this reaction again illustrates the

importance of solvent in the synthesis of crown ethers. Liotta and
co~workersl7 found that the synthesis of 12-crown-4 failed to proceed
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Table 2.7 The yield of diaza crown ether (75) in various solvents
using different alkall metal carbonates, from Zef.3Z.

Solvent | Ls,C0, Na,CO, K,C0, Cs 00,

Acetonitrile 6 Ll 27 15

1,2-Dimethoxy~ - 8 2l 15
ethane

Dioxan - 16 24 -

Methanol - - 5 -




in tetrahydrofuran and only went satisfac%orily is dimethyl
sulphoxide. Similarly the work presented in this thesis, see Table
2,4, having found the oﬁtimum base, LiH, gave a substantially higher
yield of 12-crown-4 in dimethyl sulphoxide (24%) than in dioxan (13%).
This is probably due to dimethyl sulphoxide being a more polar solvent
than dioxan'and consequently favouring the stability of the
intermediate complex. However it is worth noting that the basicity
increases by a factor of ILO:LLL in going from a solution of 0.011 mol
dn> tetramethylammonium hydroxide to a 95% dimethyl sulphoxide
solutionBO, due to the dimethyl sulphoxide and hydroxide ions
competing for the solvent water, giving a less hydrogen bohded, more
reactive hydroxide species as the amount of dimethyl sulphoxide is
increased, Furthermore the addition of dimethyl sulphoxide to a
solution of sodium methoxide in methanol results in a 107 increase

in basicityBO as it changes from a solvent of pure water to 95%
dimethyl sulphoxide, again due to the increased alkoxide ion activity.

So again, this effect may be important in the synthesis of 12~crown~4,

Another factor that would seem to affect the synthesis of ¢rown
ethers is the reaction temperature. This was found to be the case33
for the cyclization of oligoethylene glycol monotosylates in dioxan.
Not only did this confirm the classical template effect with KNaOH
preferentially catalyzing the synthesis of 15-crown-5 over KOH, and
the reverse being true for 18~crown-6, but also an optimum temperature
of about 60°C was observed for maximum yield of both crown ethers.
Temperature will also affect the basicity of a systemBO, but this

effect is small and would not appear to apply in these systenms.
2.4 CONCLUSION

In conclusion, metal ion template enhancement of reactions
cannot be treated as theonly important factor in the syhthesis of
crown ethers, This is not to underestimate its potential use and
conceptual value; indeed it has remarkable applications, particularly
vwhen using alkali metal hydroxides although it does begin to break
down with other compounds, notably the lower alkaline-earth metal
hydroxides. Rather, it should be used in conjunction with other

factors, apart from the size of the metal cation in relation to the



size of the crown ether cavity, such as the charge density of the
cation, solvent dependence, and, perhaps above all, the base strength

of the reaction medium.
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CHATTLR 3

THE SYNTHESIS AND IONOPHO:0US PROPERTIES OF SOME SUBSTITUTED
CROWN ETHERS

3.1 INTR0DUCTION

Whilst much of the interest in crown ethers has been due to
their similarity to natural ionophorous antibiotics, it had been noted
that preliminary results for the ion-transnorting abilities of crown
ethers had been disappointing when compared with these antibioticslﬂ5.
However one compound which showed movre notential as a model ionophore
was bis L butylcyclohexyl=18=crown=6, (11),Plate 1.16’7. This vas
attributed to its greater linophilicity, causing greater nartitioning
into an organic phase than the corresponding unéubstituted
dicyclohexyl=18=crown-6, and therefore enhancing the conductance of
the bilayer membraneé’7. Similarly it had been found that organophilic
crown ethers were most successful as phase transfer agentsﬂ,
Consequently it was decided to synthesize a series of alkyl substituted

crown ethers of the tyve (76) ~ (78). TParticular emvhases was placed

(7)) n=20
R (77) n=1
' (7°) n=2

on substituted 15-crown~-5 ethers (77) due to their specificity for Na+,
a property which many of the natural antibiotics, with the exception

of monensin, do not nossess.

- The synthesis of a series of carboxylic acid substituted crown

ethers, as below, based on the l5~crown-5 skeleton, was also attempted.

+ References for this chapter can be found on mage - 123,
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Figure 3.1 Liposome Experiments
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Table 3.1 Alkyl- Substituted Crown Ethers Prepared in this Study
Substituent "1 2—crown~* "15-crown=5" “lﬂ«cro?nwég
(76) (77) (79)
a) CHy- v v -
b) CoHom - y -
C) CRle?“" L \/ -
X
d) CypHyy~ - v v
e) 014}129.’ - \/ had
X X
/
g) C6H5~ % J o
J Prepared by method of Scheme 3.2

Crude product

Prepared by method of

Q
19}
Scheme 3.1
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" Pable 3.3 Rate of Transnort of Various Crown Bthers for Lithium, Sodium
and Potassium picrates

VIonophore tate of Transport, (moles x i!_Omé/gxr)
Li Ha K

b~crown~2 (Dioxan) 0.1(+ 0.1) 0(+ 0.1) 0 (+ 0.1)
tetraethyleneglycol 0.1 (+ 0.1) 0(+0.1) 0 (+0.1)
12=-crown~4 (5) L5 (+ 0.2) 34 (+5) 3 (+ 0.2)
15=crown~5 (2) 2.7 (+ 0.3) 210 (+ 10) 62 (+ 5)
18-crown-6 (3) 15 (+ 1.0) 230 (+ 15) 140 (+ 40)
dibenzo~18-crown-6 (1) 1.3 (+ 0.2) 50 (+ 5) 50 (+ 20)
2becrown~3 (6) 0.9 (& 0.2) 16 (+ 2) 50 (+ 10)
tetroxaguaterene (24) 13 (+ 1) 17 (+ 2) 1.5 (+ 0.2)
CH3~15wcrown-—5 (772) 19 (+ 2) 150 (+ 10) b7 (+ 5)
02}15~15~crcwn-5 (77b) - 150 (+ 10) -
Cghy = 15-crown~5 (77¢) 2.0 (+ 0,2) 52 (+ 5) 30 (+ 5)
Cy oo =15=crown=5 (774) | 2.0 (4 0.2) bo (+ 5) 31 (+ 5)
Cl,+H29-15-crown-5 (77¢e) - 50 (+ 5) oo
C oty 15~crown=5 (77€) | 1.5 (+ 0.2) b2 (+ 5) 2 (+ )
Cglle=15=crown=5 (77g) 33 (+ 3) H0 (+10) 45 (£ 5)
Cy ol =13=crown~6 (78d) - 30 (+ 5) 30 (+ 5)
CogHyg ~18~crown=6 (7€) — 25 (+ 5) 20 (+ 5)
BZOCH,~15~crown~5 (99) 7 (+ 0.5) 125 (+ 15) s (+ 5)
HOCH,,~15~crown=5 (90) — 2ho (+ 20) 85 (+ 10)
HO,C~15~crown-5 (91)° _— 0 (+ 10) 50 (+ 10)
monensin® - 230 (+ 150) 25 (+ 15)

c . .
See text for explanation of mechanism

d Monensin concentration 10—5M, results then scaled up by a factor of 100,









Figure 3.3

w105

Schematic Renresentation of rarrier~Facilitated Transport

“through Chloroform Membrane
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Figure 3.4 Rate of Transnort of Sodium Picrate with 1l5~crown~5 Concentrat ic
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Figure 3.5 Variation of K+ transport across a CHC1., membrane with anlon
7

(all salts adjusted to a source phase concentration of 0,002M)
- from ref 37
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2
JM = Dc kX LT Ml Equation 3.1

= flux of salt across membrane

= diffusion coefficient of complexed salt

= partition coefficient of salt between water and membrane
= equilibrium constant for salt~carrier complexation
total carrier ligand concentration

= g¢ource~phase salt concentration

AT
1t

= membrane thickness

Firstly it should be noted that there is a linear relationship

between transport rate (J ) and ionophore concentration (L ), as

found for the transport of sodium picrate by different concentratlons

of 15~crown-5, Figure 3.4, This relationship also encompasses the
effect of anion which contributes to the partition coefficient (k)3

Tt should also be noted that for monovalent cation transport the flux

is varied as the square of the source-phase salt concentration,
although this begins to break down at high salt concentrations whereupon
the cation activity rather than concentration becomes more appropriateBB.
One particularly interesting feature of this equation is the correlation
of stability constants with transport rate. For maximum transport,

an optimum range in value of the cation~carrier complex stability
constant was shown to ex1st39 with cation transport decreasing rapidly
for stability constants outside this range. The maximum observed
transport occurred for carriers hav1ng log K H values from 5.5 to 6.0k
for k? and RbT and 6. 5 to 7.0 for Ba * and Sggg. For all cations little
or not transport occurred with carriers having log KMeOH less than

3.5 = 4.039. This is a particularly useful equation, but it should

be noted that although the introduction of an alkyl group has been
reportedzq not to substantially effect the complexing ability and
selectivity of crown ethers, clearly the introduction of an alkyl
substituent does have an effect on ion transport and this will be

discussed in the next section (section 3.3.1B).

B. Ionophorous Properties of Substituted and Unsubstituted Crown Ethers

The results, Table 3.3, for the unsubstituted crown ethers confirm those

of other workers26’27'38"uo with the best transport rate being achieved
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where the cation most closely fits the macrocycle, or provides the
optimum stability constant for complexation39. This is especially

. applicable for 1l5=crown-5 which preferentially transports Na+, and
24~crown~8 which preferentially transports kT, The one anomalous
result is that for 18-crown-6 which was repeatedly found to transport
Na© better than k*. This is in contrast to most of the reported
data39. However most of this data was concerned with more dilute
solutions, not approaching equilbrium, whereas the data in this study
is for far more concentrated solutions, where equilibrium was often
reached within hours. Two important points deserve consideration.
Firstly 18-crown~6 is soluble in wau;erLEL and consequently may affect
the concentration of ionophore in the membrane. Secondly, and most
importantly, an equilibrium situation was reached very quickly forK+
transport, see Figure 3.6, middle curve (O). Although it could

be seen, visually, that initial diffusion into the chloroform was

very rapid, and that the transport into the receiving phase after one
hour was the same as for sodium, equilibrium is reached‘with a large
proportion (W70%) of the potassium picrate in the chloroform layer.
Whereas it had generally been assumed that at final equilibrium all
the metal picrate would be in aqueous media, here this is not the case.
Support for these unusual observations has been found in a very recent
paper by Okada 33m2;42, who, whilst investigating related macrolides
containing tetrahydrofuran moieties, found that transport of potassium
picrate by 18-crown-6 ceased after only 35% of the picrate had been
transported into the receiving phase, despite, again, a very rapid
initial transport rate into the organic phase. This was attributed

to a rate~determining step of ion~release, due to the high specific
binding of 18~-crown-6 for K+, preventing transport through the organic

memnbrane.

Further examination of the results for the unsubstituted crown
ethers reveal that dibenzo~18-crown-6 transports Li+, Nat ana K at
a slower rate than the corresponding 18-crown~6, in agreement with
the work of lLamb §£“§l39. This might be due to an increase in the
lipophilicity, see later, but could equally be due to lower stability
constants for complexation, and could be related to the greater

rigidity of the aromatic structure,
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Figure 3.6 Transport of Li;Na and K Picrates by 18~-crown-6
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Tetraoxaquaterene (24) was found to be an effective transporter
for 1i¥ (about 3 x better than 12-crown-4, Table 3.3). This may be
due to the fact that tetraoxaquaterene offers aldrger macrocyclic
cavity which fits Li+ better than l2-crown-4. In a related study,
Bradshaw Einﬁiea have reported that the introduction of tetrahydrofuran
moiety to polyether-diester ligands assisted cation transport. Hence
this effect might be due to a change in the stability constant.
Another report of the transport properties of macrocycles composed
of tetrahydrofuran rings ' again stated that the best carrier was one
that formed a moderately stable rather than a very stable complex.

It should be noted that the effect of incorpoiiting tetrahydrofuranyl

units into crown ethers has been investigated -, where it was found

that it decreased the assoclation constants for complexation,

0f the remaining unsubstituted crown ethers, it is possible that
1,4-dioxan (6~crown-2) is showing a tendency to transport lithium,
possibly through the formation of a sandwich complex, but this may be
within the measuring error of the experiment. It is not surprising
that tetraethylene glycol does not transport the cations as it would
partition almost entirely into the water layer. Of the related
non-cyclic crown ethers, Lamb g§m§l39 reported that pentaglyme,
(44a), n = 3, Plate 1.1, preferentially transports Na+ over K+ but by a
factor of six times less than the equivalent cyclic crown ether.
Poonia gzmgiué similarly found that polyethylene glycols failed to
transport cations, but that dichloro~pentaethylene glycol transported
the cations more efficiently than the dichlorides of tetra~and tri-
ethylene glycol, The transfer selectivity was Li+>>Nd+>If+.

Examination of the results for the alkyl and phenyl.substituted

crown ethers, show that the introduction of a lipophilic group does not
seem to assist sodium or potassium transport. Rather, the effect seems

to make the ionophore more ready to remain in the chloroform layer; this
can be seen by the drop in transport rate as the length of hydrocarbon
chain increases, Indeed, the one case where a substituent increased

the rate of transport of Na' and X' was for hydroxymethyl-l5-crown-5 (90)
which contains a polar group. Although the addition of an alkyl
substituent has been reportedz4 not to greatly affect the binding constants

SN
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and therefore would not signifiéantly alter the equilibrium constant
for complexation (K) in Equation 3.1 - and therefore the rate of
transport - this does not apply to some of the other ionophores,

e.g. {772), (89), (90) and (91), For example Gokel ggwgllu‘have
determined the binding constant of hydroxymethyl-l5-crown~5 (90) to be
556 (90% w/v ag. MeOH at 25°) compared with 926 for 15~-crown~5 (2),

Tt would also be surprising if the introduction of an aromatic group

as in (77g) or (89) did not affect the binding constants and hence
transport rates. An insight into the results for the alkyl substituted
crown ethers is given by an examination in the i%terature of similar
ionophores. In particular Simon and co-workers
influence of lipophilicity on neutral ionophores, see compounds (69)
and (70). They have reported that the ionophores behaviour of a series
of lipophilic 3,6-dioxacctanedioic diamides vanished with increasing

have examined the

lipophilicity. This loss was shown to beq7 due to kinetic limitations
in the exchange reactions between the aqueous and membrane phases.
Similarly Tashmukhamedova and co~-workers48 have investigated the effect
of alkyl and aryl substituents on the ionophorous properties of
dibenzo-18-crown~6, and found that after an optimum chain length was
reached, transport declined as the lipophilicity was increased, A
further recent example is the synthesis49 of alkyl substituted di- and
tetra~ester cyclic polyethers (100) and (101). Only the dimer (101)
Ra_-H

(100)

i

b) R= CoHss
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was reported to trans?ort selectively but not very efficiemtlqu,

the K+ and NH& ions, but unfortunately no rates of transport were

given,

It is possible that the increase lipophilicity accounts for the
decreased rate of transport for sodium and potassium ions for the
cases of dibenzo-18-crown~6 : 18-crown~6 and tetraoxaquatereﬁe :
12~crown-i4, However in these cases, other factors, such as the
increased rigidity of conformation because of the aromatic sub-units
may well be equally iwportant. The introduction of alkyl and other
groups however does, to a certain extent, assist 37 transport. This
is exemplified by phenyl-l5wcrown=-5 (77g) which transports Li+ about
twelve times better than the corresponding unsubstituted 15~crown-5,
Similarly the introduction of a methyl group (77a) increases transport,
although the introduction of an octyl substitutent (77c) marginally
decreases Li+ transport, and larger hydrocarbon chains further decrease
transport relative to 15~crown-5. It is uncertain why these results
should contradict the transport of Na+ and K+, although it should be
noted that the rate of transport of Li+ is still small relative to
that for Na'. A further anomalous result is the relatively high
transport of it by 18-crown-6, when compared to l2-crown-l, 15-crown~5
and 24~crown-3. As before this might be due to the unusual behaviour
of 18-crown-6, but it is difficult to explain such an effect. The
unusual results for Li+ transport may reflect its unique position in
the series of alkali metals5o, in that many of its properties are co-
valent rather than ionic. Also Li' has a hydration number of 25.3
compared to Na¥ of 16.6 or kT of 10.545 and this would necessitate a
greater energy barrier to initial complexation. The anomalous chemistry
of lithium may well explain the lack of previous investigations into

crown ether complexes and transport properties.

In order to explain the results of transport for monensin, and
perhaps the acid substituted derivative (91), another mechanism for
ion=-transport, rather than that represented in Figure 3.3, needs to
be congidered. The mechanism of action of these charged ionophores

26,51

is thought to be as in Figure 3.7. Transport according to

Figure 3.7 can be considered as four discreet steps:-
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Figure 3.7 Transport of M+ by monensin through a chloroform membrane
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extraction of alkali and alkaline-earth cations from aqueous media
into chloroform by (103) did not involve the transfer of the counter-

anion.

In the study of (91) and monensin in this thesis, the picrate
anion was detected in the recelving phasé above the levels of a blank
experiment and therefore this result is in conflict with the reported
data. Tt should be emphasised that the results for monensin were
based on an ionophore concentration of 10"5M, compared with 1Of3M
for all other compounds, and then scaled up in order to provide a
comparison. In this way enormous error 15 built into the results, but
nonetheless the results are still significant, particularly for (91)
where this error factor is not introduced. There are three potential
explanations to account for the transference of anion which might

operate separately or, more likely, in conjunction with each other.

i) The picrate anion is simply so lipophilic, see Figure 3.5, that

it transfers through the chloroform membrane in addition to a transport
mechanism as in Figure 3.7 . |

i1) In conjunction with (i), the mechanism in Figure 3.7 inherently
nakes the source phase more acidic-generating picric acid. This then
might transfer through the chloroform membrane in a passive transport
mechanism in response to the pH gradient in association with the
active cation transportl .

iii) Despite the potential charged nature of the ionophore, the
mechanism adopted, particularly for (91) which can not stabilize a
cyclic structure through the carboxylate anion, is that of Figure 3.3
rather than Figure 3.7. That is, the free acid complexes the sodium
and the picrate anion transfers in association with the complex.
Results of a recent study by Wingfield and co-workers’? indicate that
this is the most 1likely possibility. They note that monensin forms
complexes with sodium either in the deprotonated form as monensim-.
Nat or as the free acid as in its complex with sodium bromide,
monensin H.NaBr, Furthermore in both structures, intramolecular
hydrogen bonding between a hydroxyl and a carboxy end group of the
ligand help to hold it in a cyclic conformation around the mnetal ion.

In addition to this observation, they53 synthesized a series of open
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chain polyether hydroxyacids of the type (104) as illustrated below.

R= CH2 GOZH

(104)

Again molecules of this type were found to complex with alkali metal
ions as the free acid, but not as the deprotonated species., In
addition, there was no evidence for hydrogen bonding to stabilize

the pseudo-cyclic conformation.  Assuming that complexation phenomena

can be correlated to transport efficiency, which is generally
applicable, see Equation 3.1, this indicates that acid substituted

crown ethers, specifically (91), would be able to transport as the

free acid and therefore co~transport the picrate anion as well.

It is apparent that further work is necessary to determine the
mode of action of these carboxylic ionophores. In particular, work

is in progress to determine the cation transport by other meanse.g.
atomic absorption, and to compare the results with those obtained from

this picrate study.

3.3.2 Liposome Experiments

Examination of the limited results produced by the liposome transport
experiments, Table 3.4, gives a‘completely different picture of ion-
transport than for the bulk liquid membrane exveriments, Here the
introduction of an alkyl substituent was found to be essential for
transport, and although the 13~crown~6 derivative (78f) showed the
expected selectivity for K+ over Na+, it was also found to predominately
transport Ca2+. It is apparent that the mode of transport in a bulk
chloroform membrane is not that adopted in a complex bilayer, which is

far more analagous to the biological membrane.
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Examination of a section of the liposome gives a cross-section
of the lipid-bilayer as shown in Figure 3.8(a)51’54. An energy profile
of a carrier molecule in a lipid bilayer is also shown, Figure 3.8(b)5 ,
together with the probable conformation of the uncomplexed eicosyl-
18-crown-6 (78f), Figure 3.3(c). Figure 3.3 demonstrates why 18~crown-6
fails to transport in these systems. As discussed, section 3.3.1b,
18-crown~6 is water SOIubleul and consequently its expected position
would be nearer the hydrophilic end of the bilayer. Therefore it
would not be favourable for 18~crown-6 to complex the cation and
cross the energy barrier, Figure 3.8(b), of the very hydrophobic region.
However the eicosyl substituted 18~crown~6 (78f) would be able to
pass through this hydrophobic reglon due to its greater lipophilicity.
It should be noted that this would not involve a 'flip-flop® motion
which is too sloqu, but more probably a conformational change as in |
Figure 3.9, so as to completely protect the cation during transport
through the hydrophobic region. This mechanism can be thought of as

four discreet steps:

1) Metal cation complexes with crown ether at first interface

2) Ionophore undergoes conformational change so as to pass through
hydrophobic region of membrane

3) Ion carrier complex changes conformation at second interface so
as to release cation

4) Tonophore diffuses back so as to repeat cycle.

The transport selectivity of (78f) for Ca2+, k" and wa© is
unexpected as 18-crown~-6, and presumably2 2~eicosyl=13~crown~6
preferentially bind K* over Na' and ca®t. It should be stressed that
good- binding is not a pre-requisite for good transport, indeed
semetimes the opposite is more accurate, c.f. K" transport by
18~crown-6 in bulk liquid membrane studies, section 3.3,1B, It is
important to note that the liposome experiments were competitive,
that is a choice of cations was offered to the carrier molecule,
whereas the bulk chloroform membrane experiments were for a single
cationic species, It had previously been fcundl7 that the
efficiencies and selectivities observed in competitive extractions

show marked differences from predic tions based on single ion extraction
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Figure 3.8 a) Schematic view of a liposome section
b) Energy profile of a carrier molecule in a 1ipid
bilayer membrane, from ref.5,
c) Possible conformation ofuncomplexed (72f) in a
lipid bilayer
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Figure 3,9 Suggested Hechanism of Transport by (751) through Bilayer
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results. Furthermore, at the pH used for the experiment, ethanolamine
is in a protonated form, and consequently the surface charge of the
bilayer5l’55 will influence transport by electrostatic effects. This
would be expected to affect Ca2+ transport more than the transnort

of K+'and Na+.

3.4 CONCLUSION

In summary, a range of substituted and unsubstituted crown ethers
have been synthesized and tested for their ionophorous properties by
the use of bulk chloroform membrane and liposome experiments. Some of
the results have been ambiguous, but certain general conclusions may

be drawn:

A Bulk Chloroform Membrane Studies
1) For the unsubstituted crown ethers there is a broad correlation

between the 'fit' or stability constant for a crown ether: cation
complex and the transport rate,

2) Introduction of an alkyl substituent decreases sodium and potassium
transport, but a certain degree of lipophilization favours lithium
transport, as demonstrated by phenyl-l5~-crown-5 (77g).

3) TIonophores containing ionizable functional groups may transport

x}g a different mechanism from that for non~ionizable functional groups,
particularly for monensin where hydrogen bonding from the acid group

to a hydroxy unit stabilizes a cyclic conformation. However, where this
is not possible as in (91), transport probably occurs via the free

acid, although the use of the very lipophilic picrate anion leads to

confusing results.

B. Liposome Experiments Results from a limited study of liposcme
experiments show that the bulk chloroform membrane studies, whilst in

themselves very useful, may not be directly applicable to biological

membranes.

Further studies in this area should be concerned with the
completion of the synthesis of the acid substituted crown ethers and

their subsequent binding properties. Multinuclear nmr studies (see
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Section 1.5.1) would seem ideal for this role. More work is also

needed to determine the ionophorous abilities of various substituted
crown ethers., In particular, emyhasis should be placed on carboxylic
acid substituted crown ethers in order to determine the ion~transporting
mechanism, and further liposome work to quantify the ionophorous
abilities of substituted crown ethers in a model more closely related

to biological membranes than chloroform.
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CHAPTER 4

EXPERIMENTAL

4.1 GENERAL

Proton nuclear magnetic resonance (NM3i) spectra were recorded
at 60 MHz on a Perkin Elmer R-12 spectrometer or at 90 MHz on a
Varian Associates E.M. 390 spectrometer in deuteriochloroform with
tetramethylsilane as an internal standard. The chemical shifts are
quoted as § value. Splitting patterns are designated as follows:
(s), singlet; (d), doublet; (t), triplet; (q), quartet; (d of 4),
doublet of doublets, (m), multiplet; (br), broad. Infrared (Ik)
spectra were recorded either on a Unicam SPR00.spectrophotometer or
on a Perkin Elmer 157 G spectrophotometer as thin films for oils and
liguids, or pujol mulls for solids. Absorption bands are given in
en "1, Intensities are described as strong (s), medium (m), weak (w)
and broad (br). Ultraviolet (UV) spectra were recorded on a Pye
Unican SP1800B spectrophotometer. Mass spectra (MS) were recorded
either on a Kratos~AEl MS12 spectrometer with a Digispec PDP8 data
system or on a Kratos-AEl MS30 spectrometer with a Digispec DS50 data
system, generally at an ionization potential of 70eV. The mass to
charge ratios of the major ion fragments together with those of

special significance, if any, are quoted with the intensities, expressed

as a peréentage of base peak intensity, in parentheses.

Melting points were determined with an Electrothermal melting
point apparatus and are uncorrected. FElemental analysis was carried
cut by ICI Ltd, Pharmaceuticals Division, Alderley Edge or using a

F. and M. Carbon Hydrogen Nitrogen Analyzer Model 1835.

Analytical thin layer chromatography (tlc) was performed on
Machery~Nagel precoated SIL G-50 UV254 plates. Compounds were
 visualised by observation under UV radiation or by exposure to iodine

vapour unless otherwise stated. Column chromatography was performed

references for this Chapter can be found on page 153.



with Grace standard silica gel, particle size 50 -~ 100,

Solvents were dried, where necessary, by published procedures

unless otherwise specified.

4,2 THE TEMPLATE SYNTHESIS OF UNSUBST ITUTED CROWN BTHIRS

1,4,7,10,13-pentaoxacyclopentadecane (2) Sodium Template A 500ml
three necked round~-bottomed flask, fitted with a mechanical stirrer,

a2 reflux condenser and a 100ml dropping funnel, was charged with
sodium hydroxide pellets (17.2g, 0.43mol), practical grade

triethylene glycol (10.8g, 0.125mol) and dioxan (90mls). The reaction
vessel was placed in a heating mantle and warmed gently with stirring.
After 15 mins. a solution of bis (2~chloroethyl) ether (44.7g, 0.3Mmol)
in dioxan (30mls) was added in a stream from the dropping funnel to
the vigorously stirred reactants. The reaction mixture was then heated
under reflux with stirring. The reaction was followed by thin-layer
chromatography ( Si gel, MeOH : CH,C1, (1 : 1 v/v) solvent) until the
disappearance of the glycol showed that the reaction was complete

(ca. 24h)., The products were cooled and evaporated under reduced
pressure to give a brown slurry to which dichloromethane (60mls)

was added. The resultant mixture was filtered and the residue washed
with dichloromethane (20mls). The combined filtrate and washings were
dried (MgSOu), evaporated under reduced pressure, and then carefullly
distilled through a lagged 10cm Vigreux column to give the cyclic
polyether as a colourless liquid. (10.3g, 39%).

B.p.110 - 120°% 2mn  (1it. = 96°/0.02mn)>

NMR 3.65(s), 204, CH,0CH,
MS 220(47), 133 (3%), 99 (35%), 45 (100%)
IR : 2880 (br.s), 1460 (m), 1360 (m), 1300 (m),

1250 (s), 1205 (w), 1120 (br.s), 970 (m),
9"4’0 (S)v 855 (m).

Use of Other Metal Hydroxidesz The synthesis of (2) was repeated

using equimolar quantities of the following metal hydroxides

(reagent grade from Aldrich Chemical Company or Alfa Products )
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: LiOH, KOH, RbOH, CSOH, Mg(OH), , Ca (OH),, Sr(0H),, Ba(OH), and TIOH.
The synthesis was also attempted with tetra-n-butylammonium hydroxide
(4O% aqueous solution) to provide comparative experiments with a non~-

template ion.

Use of Different Bases2 The synthesis of (2) was repeated using
equimolar amounts of the following bases : NaF, NaOMe, NalNH, and NaH.
For these reactions it is essential that the solvent was dry, so the

dioxan was refluxed over lithium aluminium hydride for three hours
and distilled immediately prior to use. All reactions of NaOMe,

NaKHZ and NaH were performed under nitrogen, and the glycol in dioxan,
was added dropwise, over 30 min., carefully to the base, also in
dioxan. This modification was necessary because of the extremely
vigorous reaction to give the glycolate anion. Sodium hydride was
used‘directly as the 50% mineral oil dispersion. At the end of the
reaction, after removal of the dichloromethane, the mineral oil

separated out and was removed.

1,4,7,10,13,16~hexaoxacyclo~octadecane (3); Potassium Template A 500 ml
three necked round-bottomed flask, fitted with an efficient mechanical y
stirrer, a reflux condenxer, and a 100ml dropping funnel was charged
with potassium hydroxide pellets (41.6g, 0.63mol), practical grade
tetraethylene glycol (24.3g, 0.125mol) and tetrahydrofuran (100mls).

The reaction vessel was placed in a heating mantle and warmed géntly.
After 15 mins. a solution of bis (2-chloroethyl) ether (45.0g, 0.313mol)
in tetrahydrofuran (20mls) was added in a stream from the dropping
funnel to the vigorously stirred reactants. The reaction mixture was
treated analogously to that for (2) and distillation gave a pale

yellow liquid (20.3g).B.p. 120 - 155%/0.2mm. The distillate was
purified by the method of Cram, Liotta Eiﬁii?' vig the crude cyclic
polyether was dissolved in acetonitrile (50mls) and the solution

slowly cooled with stirring to ~55° (methanol/solid co, bath) to give
the acetonitriled8-crown-6 complex as fine white crystals. The solid
was collected by rapid filtration. On heating, the complex

decomposed and the product was collected as a white crystalline solid.
(10-187 30%)-
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Mp. = 37 - 39° (Lit. = 36.5 - 38°)°
NMR :  3.65 (s), 248, CH,~0-CH,
MS . 2640M7), 176 (2%), 89 (M%) 45 (100%)
IR ¢ 2880 (br.s), 1460 (m), 1360 (s),
1300 (s), 1250 (s), 1115 (br.s),
- 970 (s), 855 (m).

Use of Other Metal Hydroxidesz The synthesis of (3) was repeated
using equimolar quantities of the following metal hydroxides : LiOH,
NaOH, RbCH, CsOH, Mg(OH)z. Ca(OH)z. Sr(OH)z, Ba(OH)Z and T1OH.

The synthesis was also attempted with tetra~n-butylammonium hydroxide
~ to provide COmparatiVe experiments with a non-template ion.

1,4,7,10-tetraoxacyclododecane (5)2"L'L

Lithium Hydride Base A 250ml three necked round bottomed flask,

fitted with an efficient mechanical stirrer, a reflux condenser, and a
100ml dropping funnel was charged with lithium hydride (3.5g, 0.44mol)
and dry dioxan (60mls). Practical grade diethylene glycol (13.3g,
0.125mol) in dry dioxan (30mls) was added dropwise, over 30 mins, to
the reaction mixture. When the vigorous reaction to give the glycolate
anion was complete, a solution of bis (2-chloroethyl) ether (44.7g,
0.31mol) in dry dioxan (30mls) was added in a stream, over 5 mins, from
the dropping funnel to the vigorously stirred reactants., The reaction
was carried out, under nitrogen, as for compound (2). Distillation
gave a colourless liquid, A sample of the distillate was taken and
purified by column chromatography (silica gel, MeOH : CH,CL,(1 s 1 v/v)
el uent) to give (5) as a colourless oil.( 4.9g, 13%).

B.p. 58-65/0.2mm (Lit, = 67”7(5)/,0.5mm)5

NMR s 3.65 (s), 16H, CH,,0CH,

HS 176(%), 103 (3%), 89 (12%), 45 (100%)
IR 2990 (br.s), 1465(m), 1365(m),
1290(m), 1250(s), 1125(br.s), 930(s).

(13

Use of Different Bases The synthesis of (5) was repeated using
equimolar amounts of the following bases s LiOH, LiOMe,NaOH, NaOMe

and NaH.
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give an off-white slurry to which chloroform (70 mls) was added. The
resultant mixture was filtered and the residue washed with chloroform
(20 mls). The combined filtrate and washings were washed with waber
(40 mls), dried (MgSOQ), and evaporated at reduced pressure to give the
crude product as a yellow oil. A pure sample of (71) was obtained by

careful distillation through a Vigreux column to give a clear oil.

(8.9 g¢ 75%).

B.D. = 100 - 115°/0.4 mm
NMR3 4.86 (s), 2H, OCH,0; 3.6 ~ 3.8 {m), 16H, CH,0CH, ;
3.38 (s), 3H, OCHj.

1-chloro~3,6,9,12,15,17,20~heptaoxaheneicosane (72)

A solution of (71); (7.2 g, 0.03 mol) in dioxan (25 mls) was
slowly added, over 15 mins, to a well stirred mixture of sodium hydride
(50% o0il dispersion, 2.4 g, 0.05 mol) in dioxan (10 mls), A solution
of bis (2-chloroethyl) ether (7.1 g, 0.05 mol) in dioxan (10 mls) was
slowly added, over 10 mins, to the vigorously stirred reactants. The

reaction mixture was then heated, with stirring and the reaction
followed by thin-layer chromatography (Sigel, CH,Cl, & MeOH (1 :1 v/v)
solvent) until disappearance of (71) showed that reaction was

complete (ca. 3 hrs). The products were cooled and evaporated under
reduced pressure to give a brown slurry to which dichloromethane

(25 mls) was added. The resultant mixture was filtered eand the residue
washed with dichloromethane (5 mls). The combined filtrate and washings
were dried (NgSOQ) and evaporated under reduced pressure. The mineral
oil separated out and was removed to give the product .as a yellow oil.

Distillation of a portion of the crude product gave (72) as a pale
yellow oil,(6.7 g, 65%).

B.p. 160 ~ 180°/0.3 mm
NMR3 4.80 (s), 2H, OCH,0; 3.6 = 3,9 (m), 244, CH,0CH,,
CH,C1l3 3.38 (s), 3H, O~Ci,

it

14-chloro~3,6,9,12~tetraoxatetradecan-1-0l (73) (monochleropentaethylene

glycol)
The cleavage of the MEM ether! was effected by reaction of (72)
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