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"To see a Wor!ﬁ in a Grain of Sand
And a Heaven in a Wild Flower,
Hold Infinity in the palm of your hand

And Eternity in an hour.

"Auguries of Innocence”, by William Blake
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ABSTRACT

. Complexation of cations by crown ethers has been studied from two angles:

A series of 15-crown-5 and 18-crown-6 derivatives were gynthesized from dopamine and

1

L-adrenalix{e, and provided with an aminocacid sidechain. The capacity of these crown ethers to
transport sodium and potassium cations across artificial bulk membranes w'as studied. The amine
sidechains were found to not participate directly in the cation binding. However, for the
L-lysine-15-crown-5 derivative, the amine group participates in a self-rcgullatcd sodium-proton co-

iransport.

Following & different approach, the complexation of sodium cation by the large 'wrap-around’
crown ether dibg:EB-zat-crown—S was studied in detail ué'mg sodium-23 Nuclear Magnetic Reso-
nance. Longitudinal and transverse relaxation rates together indicated molecular stacking of sever-
al planar 1:1 complexes in nitromethane. Furtheﬁ- they revealed the existence of both the bimole-
cular cation interchange as well as of the classical unimeolecular decomplexation mechanism. The
exchange rates for both mechanisms, and the activation parameters fqr the bimolecular process,

were determined from the line shapes, while varying composition, concentration and temperature.

In addition, the effects of four counter anions on the complexation, as well as the ion-pairing

effects themselves, were determined quantitatively using sodium-23 chemical shifts and relaxation

~ [

rates in conjunction.

el
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Longitudinal relaxation rate of:

VT ' free sodh}g \1,\;

1/Tyc 1:1 complexed sﬁdium -

1/Tyc2 ' 2:1 complexed sodium

1/Typ . ion-paired sodium

/T 1t sodium in the triple-ion

1/T,obsd observed transverse relaxation rate

1/Tqex exchaﬁgc relaxation componeat

1/THinh inhomogcnc'ity relaxation component

1/T4q quadrupelar relaxation component
Te corrclation‘ time

Chemical shift of:

) £ ' free Sodium

de 1:1 complexed Sodium

b2 2:1 complexed sodium

bp ion-paired sodium

. sodium in the triple-ion

DB24C8 Dibenzo-24-crown-8 N
DB30C10 Dibenzo-30-crown-10

MB15C5 Monobenza-15-ctown-3
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Introduction -

Sodium is the sixth most abundant element on earth, and is essential for most life-forms found on
it. In normal eukariotic cells the cytoplasm is kept sodium-poor and potassium-rich relative to
the environment. These concentration gradients are created by enzymatic sodium-potassium
pumps that are fueled by ATP. Many biochemical events, such as the progress of a nerve impulse,
muscular contractions, and aminoacid transport across ce.lll membranes depend upon these cation
concentration gradienfs.[l][?l] Higher biological life-forms requife efffefent chemical communication

between their components, .such as organelles, cells and organs. The regulated cation transport

across membranes is an important link in this information chain.[2]

However, it reimainsg difficult to study the biochemistry of the sodium cation directly.
.Sodium and potassium cations have a symﬁetrical outer s-orbital, and form preclominantiy electro-
static bondg in solution. In biochemical systems, coordinate bonds such as those provided by
sodium cation;_complcment the stronger covalent .bonds: they mediate the first step in all chemi-

¢al and biochemical reactions, that is the mutual recognition and orientation of the reaction part-

ners.

This thesis focusses on coordination chemistry and complexation of sodium cations in non-

"+ polar solution, while capitalizing on two major points:

For ome, crown ethers, pioneered by Pedersen in 1967, consist of an array of domor atoms,

here oxygen, that converge onto a centrally bound cation.[3] Crown ethers share this property

with natural ionophores such as valinomycin and monensin, and thus form convenient ionophore-

models.



[

Secondly, sodium-23 nuclear magnetic resonance can be used to directly probe the coordina-

tion state of the sodium cation. Since sodium has a quadrupolar nucleus of spin I -:,3/2, its spin-

. ¥ .
lattice’ relaxation rate and-chemical.shift provide information about composition and structure of

the first coordination shell.[1] In addition the lineshapes can provide dynamic information about

chemical exchange. ’

Y

In the first chapter these two points were combined for describing the complexation of four
sodium' salts by the large crown cther dibenzo-24-crown-8 (DB24C8) in several solvents. The

sodium:DB24C8 complex strongly resembles the potassium:valinomycin complex, in that the

" s
crown wraps itself around the cation to the exclusion of solvent and counter anions. In the low
donicity solvent nitromethane, some counter anions compete with the crown for the sodium coor-

dination sites, in accordance with their comparable nucleophilicity.

In the s.ystenis'studied; the sodium-23 1ongitudinal relaxation rates reflect directly on the first
coordination shell and on the n:_tqbiliiy of ;he sodivm cation. Thus they indicate coplanar aggre-
gation of'l several 1:1 complexes m the presence of the large counter anion tetraphenylborate. In
the case of the stronger coorciinating ﬁhior}s hexafluorophospbate, icdide and thi?cyanatc. the
chemical shifts and the relaxation rates reveal increasing cation-anion interactions, such as ion-

pairing and stabilization of a 2:1 sodium:DB24C8 complex. .
\ ' -

In all cases, the difference between transverse and longitudinal relaxation rates could be
v : '

directly related to the rate of chemical exchange of sodium cations between solvated and complexed

1

state. At low concentrations, this exchange proceeds via the classical upimolecular decomplexation
mechanism. At concentrations above 0.001 M however, the bimolecular cation interchange mecha-

nistn is favoured, since the solvent nitromethane can stabilize the 'two cationic charges at the

L . . ’
bimolecular transition state. -The coordinating anion thiocyanate produces a 2:1 complex of meas-

urable life time by further stabilizing the transient 2:1 species. This decrease of the transition

~
' " A

state energy leads further to a fourfold increase in the exchange rates in the case of thiocyanate.



In the second chapter, t6 move one’ step from fundamental co;rdinau'on chemistry to bio-
chemical gystems, the synthcqis of a series of 15-crown-5 and 18-crown-6 derivatives is degcribed.
These compounds are bascd on the catecholamines dopamine and L-adrenaline, and bear glycyl,
‘L-aanyl -or L-lysyl sidechains. The capacities of some of these compounds regarding both simple
transport of so.dium and potassium picrate across a bulk artificial membrane, as w;l.l as couplcd‘
transport of sodium, prc;tons and i)icratc, are described in the third cha;ptcr. For the

L-lysine-15-crown-5 .a sophisticated transport regulating mechanism could be shown, that is in

analogy to feedback loops or reflex-arcs of biochemical regulation mechanisms.
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Chapter I
COMPLEXATION OF SODIUM CATIONS BY LARGE CROWN ETHERS
" Sodium-23 Nuclear Magnetic Resonance Study
of Association and Exchange w

as a Function of Solvent and Counter-Anions.

1.1 Quadrupolar Ion NMR as Direct Probe into lon - Ionophore Interactions ;

. ) i - .
One approach to studying cation-dipole interactio®a,is to combine several ion-dipole bonds in order
to amplify the observable effects. This is the case with macrocyclic ion complexes, in which typi-
cally 4 to 10 dipole-vectors converge cooperatively ontoa central cavity in which & cation ,(r

anion) can be held very tightly., The backbone structure of the ligand and the ion-dipole attrac-

tions combine to produce this convergent geometry of the dipole vectors (Fig. 1).(4](5]

At the same time, binding of cations to large crown ethers such as DB24C8';':(Fig. 1)‘ models
the role of cations in biochemical environments. It is well known that sodium cati;)ns are neces-
sary for the activity of several enzymes, as well as fundamentally involved in ncufd-;:hemistry
and the regulation of the electrochemical and pH potential across membranes. For all of these

+
roles, the recognition of the sodium cation by a macromolecular ligand is the crucial first step.

Of the many methods that can be used to study complexation, UV-VIS, IR, Raman, NMR,

conductivity, potentiometry and calorimetry, to name just a few, only nuclear magnetic resonance

Y

of the complexed cation reflects directly upon the environment or binding sité of the ion, as seen

from within the ion. . -



Figure 1: Dibcnzo-24-Crown;8

Furthermore, NMR features three parameters: chemical shift, longitudinal relaxation rate
(spin-lattice relaxation), and transverse relaxation rate (spin-spin relaxation). In favorable cases,
these three NMR parameters provide complementary information about structure and dynamics of

the ionic coordination shell.[1)(6][7]

111  Physical Basis of the Chemical Shift in Quadrupolar NMR

The chemical shifts for sodium cations in solution span a range of about 40 ppm. They are jusu- -

ally given with reference to sodi infinite dilution in water. In 1971 ich and

Popov recognized the linear rel the chemical shift of the sodium cation in solution

and the Gutmann donicity of the solvent (Fig. 2),[8] but a sound theoretical understanding of the

physical causes of the chemical shift has still to be found.[1][9]
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_Figure 2:° Na-23 Chemical Shift versus Gutmann Donor Number. for NaBPh 4 in a
range of solvents. The Gutmann donor ‘number (DN) of a solvent is the
enthalpy of reaction between the solvent and antimony pentachloride.
The triangles are experimentally measured donicities[10{11] and
shifts.[18] NM, THF and PYR indicate the Na-23 NMR shifts of the
sodium:DB24C8 complex in nitromethane, tetrahydrofuran and pyridine,
respectively.' Nal indicates the chemical shift of a 0.01 M Nal solution in
" nitromethane. ‘

-

Originally, Na-23 chemical shifts were attributed to electronic transfer fromrlsolvent donor
atoms to the empty 3p orbitals of the sodium cation, This transf;:rrcd electron density would be
partially unpaired, and thus enhance the effective magnetic field experienced by the sodium nuclei,
" causing them to resonate at a higher frequency. Recent ab in_i_tio calculations however could not

confirm this partly covalent bonding between solvent molecules and cation.[12] Dipolar attractions

.

between solvent molecules and cation alone could explain sodium solvation.



1.1.2 Nuclear Magnetic Relaxation Rates of Sodium-23 Cations

Sodium-23 has a2 nuclear spin number I of 3/2, and its nuclear electric charge assumes an clﬁpébi—
dal {(quadrupolar) shape, with an associated .nuclear electric quadrupole Q = 0.12 barn. The ligands
in the sodium coordination sphere cause a residual electric field gradient g at the nucleus that can

interact with the nuclear electric quadrupole Q. This' interaction hag the dimension Hertz, dnd is

called the quadrupolar coupling constant X: ' %
eQeq . .
X - —— | (1)
A .

whcre 41 is Planck’s constant divided by 2 . For sodiu.m-23 quadrupolar coupling provides the
,‘

most cff1c1cnt pathway for energy transfer between nucleus and lattice, the spin-lattice rela.xanon

X is typ:cally bctwccn 0.1 to 1.5 MHz[1]

The electric field gradient q arises from an asymmetric charge distribution in the first coordi-
nation sphere due to mixed solvation, ion-pairing, or asymmetric complexation, or a combination
of these effects. The quadrupolar coupling is modulated by the rotation of the sodium cation or

complex, 7. being the characteristic motional correlation time.

During the NMR experiment, the equilibrium z-magnetization is flipped 90. degrees into tl;c‘ _
X-y plane by the observation pulse. It then rotates coherently in the x~y plane with its Larmor

{requency w. Stationary receivers register this rotation as an amplitude oscillation with frequen-

¢y w. This 'oscillation; the free induction decay (FID), is dampened by a number of effects:

1

¢« .Return of the.x-y magnetization into the z-direction due to the quadrupolar longitudinal

relaxation, 1/T¢. This relaxation is enthalpy driven.

-

» Dispersion of the Larmor frequencies a.mong the nuclei will dephase the n:unally coherent

x-y magnenzanon - the transversc or spm—spm relaxation. . Th.;s too will dampen the
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amplitude of the observed magnetic oscillation. Inhomogeneities of the miaghetic field.can

causc auclei to cxpcncncc different Larmor frequencies in dlffercnt rcgmns of the samplc

As well, cation exchange bctwecn two sites with different mtrm:nc chemical shifts (differ-

ent Larmor frequcncxcs) will dampen the transverse mngnctimn'on in each site, if exchangc -

rate, chemical shift difference and relaxation rates are of comparnblc mngmtudc[lS] Th15

dispersion of the initially coherent transvcrse magncuzauon 15 an cntropy driven proccss

In general, both transverse and longitudinal relaxation for a spm 3/2 nucleus like sodmm are

represerited by two exponential rate constants. [14][15] The transverse magnetization for cxnmplc

B

decays according to:

M, (5) = H,(0)(0.6exp(-t/Ty") +o.43xp(_t/T2"-))g\ BT

where M,(0) and M;(t) are the amplitudes of the FID (the transverse magnetization) immidiately
after the observe pulse, and after a‘i'm_;:e t, Tespectively. The fu\il expressions for the twe exponen-

tial rate constants, assuming isotropic reorientation, are:(14][15]

. 2 _tC"

/Ty = 1—126% + ) - (3a)
5 1 +war 2

Tyt = SyB ( c . ) (3b)

5 1 +w?r 2 1+ 4wt 2

where W is the Larmor frequency of the nucleus, and T is its motional correlation time. Analog
e

expressions ‘describe the longitudinal relaxation.
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Spm-latticc rclaxation, the transfcr of cncxgy*i;ztwccn*thc nuclea: magnetic momcnt a.ncl its
cnvxronment. occurs by coupling of the nuclcar elcctric quadmpole Q. with the ﬂuctuatmg local
electric ficld gmdicnt Only fluctuat.ions -or motlons at the L:u'mor frcqucncy aLlow for quadru- .

polar coupling :md thus magncnc rclaxation The frcqucnciw of motio soiution are govcrncd ”

_by the auto-corrclation functions of tho. sgccim mvolved and range rom zero for very slow

. mouons. up to the frcqucncy of the- fnstcst mntion possible in the solution systém., The amph-

"tudc of thc clcctanxcld fluctuauons caused by motxons 01' frcqucncy W is called the spcctra.l dcn—

A

-T‘t\‘

*

For ‘thes 1:1 sodmm DB24C8 complcx in chloroform thc corrclauon time for the rotauonal -

. reorientation has béen mcasured as 65 (10) ps{l?] “The valuc for mtrometh:me will ‘be sumlar. or

slightly smaller. Now it vNa - 79.35 l'vﬂ-Iz, then Wy, is 250 x 105 ,‘dnd the product WL, is
3.5 x 108 x 6 X 10"11 10 -2 '~;< 1 ‘Thc square of tlns product., wit? o an then safely be
1gnored in companson to onc (eqs 3a a.nd 3b). Tlns situation is called extreme motional Harrow-

ing, and the exprcssmns for both the ‘transverse an'd longitudinal relaxation 'gatcs reduce to:

w v L . «

_ e S e
1Ty = WTy, = — WRXRT, - (4)
: - . . 5 - e LI .‘ ]

i

The work to be described in this. thesis always remains within the extreme harrowiug region,
since the longitudinal relaxation rates prove independent of the resonance.freguency at all times

(compare also egs. 3a, 3b). ~ - ' e
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1.1.3  Chemical Shift, Longitudinal and Tmnsversc Relaxation Rates: Three Parameters and

'{-q

their Information Content -

b

How do these 'thrmﬂ.hetcm réfl;ct the chemical state of the sodium cation in different solu- -

. 4 . *
tions, that is its interactions with solvent molecules, counter anion and ligand molecules?

The sodium-23 ‘chemical shift is empirically related to the donicity of the coordinating

groups, and can thus provide information about the chemical composition of the coordination

.sphere {Fig. 2) For example, in a nonpolnr solution containing both a. crown-cther and an excess

-

of sodium salt. the sodium cation Wwill typically exchange between two states: solvated and

complexed. In the fast exchange ﬁmi;l -only one signal will be obscrved, with"a chemical shift
L F -
representing the Wéighted -average of both chemical states. In the slow exchange limit two inde-

—_

pendent signals will be observed:

[
Al

A common tl'neory for the origin of chemical shifts suggests that high donicity solvents inject

ﬁnp':%ired. or pa:amagn&tic, electron density into the sodium's electron shell. The rcsulting para-
magnéiic deshiellcl‘ing"'ishabout thirty times stronger than the parallel diamagnetic shielding.; and
thus dominates the observed shift.[1] The sodium r%onanoc frequency would thus be higher in
water than in nitromethane. For companson, the sod.tum shifts of the 1:1 complex with DB24C8 ~
in mtromethane, tetra.hydrofura.n @d pyndme, and of 0.01 M sodiux iodide and sodxum thio-
cyanate solunons in nitromethane havc been ‘marked on Fxg 2. The complexed socium experi-
ences an ethere_al coordination sh_qll independent of the solvent, resulting ia a chcmical shift com-
parabie 10 thalt 'of sodium in tetfahydrofuran solution. The chemical shifts of the two salts al:s?

show a paramagnetic shift relative to sodium tetraphenylborate in nitromethane. This clearly

indicates coordination of the high donicity anions iodide and thiocyanate to the sodium cation.
f 5\ .

1 Fast exchange on the NMR time scale means that' nuclear magnetic vectors in different states

stay coherent Between consecutive exchanges, and thus do not att¢nuate ¢ach other after the
exchange.

PRy
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The longnudmal relaxation rate llTl is governed by the quadrupolar coupling constant X as
well as by the corrclauon time 'l' {eq. 4). This makcs 1/T 1 sensitive o the mobxlity of. the

ohserved cation (via T ) as wcll as 1o the symmetry of its coordmauon sphere {via ?Cz

Sodium cations in solution are usually solvated by four to six solvent molecul forming a

tetragonal or hexagonal array. The effective net electric field gra'dicnt q at the pucleus is thus
clase o zcrof;t’hc p!‘odtjcl eqeQ/f = X is small and leads to a narrow lizewidth (¢q. 4). If how-
cver one or more of lhcsc solvcm‘molc‘culcs are rcplaced by a diffcrcnt solvent tholecule or by a
counter amion, lh"'"\{lc rcsul%ng net clcctnc f:cld“ qg—rjixcnt will lead to increjsed quadrupolar
relaxation r.uns.—aAn example.for this is NaSCN in nitromethane (Tab. 3; p. 28)

in gcr;,cr&/l. the longitudinﬂ rclaxatior; rate for sodium-23 complexed by macrocyciltor macro-
:nolccular"!igands reflects the symmetry of the cations coordination sphere. Fbr example, sodium
n K1s PI;II;JJ.' I:l.complcx witt; MBlSC_g experiences a large net clectric ficld gradient q. In nitro-
mcthane, 1/T, for so@ium amounts to 750 s-*{18] The 1:1 sodium:DB24C8 complex in contrast

' ‘ et . . .
has a spherical arrangement of its oxygen donor atoms around the sodium - and the sodium

relaxation rate is accordingly only 185 s! in the same solvent.

The transverse relaxation rate 1/T 3 is subject to the same factors as 1/T 1+ Yet it can addi-
tionally be sensitive to the exchange of the nuclei between magnetically different sites.2  For
sodium-23 in solution, relaxation contributions due to dipolar, scalar, paramagnetic effects and

<hemical shift anisotropy are typically negligible compared to the efficient quadrupolar relaxation.

The observed transvers: relaxation rate can thus be given as:

1/Toobsd . = 1/Tpq  + 1/Tginh + 1/Tgex (8)

L]

Magnetically different sites means sites with different chemical shifts or dlffcrcnt relaxation

rates. "Exchange’ between the two states may take place for instance via chemical exchange,. - -

sotation or conformational changes.
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If the first three terms are known, the exchange contribution to relaxation, 1/T4ex, can be deter-

mined and provide-access to the cation exchange rates. 1/T,obsd is the observed transverse relaxa-

tion fﬁie. obtained from thc full inewidth at half height via:

1/Tgobsd =V, , : (6)

1/T,q in the extreme narrowing region is equal to the longitudinal (spin-lattice) relaxation rate
1/T{. Finally 1/T,inh, the inhomogeneity contribution to the transverse relaxation, is just the
difference between 1/Tpobsd and 1/Ty in the absence of exchange, ie. in solutions containing

only solvated or complexed sodium.

In the scyﬁ’ﬁb{DBMCB system in nitromethane, chemical exchange between solvated (a) and

1:1 complexed sodium (b) gives rise to exchange relaxation.

(Na+)a _— (Na+)b (7)

Here, k, and ky, are the rate constants for complexation and dccomplc;_&ﬁtion; they are cqual to the
inverse life times of solvated and complexed sodium, 1/ a and 1/ 4, respectively. (The u-xeg:ha-
nisms of exchange will be discussed below.) The exchange relaxation will be analyzed with two
methods: Near the limit of fast exchange, where only one averaged signal is seen, an cqu:ﬁ/ion ini-

tially developed by Woessner will be applied.(13] It relates the observed exchange relaxation

1/Tyex to the sum of the specific exchange rates, k, + kb:3[13]

3 This is an approximatg_éipression, holding under the conditions 2
kg ky > 1/Tpa, 1/Tob, [, o) and W, -wy,)* >> (1/Tpa - 1/T4b)=[13]

»
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. where P, Py, V, and Uy are the molar fractions and the chemical shifts in Hertz of the same

Species, as usudl.

In regions of slower exchange, where two separate éignals can be observed, eq. 8 does not hold
and a full lineshape analysis based upon the modified Bloch equations has to be used to relate the

abserved lincsﬁapc to the cxchaggc rate {see appendix 6).[19]

1.1.4  Sodium-23 Coordination Chemistry via Sodium-23 NMR
1.1.4.1 Sodium Interactions with Solvents and Counter Anions .

The potential of sodium-23 NMR to provide a wealth of structural, dynamic, and kinetic informa-
tion was recognized early. The first syéthns studied were of-tcn sodium-halide interactions in-
aqucous solutions. The relaxation rates(6][20][21] and chemical shifts[22]{23] were often strongly
dependent upon concentration and counter anion. The clcct-rostatic relaxation model of Hertz
illustrates well the different relaxation contributions due to ion-solvent and ion-ion interactions

in both aqueous(21) and organic solutions.[24]

In low-donicity non-aqueous solvents, ionic interactions are usually stronger than in water.
Bloor and Kidd’s ;;ionccr work(25] on the dependence of éodium-23 chemiﬁl shifts on solveat,
counter anjon and salt concentration stimulated much interest in the use of sodium-23 NMR to
© probe the non-aqueous so_lutioL chemistry of' sodium [8][26](27] The tendency of the sodium salts
to form,ébnmbtﬁiom is related to solvent donicity, but not to the didecuic constant of the
solvent.[27] The chemical shift in the presence of small counter anions such as jodide, thiocyanate
and bromide is usually strongly conc:nFmtion dependent. - Bulky alnions such as tctraphcnylboratc“

and perchlorate did not show concentration dependence of the sodium chemical shift.{26]{28]
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Tonic mtcracuons can thus readily be observed via sodium-23 NMR, b(l\t only at low salt con-
centrations ( =< 001 M ) can the obscrvcd concentration dependencies safely \bc assumed to be due
to direct ionic interaction, that is ion-pairing, alone.[6][21][29] At higher codcentrations sccond:u'y
effects such as change of solvent activity.-long range ionic interactions and solvent structuring
complicate the quantitative analysis' of the st;ii't and especially the relaxatiop data. The relevance

and accuracy of the parameters is compromised by the large numbers required.{24]

1.1.42  Complexation Studies via Sodium-23 NMR

‘Lindman and Forsen reviewed the sodium-23 studies of sodium complexed by low molecular
weight ligands such as aminoacids, organic acids, and sugars.{6] In comparison, macroc'yclic com-
pounds like crown ethers and their natural analogs, such as valinomycin(30] or' monensin[31] are
structurally prcdisp‘oscd to bind cations in their moiccﬁlar cavity. Besides being of vital relevance
to the cation chemistry in biological tissues, these compounds form strong and selective complexes

with alkali cations. Thus one can work with two well-defined species: solvated cations and

complexed cations.

Many aspects of complexation are accessible to study by cation NMR. Complex formation
constants below 105 M1, can be obtained by fitting the chemical shifts or the relaxation rates for
a number of crown/cation ratios with an c.xprcssion for the complexation occurring. For higher
formation constants only stoichioﬁiétric information and a lower limit for fhc formation constant

of about 105 M~ can be obtained[32]*

Bisnaire et al.[17] showed that in the case of the sodium:DB24C8 complex, both chemical
shifts and relaxation rates are independent of the solvent and couanter anion. This confirms the
wrap-around conformation assumed by large crown rings to optimally coordinate to the bound

cation.[34][35] By measuring both the quadrupolar sodium relaxation and thé dipolar relaxation of

4 Izatt et al. compiled thermodynamic and kinetic data for cation-macrocycle interactions.[33]
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the crown ether carbon-13 in the tight complex,[36] Bisnaire et al. could separate the quadrupolar

coupling constant X and the reorientational correlation time T .[17]

2 242
(n0e)opgq
2y 2p 2 -8
I/Tldd - 1/T10b8d - NHTC TH 'F| I'C_H_ Teff

1.98 (10)

In eq. 10, Ny, ¢ YH-. and Tc.y denote as usual the number of protons per carbon atom, the
gyromagnetic ratios of carbon and proton, and the carbon-hydrogen distance. For several organic
solvents including nitromethane, the authors obtained a value for the ciuadrupolar coupling con-

stant X of 1.0 (0.2} MHz. The rotational reorientation time T was 65 (11) ps in CDCly.

Another good example of sodium-23 NMR’s power as a structural probe is the extensive self-
association of 5'-guanosine monophosphate studied by Paris and Laszlo.37] The increase of the
sodium-23 relaxation rate with concentration reflected the degree of aggregation. Recently, other

4 . .

studies used alkali cation NMR to probe the solution chemistry of biological macromolecules,

including proteins{38] and the channel forming antibiotic Gramicidin.[39][40]

" In much of the cation NMR research into macrocycﬁl: complexat}Bn\'up to date crown ether
derivatives have been used as ligands. They mimic many properties of their natural analogs such
as ring size, flexibility and cation—wfapping. As'well, their symmetry simplifies both NMR obser-
vations and interpretations.‘__ Over 2100 mamocycﬁc compounds had a‘h;cady been synthesized by
1981, yet so far rcséa:chcrs have tho'roughly étudied only a few derivatives of 15CS5 and 18C6.
The complexation and decomplcxé.tion processes are of special interest, since ihey, are the crucial
stci::s in membrane transport. In a few cases where ligand atoms shoved larg? chemical shifts

between free and compiexed state, the exchange rates could be measured using protor or carbon-13

\



16
NMR linebroadening methods.[36][41][42] However, NMR of ‘the complexed cation is\a_more sensi-
tive probe into exchange rates, since both chemical shifts and relaxation rag may be very differ-

ent for the solvated and the complexed cation.

In 1971 Shchori et al. studied the sodium cation exchange with DB18C6 in dimethylform-
amide[43] While there is no significant .chemical shift difference between the two states in
dimethylformamide, their relaxation rates are very different indeed: 1/T2 is 35 g1 for. the sol-

vated and about 2000 sl for the complexed sodium. In -the slow exchange region the ~authors

could only observe the signal for the solvated sodium, the signal for the complex dis:lppearing into

the baseline.

In the intermediate exchange region, here between -40 and +10°C, the exchange rates are
about the same as the rela.xation rates for the solvated sodium. By chemical exchange the solvated
state (a) transfers some X-y magnetization to the complexed state (b), where it decays rapidly. So

% .

with increasing temperature and exchange rate, the solvated sodium signal begins to broaden.
p

. In the fast exthange region, ( >10°C ), each sodium cation exchanges many times between

both states before ity magnetization decays. The ed relaxation rate will now reflect the
4
weighted average of both solvated and complexed jtate.

— A

Now in the intermediate region, the mean life time of the two species (T) can be derived

from a quantitative analysis of the lineshape using the Bloch-McConnell equations for equivalent

chemical shifts and continuous wave NMR.[43]°

VT = UTy + UTy = Kk, + ky (11)

Shehori et al. consider two possible routes for the chemical exchange between the two sites:®

Woessner gave the equivalent equations for pulse NMR.[13]

In this thesis the unimolecular cxchange rate constants are consistently called k, and k_¢; the

bimolecular constant k.. This is in contrast to Shchori’s and Popov’s notations, yct makcs for
easier recognition.
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ky .
(Na+)s + (Cg —_— (N’a."'.C?)‘3 €12)
. k_l
k2
(Na*)g + (Na*,0)y ===== (Na*,C); + (Wa*)g (13)

Since sodium cations could leave the solvated state by both pathways, the overall rate for this

process is given by the sum of both pathways:[43]

[NaC] (149
k - 1/7 = kp[NaC] + k_,-— 14
a a . 2 [_;:N&] |
—-/ -
To distinguish between the two pathways, Shchori et al. plotted 1/(T, x [NaCl) versus

=
1/[Nal. At constant ionic strength (adjusted with LiSCN), this plot yielded a straight line with

zero intercept. This indicates the bimolecular mechanism to be negligible, and gives an upper lim-

it of 103 M 157! for k,.

The authors suggest tha-t the bimolecular mechanism would force two cations into unfavora-
ble proximity in the transition state, and tl.mt thus the unimolecular decomplexation pathway is
preferred. They also find that the thiocyanate anion (d = 2.4&) doubles the exchange rate, com-
pared with the bulky anion tetraphenylborate (d = 5R). The rate of unimolecular decom'plexation
at 25°C, ky= 6x107 M‘ls'l, is comparable to that found b_y Eigen et al. for the decomplexation
of sodium from monactin in methanol at the same temperature:[44] k= 3x10% M 1571 The cor-
responding activation energy for decomplexation is 6.5 kcal/mol. Shchori et al. extended their

study to the solvents methanol, dimethoxyethane and dimethylformamide: and to the ligand

—_—

.t
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DB18C6 and several of its derivatives. They found unimolecular decomplexation .wit.h similar

rate constants in all systems.[45]

In 1975, Shporer aﬁd Luz[46] applied the same method to potassium complexation by
DB18C6 in methanol. In 1975, and Schmidt and Popov[47] applied it to potaslsium complexation
by 18C6 in several organic solvents. The most interesting result was the dominance of the bimo-
lecular exchange mechanism detected by Schmidt and Popov, since all but one of the previously
studied exchange systems of this type had shown purely un'unole;cular decomplexagioq.[ﬂ] The
transition state is presumed to be the dicationic complex K%t - 18C6 - K*; the counter anjon

being the large hexafluoroarsenate.[47]

Up to now all alkali catipn - crown ether complexation systems whose kinetics have beea
studied -with cation NMR use derivatives of the near-planar 15C5 or 18C6. These lig‘a.nds have
little flexibilitjr. Too small to completely cover the cation, they allow solvent molecules and

counter anions access to the complexed cation from the two pole faces of the complex. They thus

resemble small ionophores such as enniatin.

But many of the natural ionophores have a much larger ring structure. This allows them to
form a well defined molecular cavity around the cation. Valinomycin, monensin, the actins, anta-

manide and others belong to this grbﬁp (see also ‘chpt. 3 - Transport).

~

Some crown ethers act in much the same way: DB30C10 for potassium, and DB24C8 for
sodium catic;ns. Chock studied the first pothssiumeBBOClO system in methanol using tempera-
ture jum;;-relaxqtion. He found that the rate limiting step of the decomplexation involved a con-
formational rearrangement of the ligand backbone[57] Other researchers have discussed similar

conformational rearrangements for the decomplexation reaction of smaller crown complex-

es{43][49](52]
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Shamsipur and Popov[$8] and Stover et al[59] found sodium:DB30C10 comple:_cqs_ in nitro-
methane of s:toichiomctrics 2:1 and possibly 3:2, besides the most stable 1:1 complex. ﬁo exchange
broadening was detected at crown/sodium ratios smaller than one, so the lifetimes of solvated and

coniplexcd sodium cations must be shorter than 1076 g at 0.05 M.7

»

Shporer et—&l.:\studicd the complexation kinetics of the sodium-valinomycin system in metha-
nol.[30] They found 2 unimolecular dmomplcﬁﬁon rate of k_y of 1-3 x 108571 (E, = 9.5 kcal/
mol), in agreement with the value Funck determined earlier Wi?h temperature jump-relaxation
kqg=2x 106 3'1.[60] These rates are about 50 to 100 times lower than those for unimolecular

decomplexation of sodium from its comi:lcxes with 18C6 derivatives in m:thanol.[43]

Thé sodium * DB24C8 system is a fascinating model for the cation complexation by large
ligands: the cation fits well in the cavity formed as the ligand wraps itself around it.[17][61] The
stability constant for the 1:1 complex is so high that the complexation is effectively quantitative
in nonpolar solvents like nitromethane, acetonitrile, and tetrahydrofuran. ’fhe complexed sodium
has a well defined ethereal coordination shell from which solvent molecules and counter anions
are excluded. Furthermore, the symmetric array of the eight oxygen donor atoms results in a
rather narrow linewidth for the complexed sodium, This facilitates iow concentration measure-
ments and allows observation of two separate signals in the slow exchange region. Finally, there .
isa large chemical shift difference between sodium solvated by nitromethane and sodium (éomplex—
ed by DB24C8°( 540 Hz = 6.8 ppm ). This makes the system very sensitive to exchange broaden-

ing near the fast exchange limit (Tab. 4).

—_—

Next to the ligand and the solvent molecules, the counter anion may also coordinate to the
uncomplexed sodium cation, thereby potentially affecting it’s chemical shift and it’s relaxation
rates, as well as the exchange rates. The cation-anion interactions themselves will be reviewed in

chapter 2.2.5.. The effects of solvent and anion on the exchange rates and mechanisms are dis-

cussed below.

7 Caleulated with eq. 8.
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1.1.5 Amnion Effects on Complexation

What is known about the role of the solvent and the cotinter anion with regard to the exchange
of cations between free and complexed state? In 1971 Shchori et al. used for the first time
sodium—23 ‘NMR to study complexation kinetics.[43] They noticed that the dccpmplexation rate of
the sodium-DB18C6 complex in difncthylformamidc is twice as high in the presence of thio-

cyanate as counter anion as with tetraphenylborate. Sodium tetraphenylborate is well known to

form only solvent-separated ion pairs in solutions.

In 1981, Lin and Popov studied the cation exchange between the free and complexed site for

Na:18C6 in tetrahydrofuran and 1,3-dioxolane. With tetraphenylborate as counter anionm, the

-exchange rate was low enough to allow the observation of two signals, corresponding to free and

complexed sodium. But in the presence of perchlorate, or iodide,[48] or thiocyanate,[51] these two

signals coalesced due to faster exchaage. .-

Amon effects - in complexauon were obscrved with techniques other than NMR as well:

Petrucci et a.l studied alkab complexatmn kineticg with 18C6 in d.lmcthylformamxdc and ethanol

’

using ultmsomc relaxation methods. They found that the choice of solvent may affect the num-'

ber of observable complexation steps within the Eigen—Winkler model.[49][50] They further detect-

ed ionic assocmmon of sodmm and potassmm thiocyanate in dlmcthylformamme usmg Raman

Spectroscopy. [50]

The stage was now set: First, ionic interactions could mot be ignored or neglected anymore,

-since even anions such as perchlorate, iodide and thiocyanate strongly affected the exchange kine-

tics. Second, development of instruments and of the understanding of the complexation processes,

enabled the kinetic measurement itself to serve as a tool for studying anion and solvent effects.
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Several research groups simultancously began using NMR to study such secohdaary aspects of
complexation[51][52][53](54][55][56)

Popov et al. followed up their early results with a di_rect comparison of the rates of exchange
between sodium th.iocyanatc and sodium tetraphenylborate aﬁd their 18C6 complex in tetrahydro-
furan.[51] Sodium tetraphenylborate exchanges by the unimolecular pathway, With k 4 = 53571,
and an activation free energy dG* of 64.2 kJ/mol. The activation energy (E, = 50.6 kJ/mol) is
the same as the values found by Shchori et al. for DB18Cé in methanol, djmethylformamch. and
dimcthoxycthaﬁ.[ﬁ][_és] However, with sodium thiocyanate the exchange proceeds via the bimo-
lecular pathway with ko = 183000 M 15! and dG* = 43.7 kJ/moL8 Yet Popov et al. neg-
lect the chﬁnge in ionic iJ:-Lte‘raction upon the addition of crown, with the concomittant change‘ of
chemical shifty aﬁd relaxation rates of the uncomplexed sodium_(and-possibly also.of the 1:1 com-

plex).[51]

Ima pa;'auel work, Strasser and Popov studied the effect of solvent donicity 'on the sodium
cation exchange in systems containing 18C6 and efther sodium tetraphenylborate or sodium thio-
cy@ate.{ﬁl] They found ciissociative unimolecular exchange in the high donicity solventé metha-
nol, tetrahydrofuran-methanol, and 80-20% tetrahydrofuran - ‘propylénecarbonate. Yet in neat

’ :
propylenecarbonate and 40-60% tetrahydrofuran - propylenecarbonaté, the .bimolecular exchange
] \w_\_

mechanism prevailed.

The authors concluded that high donicity ligands, whether they are counter anions (thio-

_ cyanate, iodide, perchlorate), or solvent molecules (methanol, propylenecarbonate), promote the

unimolecular decomplexation by stabilizing the transi—ﬁo/n‘s?ate. Strasser and Popov in fact found
i /
. - .

a linear correlation between the free activation emérgy for unimolecular decomplexation and the

——— ‘ s

I3

8 Popov’s expression for the mean lifetime 1/T = 2k 1[Na], + k_,[Na],/[Na] should not contain
the factor 2.[51] Instead, his equation should read:  1/7 =k ﬁJa] + k_5[Na],/[Na}, with k,
being the bimolecular exchange rate constant, and k o the unmolecular decomplexation rate

constant. Popov's values quoted in this thesis have been corrected by multiplying his bimole-
cular rate constant by two. .
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' _:,Gut}zann Donor npmbcr.[szl Conversely, only the bimolecular process is possibie in solvents of

low donicity and high dielectric constant. The latter reduces the charge-charge repulsion between '

..the fwo cations in the bimolecular transition state (see also the discussion on sodium hexafluoro-

phosphate).

Recently, \Dye et al. reported on the sodium cation complexation to 18C6 in mcthyla:ﬁinc.
Thq}r/tfehribed\\tge exshange of sodium cation between the solvated ion-pair and the complexed
/ \~ -
ion-pair, with bromidf[SB] or sodide (Na™) as counter anion.[54] Electron transfer (sodium cation -
\sr.{dide exchange), facilitated by the crown, becomes an additional exchange pathway.[54] Dye et al.
have built these stugieﬁ zu'ou&‘ the assumption‘ of quantitative ion-pairing, since they found both
bromide and‘sodide anions to .Coordinate more strongly to-the free and the complexed sodium

. 4 vt .
cation than doas the solvent methylamine.

\

In early cation NMR studies of exchange kinetics, the anion effects (i.c. ion-pdiring) were sup-
\ ’ -

pressed by using,-" high donicity solvents such as dimethylformamide, dimethoxyethane, and by

r i

\using what were considered to be weakly coordinating anions, such as perchlorate, thiocyanate,

tetraphenyiborate, and iodide.

-
\‘-..,._ ‘1"-'/

However it is now clear that ionic associationt is the rule rather than the exception, especially
in non-aqueous solvents. It is clear too that the phenomena itself, and its effects on cation reac-

tions such as complexation, warrants closer scrutiny.

As part of this study the effects of ionic association on complexation and exchange were

studied in detail (chpt. 1.25, p. 85). Sodium thiocyanate and iodide werc‘chooscn since they are

among the salts most widely studied in non-agueous solutions; their strong ionic interaction is

well known and generaﬂy interpreted as contact ion-pairing.(18][25][83][84][86]

Popov observed the concentration dependence of the sodium chemical shift at concentrations

down to about 0.01 M in several organic solvents, and for several sodium salts.[18] However, he
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did not use nitromethane as a s‘olvent. probably because the solubilities of both salts in this sol-

vent are too low (0:01 M) to allow for #cccptablc signal-to-noise ratios, using the magnetic. field

Y
strengths available at this time. Thanks to the high magnetic field strength .available (7T), it is
LT e

now possible to easily study the complexation of sodium thiocyanate and sodium iodide with.

DB24C8 in nitromethang at 2 total sodium concentration of 0.01 M or 0.005 M. Solutions con-

taining as little as 0.000012 M sodium could be measured within several hours at 79.349 MHz.

=3
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1.2 Complexation of Sodium Cations by DB24C8

a,

Table 1 gives an overview of the DB24C8 - complexation systems studied in this thesis.

-

Table 1: Overview of DB24C&@mp1mﬁon Systuﬁ;

. Counter anion

Solvent PFs~  BPhy~ I SON”
Tetraghydrofuran - + - -
Acetonitrile - T+ - -
Pyridine + - - -
Nitromethaneq + + + +

A
[y )
- .

. £

1.2.1 Experimental Met{lotls

DB24C8, sodium tetraphenylborate and sodium hexafluorophosphate were purchased from Sigma
»

Chemical Company; sodium iodide and sodium thiocyanate were techmical grade. All salts were

recrystallized from acetonitrile and cyclohexane and dried under vacuum at 60°C over phosphorous

9

pentoxide for several hours prior to use.” DB24C8 was dried under vacuum at 60°C over phos-

phorous pentoxide for several hours prior to use.

9 Sodium hexafluorophosphate is moisture sensitive, and forms a white smoke containing hydro-
fluoric acid ‘when exposed to humid air,

L
/
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.

y Samples were prepared by weighing the appropriate amounts of solid crown ether directly

anto § ml volumetric flasks, and filling up with a stock solution of the desired sodium salt con-

- <entration.  All handling was done rapidly in air.

10mm eopen diameter NMR tubes were then filled with about 3 ml.:-;amplc. the air replaced

with argon and the tubes sealed with Parafilm. Satts and DB24C8 were used within a year,

-—

freshly distitled solvents within two meonths, and the spectra taken within 2 days, of sample

preparation. ' ' N
-

The sodium-2) spectra were mcasu]td at 21.036 MHz (Varian FT-80), 53.92 MHz (Varian

X1.-200), and 79.349 MHz (Varian XL-300). An external D50 field-frequency lock was used at

21036 MHz, while ai 53.92 and 79.349 MHz no lock was used. The ficld drift on the two high

a.,

ficld instruments was less than 1 Hz per hour. The magnetic hclds were shimmed on a sample

O '
;onl.nmng D50, or on a s..mplc containing deuterated mtromcthanc in- aoctomtrﬂc. both methods

giving a sodium-23 line width of 7 Hz at 21.036 MHz, and of 8 - 10 Hz at 79.349 MHz. Theseh

values are closc to the natural line widths of dilute sodium solutions in water or nitromethane.

oA
A4

y : _ )
The chemical shifts were referenced to sodium chloride or, eguivalently, to sodium tetra-

pheaylborate, at infinite dilution in water. They are corrected for the bulk susceptibility differ-
ences between the organic solvents and the aqueous reference sample. For solencid magnets with

the magnclic"f ield lines running parallel to the long axis of the cylindrical sample tubes, the cor-

recied shift is: ' o

Shiftyye = SHiftgyg + (4X/3XXpoe - X)) (53.93 and 79.35 MHz)

Foe electromagnets where the magnetic field lines run perpendicular to the long axis of the sample

tube, it is:
' o

Shiftyrye = Shiftgpg - (2W/3KXop - Xgpmp) (21,04 MH2)
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X are the volume magneiic susceptibilities of the pure solvents. (The effects of the dissolved
salts on the susceptibility cah- be neglected.{62]) Table 2 presents the correction terms for the sol-

vents used in this thesis:

e

Table 2: Magnetic Susceptibility Corrections ) (

Solvent X Correction Terms[ppm] at:’

[ x 10°%] 53.92 and 79.35 MHz 21.04 MHz

Nitromethane -0.391 -1.374 +0.687
Acetonitrile  -0.534 -0.795 ' +0.387
Pyridine . -0.611 -0.452 +0.226 -
Water (H50) -0.519 . - l - -

X are’'the volume magnetic suscptibilities of the pure solvents.

To measure the chemical shift at low signal to noise ratios (at low concentrations) more accu-
rately, a line broadening of 5 to 20 Hz was applied to the FID prior to.determining the chemical
shift. The reported linewidths are not subject to line broadening, and are not corrected for viscos-

- ity  unless indicated otherwise. The transverse relaxation rates are taken from the full linewidths

at half height according to eq. 6.

5



1.2.2 Solvent Effects ~

Table 3 gives an overview of the Na-23 NMR chemical shifts anf_i relaxation rates of solvated and

+

complcxéd sodium .in different solvents used in this thesis.

Table 3: Chemical Shifts of Free and Complexed Sodium in Four Solvents

Solv. Anion Conc. Na-Shift 1/T, ' x&

free comp. free comp. vis.- -comp.

_ ’ . COTTr.
[¥] [ppm] [ppm] [s71) {s7}][s71/cP] [MEZ]

THF - BPRhy~ 0.01 (-7.16 —s.Q?)b 66 248
AN BPh,” 0.04  -7.37 -8.20 23 132 383 0.9
PYR PFg~ 0.0l +0.22 -8.22 128 403 413 0.9
‘NM_ BPh,~ 0.037 -14.49 -8.19 25 195 314 0.8
NM  PFg” 0.037 -14.81 -8.20 25 195 314 0.8
NM¥  SCN~ 0.005 -10.84 -8.12 298 189 304
NM SCN~  0.01 -10.24 -8.20 361 195 314
NM I 0.01 -10.52 -8.18 50 : 195 314
The chemical shifts are relative to sodium éhloridc at infinite dilutioDDzO. They are
corrected for the. magnetic susceptibility differences between the solvents (See above). (a):
Bisnaire and Detellier [17]. (b): The shifts in tetrahydrofuran are uncorrected.
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1221  Static Effects (Complexation Equilibrium)

. Chemical shifts and’ relaxation rates of the solvated sodium vary widciy for different solvents and
counter anions, yet for the 1:1 complex, ;hc‘viscosity corrected relaxation rates and especially the
- shiftg are indcpcndcnt‘éf both. solyent .and counter anion. "'Onct again this result supports the
" complexation ‘nmdcl for ‘large crown ethers, here DB24CS8, whcrc the crown wraps itself n’ghtlj

around the cation, negating any access of ‘solvent or anion to the cation.[17](61]

Figu}cs 3 and 4 show the sodium chemical shift and transverse relaxation rates in acetoni-
trile. The observed signal rcprescn;s the wclightc'd average of the solvated anci‘ co;nplcxcd sodium
cation. The chemical shift as well as the linewidth vary linearly with crown/sodium { P), going
from the values for solvated sodium at £ = 0.0 to the values for the 1:1 complex at £ >= 1.0.
The sharp cutoff at P where it equals 1.0 z*;llo“rs'only a lower limit of 10°M™! to be given for

the complex formation constant K _[58][63]

In acetonitrile the sodium is solvated by 4-6 nitrogen donor atoms. Yet the chemical shift
difference between solvated and DB24C8-complexed sodium is only 0.83 ppm (Tab. 3). In non-
polar ether-based solvents such as tetrahydrofuran, complexation is also strong, and the chemical
shift difference between solvated and complexed states is again small with 0.89 ppm. This is due

to the similar coordination sphere in both states (Tab. 2).

-~
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Figure 3: Sodium-23 Chemical . Shift in Acetonitrile - NaBPh

NaBPh, (0.01 M) as function of the ratio [DB24C
MHz. ’

%:DBMCS. Shift for {

V[Sodium] at 79.35
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'Figure 4: Sodium-23 Transverse Relaxation in Acetonitrile - NaBPh4 DB24C8.

Transverse relaxation rates for NaBPh4 (0. 01 M) as function of the ratio
[DB24C8]/[NaBPh4] at 79.35 MHz
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1.2,2.2  Limits of Observahility of Exchange in THF, AN, PYR and NM

In the systems shown above there is only one averaged signal, and a linear change of shift%xd
relaxation rates with P. These two observations indicate that the{ exchange between solvated and

complexed sodium is too rapid to comtribute to the transverse relaxation rate at room temperature.

According to Woessner’s equation the exchange contribution to transverse relaxation, 1/Tpex,
depends upon the square of the chemical shift difference between the two exchanging states (egs.

15 and 16 are identical to eq. 8, p.15){13] : :

1/Tgex =  4TRPPy(va—Vy)® / (kg+ky) (18)
or

kotkp = 4T2P P (V,-V,)PT ex (16)

L.

If T.hc lowest detectable exchange relaxation 1/T,ex is taken to be 31 s1 (or 10 Hz m line
width), then the limiting rates can be calcfﬁlated. below which, exchange becomes noticable in the
four solvents studied: Table 4 illustrates how the large chemical shift difference between solvated
sodium and its DB24C8 complex should allow the observation of faster exchange in nitromethane

and pyridine, than in tetrahydrofuran and acetonitrile.

Yet in pyridine chemical shifts and relaxation rates vary nonlinearly with the ratio crown/
sodium (£) (Fig. 5), indicating a relatively small complexation. constant K.
" The equilibrium model below was fit to the experimental points in Figs. 5 and 6, using a least

squares fitting routine inside a SIMPLEX minimization program.[74]
' L
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- Table 4: Lowest Exchange Rates Observable at 0.037 M
AN THF PYR NM
Wa-vp)% 4360 4990 448 000 275 000
[Hz]
(ke +ky) 1300 1500 130 000 90 000
[s7}]
is the square of the chemical shift difference in Hz between solvated and
DB34€8 complexed sodium. (k +k, givw the exchange rates that will cause an
exchange relaxation 1/Taex of 31 s1°(10Hz in the line width), for sodium : DB24C8 in
four solvents. (k,+k,) Is the sum of the exchange rates, or the su.ni { the inverse life
times, 1/7, and 1/‘t’b. its dimension is 87~ for unimolecular and M~ for bimolecular
exchange mecha.msm
K, E
(N&+)S + (C)B : (N8.+,C)B (re)
~7
\\'\ e
YOde il Pfo + PC c '\ . (18)
Here Pf and P are the molar fractions of free and complexed sodium; Yobsd' Yf and Y ):u'c either

shifts or relaxauon rates observed, of free and of complexed sodium. [Na], is the tot:\k sodium

concentration. K. is the complex formation constant. (See Appendix 1 for[Na] as a functiqn of

K, and [Na],.) Table 5 gives the iterated values for shift and relaxation rates of free an

complexed sodium, as well as the complexation constant. -

The chemical shifts and the relaxation rates of NaPF6:DB24C8 in pyridine show a similarly vari-

ation with £, and give comparable complex formation constants. This indicates the

exchange broadening in the transverse relaxation rates, so the exchange rate under these

absence of

conditions
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Figure 5.~

Sodium-23 Chemical Shifts in Pyridine - NaPF¢:DB24C8. Shifts as func-
tion of [DB24C8)/[NaPF¢] with [NaPFg¢] = 0.01' M. The points are exper-
imental. The solid curves are calculated from eq. 18 and the complexa-
tion parameters (Tab. 5).
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Figure 6:

Sodium-23 Relaxation Rates in Pyridine - NaPF:DB24C8. Transverse
(0) and longitudinal (&) relaxation rates for NaPF¢ (0.01 M) in pyridine
ag function of [DB24C8)/[Sodium]. The points are experimental, the solid
curve is calculated from eq. 18 and the complexation parameters (Tab. 5).
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Table S: Complexation Parameters in Pyridine - NaPF¢:DB24C8

K bs 3o . 1/Tyf  1/Tje 1/Tpf  1/Tge

(%11 [ppm] C(ppm] [s"}] ([e}1 [sl] [s°1]

c

3020 +0.28 -8.22 ' -
(50) (0.1) (0.1)

3040 11w 376

(100) (5) (10).

2600 - ‘144 403
. (300) . _ (100 . (R0)

— by b, are itaed shifts; 1/Tyf, 1/Tyc and 1/Tof, 1/Tpc are the iterated longitudipal
and transverse relaxation rates %or free and complexed sodium. K, are the complexagion
‘constants from the three data sets.

has to be larger than 105 s! (Tab. 4). As seen from the relatively low complexation constant
(Tab. 5), pyridine is an efficient competitor for the sodium cation. Its high donicity (Fig. 2)

causes fast exchange, .

. The following chaptérs focus on the complexation of sodium salts by DB24C8 in nitrometh-

anc.
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1.2.3 Complexation Mo‘ril}agns and Dynamics in Nitromethane - Sodium chafluorophospthc //’

1.2.3.1 | Introduction and Methods

N
Nitromethane stands out as a solvent of extremely low donicity (D.N = 2.7; Fig. 2), but it has a

e : .
comparatively high dielectric constant ( £ = 35.9). The low donicity results in a high complexa-
tion constant and a large chemical shift difference ‘between the solvated and the 1:1 complexed
sodium (Tab. 2). Fﬁrthermore, anions have easier access to the coordination sphere of the free

sodium. These properties make nitromethane a most useful solvent for studying exchange kinetics

"and weak anion effects., Table.6 giifcs, for each sodium salt, an overview of the observed

complexation phenomena.

Table 6: Overview of Observed Phenomena

Salt Exchange = Aggregation Ionic 2:1-Complex
Broadening Interaction .

Na.PFS + S : +

NaBPh, + +

Na.Iv ' + ' +

NaSCN ' + + _ +

For sodium hexaﬂuoro;;osphate and tetraphenylborate both the cIassi@ unimolecular decom-
plexation and the bimolecular cation interchange mechanism (see pag: 17 ) are active. As well,
tetraphenylborate, as the most bulky anion, allows for the sedium induced aggregation of several
crown molecules. Sodium thio;:yanate and sodium iodide also showed bimolecular exchange. The

rate of sodium thiocyanate exchange was about three times higher than those of the other salts.
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All salts except sodium tetraphenylborate showed strong ionic interactions. These were quan-
titatively taken into account during the analysis of complexation and exchange. Sodium thio-

-~ cyanate furthermore forms a 2:1 complex with DB24C8.

N

1.2.3.2  Two-Site Exchange - Results and Interpretation

Figure 7 shows the chemical shift -of sodium hexafluorophosphate as a functidn of -
[DB24C8]/[sodium] in .nitrc;mcthanc. Only one signal was observed, rcp:escntlng the weighted
average of complexed and solvated sodium. The linear slope and the sharp cutoff where equals i.O
are again characteristic of n large complexation constant, and only a lower limit of about 106 M1
could’ be cétimated for K. <
Judging from this chemical shift curve, one m_iglht expect a similar variation of the transverse -

and longitudinal relaxation rates with F (Fig. 8). Yet while.the longitudinal relaxation rate is in
_— fa?:.t analogous to the shift curve, the transverse relaxation «rate shows a field dependent maximum

at £ about 06

-

Thisg ma.xunum in the transverse relaxation rate could in principle be due to the formation of
msodium : crown complex with a high quadrupolar coupling constant. Shamsipur and
Popov,[58] and Stover. et al{59] have observed the analogous 2:1 sodium:DB30C10 complex in
nitromethane. Yet in that case the longitudinal ré.laxation rate should also show this maximum,

since in the extreme narrowing region longitudinal and transverse relaxation rates are equal (eq.
4).10 |

.

\J

10" Two facts combined verify the extreme narrowing situation. The first is the linear. variation
of both chemical shift and longitudinal elaxation rates with £. The second is the field inde-
pendence of the transverse relaxation rate at £ equal to 0.0 and 1.0.
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Figure 7: Sodium-23 Chemical Shifts in Nitromethane - NaPF.:DB24C8. Sl;;)ts as
“functjon of the ratio [DB24C8)/[NaPFg4] at 79.35 M [NaPF¢] §s con- |
stant at 0.037 M. }
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Figure 8:

- ' Relaxation Rates in Nitromethane - NaPF.:DB24C8. Na-23 transverse
relaxation rates at 79.35 MHz (O), 52.92 Aﬁ{z.(O),and 21.04 MHz (&)
2nd Na-23 longitudinal relaxation rates at 52.92 MHz (¥); as functions of
{DB24C8)/[NaPF.] ( A) in nitromethane. The temperatures of measure-
ment were 294 ﬁ (79.35 MHz and 52.92 MHz) and 297 K (21.04 MHz).
All line shapes were Lorentzian, ; ]
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This leaves only one possible explanation: exchange relaxation. -As stated in the introduction,

chemical exchange of soditm between .two states (solvated arid-complexed) with unequal resonance

frequency can lead to a mutual dampening of the x-y magnetization in both states, that is, to

exchange relaxation (1/Tpex): ‘ ' e

1/Tgex. =  1/Tpobsd - 1/Ty - 1/Tpimh T (19)

The observed transverse relaxation rate 1/Tpobsd is T times the 1incw.idth at haif hcight (eq.
6). 1/Ty w:;s measured at 53.92 MHz; since it has to be field independent in the extreme narrow-
ing limit, the values measured at 53.92 MHz are valid at 21.04:MHz 'and 79.35 MHz-:_us_w'(ell. ‘. The
| inhomogeh;ty broadening 1/T,inh was estimated at cach field by tlaking'- the dii‘ffcrc‘ncc of

1/T20bsd and. 1/T; for values of equal to 0.0, and larger than 1.0, At these values of P the

exchange contribution to the observed relaxation rate, 1/Tqex, is zero.

In this way the exchange contribution 1/Tpex to the transverse relaxation rate 1/T s0bsd can
be isolated. Figure 9 shows the plot of 1/Tqex against for all three resonance frequencies.
According to Woessner,[13] the exchange contribution 1/T3cx near the fast exchange limit can be

.approximated as {eqs. 20 and 21 are identical to'eq. 8,.p.15):

1/Tgex = 4WRP, PV, -Vp)2 / (ky+ky) (20)

or

2 P 2
]_ia."'kb - 4T Pan(va—'ub) Toex (2_1)

. . Y
“where the symbols have their usual meaning (see page 15). Comparing Fig. 9 with eq. 20, we can

make two observations:



Exchange Relaxation 1/T,ex in Nitromethane - NaPF.:DB24C8. 1/T.ex
as a function of [DB:4C§]/[NaPF 1 (F) at 79, 35 (D); 52.92

(Q) and 21,04 MHz (A). [NaPFg 1% 0037 M. inh is 10 571, 30 g1
and =< 1 s at 79.35 MHz, 52. 92 MHz, and 21. 04 Kde, respectively.
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, At all three resonance lfrcqq‘cﬁcics 1/T2c.:x is parabolic with tl-u: maximum at P equal to
Q.S. This demonstrth t.hcr strict dependence of 1/Tqex -om the product PPy in eq. 20:
Sincfa K, is large (> 105 M1, P_Py, is approximately cqﬁa.l t0.P(1- £), which has’its max-
© imum at P equal to 0.5. ‘{\.
¢+ Eq. 20 ft;;:ther predicts a linear dependence of 1/T,ex on the square of the chemical shift
. difference between the two cxchaﬁg’mg states. Or, what comes out to {he same, on the
sc-q_ua.rc of t}1e magnetic field strength Figure 10 demonstrates the close agreement bctwcén

the predxcted “and the observed fxcld dependencies of 1/T2ex for £ equal to 0.5.

The two pomts above each prove the adequacy of eqs. 20 and 21 to ‘describe the NaPF, : DB24C3

c'(change kmcncs

The sodium-23 NMR data for sedium hexafluorophosphate : DB24C8 are listed in appendix 5.

\

'r
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Figure 10: Exchange Relaxation 1/T,ex versus Field - NaPF¢:DB24C8. 1/Tqex for
[DB:4C8]/[N_aP§6] (P) equal 0.50 (e), 0.80 (O), and 0.30 (A) as a
fuaction of Vy“, the square of the observation frequency. [NaPFg] =
0.037 M.

1.2.3.3 Exchange Mechanisms and Methods

Sodium-23 NMR has now provided a chemical exchange rate, (ka+k.b). [t is the sum of complexa-

tion and decomplexation rates:

(Na™)g — (Na*)y, (22)
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where (Na™), and (Na*), stand for free and complexed sodium.[43][45] The chemical exchange of
sodium between solvated and DB24C8 complexed state can in priﬁciplé proceed via two mccfa—

nisms, in analogy to Shchori’s sodium : DB18C6 systems: &
-/Ir

)4
1 .
(Na®*)g + () == (Wa*,0)4 , (23)
k_, : unimolecular
decomplexation
('Na¥)g + (Na*,0)g === ('Na*,C)g + (Na™)g (24)
bimolecular

catlon interdhange

The rates of disappearance of the solvated and complexed sodium from their respective states can

be expressed as:

d[Na] [Na] o

_ = = [Nalk, = k,[Na][{C] + ky[Na][NaC] (25)
dt 'T'a

—

d[NaC] [NaC]

- = = [Nalky =~ k_;[NaC] + ky[Nal{NaC] (26)
dt T, .

where T, and Ty are the average residence times of a sodium cation in the solvated and complex-

ed states, respectively. Then:

/T, - kg = kyI[C] + ky[NaC] (27)



&
45

where 1/ 't'a,and 1/’t‘b or k., and ky, are the inverse lifetimes, that is the probabilities for the sol-

vated and complexed sodium cations to leave their respective states.

Finally, the desired sum of the inverse lifetimes, (k +ky) is -

kgtky = k{C] + k; + ky([Nal+[NaC]) (29)

[

Kgtkp = k[C]l + k_; + kp{Naly (30)

The last equation permits a separation of the unimolecular from the bimolecular exchange mecka-

nisms by their different concentration dependencies:

If upimolecular exchange would dominate:
" (kg+ky) -  kq[C] + x_3 (31)

then the observed exchange rates (k,+ky) should vary with the concentration of free crown [C],
_ ‘ »

and thus with crown/sodium. Yet the symmetric curve of 1/Tqex versus P (Fig. 9) clearly

shows that k +k, is constant with P, the curvature arising f;ém thé term P Py in eq. 8, p.15.

To be consistent with unimolecular exchange, thig constancy with crown/sodium would require

k,[C] to be negligi,ﬁf; compared to k ; in eq. 31. But under the assumption of quantitative

complexation:



46

- — = — _ 2
¢ k_y [Na][C] (1- Py[C],
and
il - £ (33)
k_q 1-p
~

So if k{[C] would be negligible compared to k_y, then the left term in eq. 31 would become
very small. This however would contradict the term on the right side, for instance at £ equal to

0.5. Thus unimolecular exchange cannot be the major exchange mechanism at this concentration.

There is a direct test for the mechanism: This is to étudy the dependence of the exchange
rate on the total sodium concentration [Nal,, while keeping P constant.. With purely unimolecu-
lar exchange, (k,+ky) should be constant with [Nal,, the Y-intercept being kg
With purely bimolecular exchange, (k’a-i-kb) should vary linearly with [Na}t; the slope being ko,

and any residual Y-intercept being k¢

The spectra from the concentration study are shown in Fig.' 11. In all samples, £ was 0.5,
while the concentration of total sodium hexafluorophosphate was reduced from 0.05 M to
0.0000J2M. One can see a slowing-down of the exchange with decreasing concentration, leading
to separate signals for complexed and solvated cations. This concentration coalescence already

shows that the bimolecular exchange mechanism is active at higher concentrations.

Before the line shapes can be analyzed for the exchange rates, another experimental result has
to be considered: the chemical shift of sodium hexafluorophosphate in nitromethane in the

absence of crown proved to be concentration dependent (Fig. 12). With increasing concentration
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Concentration Coalescence for NaPF:DB24C8 in ‘Nitromethane. Na-23
NMR spectra at 79.35 MHz of NaPF. (0.037 M) in nitromethane in the
presence of DB24C8 ([DB24C8]/[N31§F6] = 0.50) at different concentra-

tions (295 K).
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the sodium-23 resonance shifts diamagnetically (to lower frequency), and forms a plateau at

sodium concentrations above 0.001 M.

Ionic interaction in non-polar solutions is common enough for sodium salts with coordinating
anions, such as sodium iodide or thiocyanate,[8][18]{24](51]{64],but this is the first time'that a
large variation of a sodium-23 NMR parameter with concentration has been observed for the

sodium salt of a bulky anion such as hexafluorophosphate.[8][18]

In analyzing this concentration dependence a bimolecular association has‘been assumed, of
cither solvated ions to the solvent separated ion-pair, or of two solvent separated ion-pairs to the

proper dimer. At the low concentrations used in this study, secondary concentration effects such

as changes of solvent\or ion activity, of solvent-solvent or of solvent-ion interaction, can be neg-
lected.[24][64]11

Based on the simple ion-pairing model:

K
(Na®)g + (PFgT)g ——=2o (Na*,PFg7)g | (34)

—

where Kp is the ion-pairing constant, The observed chemical shift can be expressed as the sum of

the contributions of free and ion-paired sodium:

1

11§ ater the ionic interactions of sodium iodide and sodium thiocyanate in nitromethane will be
analyzed in much the same way. Throughout the thesis this ionic interaction is somewhat
simplistically called ’'ion-pairing’. It is probably more a dimerization of solvent-separated ion-

pairs for sodium- hexafluorophosphate, contact ion-pairing for sodium thiocyanate, and ionic
clouding for sodium iodide.

\
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Figure 12: Concentration Dependence of NaPF Shift in Nitromethane.  ‘The data |

points are experimental, the solid line comes from fitting with the jon-
pairing model described in the text.
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P; and PP are the molar fractions of free and ion-paired sodium cations, they are functions of KP
and [Na], (the exact cxpressions are shown in Appendix 2.) Then the three unknown parameters -
Kp, é ¢ and BP were obtained by fitting eq. 35 to the observed shift versus concentration curve

(Fig. 12), using a non-linear least-squares regression routine. The obtained parameter valyes are

shown in Tab. 7, and the curve calculated with these values is shown as the solid line in Fig. 12.

The ion-pairing constant Kp is surprisingly strong for & counter anion as bulky as PFg —
Above all the diamagnetic shift (to lower frequencies) upon ion-pairing is unexpected. Stroogly
coordinating ligands or counter anions (SCN7, I') usually cause a shift to higher resonance fre-

\_ duengies (paramagnetic shift; see Tab. 2 and Fig. 2). - :
\ ' R

Table 7: Ion-Pairing Parameters for NaPFg in Nitromethane

Kp is the ion-pairing constant, bf and O ate thé iterated shifts for free and ion-paired
sodium. The values in brackets are uncertainties. '

-~

Ep bf bp
(ML [ ppm] [ppm]
25000 iz -14.8
(5000) (0.8) (0.1)

t

The chemicai 'slnft difference between free and ion-paired sodium is however qumez.ll (about -1

Y
ppm, ‘compared to +6 ppm for NaSCN and +12 ppm for Nal). Furthermore both longitudinal and

transverse refaxation rates are independent of the ionic interaction. These findings suggest that
the formed aggregates are solvent-separated ion-pairs or dimers of ion-pairs. However, we were

most interested in the cation exchange process, and will consider this ionic interaction only as far
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as it affects the r.-xchangc.12

Eqs. 36 and 37 describe the equilibrium in the presence of crown:

. Ky
(N&+)B + (X")S # (Na+,x.—)s S (66) ...
KC :
(Na®h)g + (O)y == (¥a*,0)4 (37)

Kp is again the ion-pairing constant, and K, the complex formation constant (K, is fixed to 106
M), The observed shift ca.ﬁ now be described ag the sum of the contributions from solvated,

ion-paired and complexed sodium:

where Bf, 3p. and bc are the chemical shifts of free, ion-paired and crown-complexed sodium.

(See\appcndix 3 for derivation.)

"The solvatéd and the ion-paired sodium are in diffusion controlled equi]ibri-um.—\’i‘—o'_gether
N

they form the 'free sodium pool’ (Fpool), in contrast to the complexed sodium. The chemical

~
~

shift of Fpool corresponds to the weighted average of the shifts of free and ion-b;ired sodium, and
thus depends directly, upon the degree of ion-pairing. Now this rati;: of ion-paired over sojlvated \\
sodium is dependent upon the presence of crown as well as the concentration of the sodium salt, - -
Since DB24C8, by complexation, effectively removes cations from the ion-pairing equilibrium (eq.

37). Left behind are their 'naked’ counter anions. They are denied access to the complexed

sodium cations, and thus will shift the ion-pairing equilibrium further to the right.

12 This analysis will become more important for the strongly coordinating anions jodide and
thiocyanate. ) '
* 4
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At concentrations -above 0.001 M, the sodj.ﬁm fhift has reached a pseudo-plateau, ;vhcrc. all

sodium cations are ion-paired (Fig. 12). Addition of crown could not lead to more ion-pairing,

ﬁ and thus c;auld not affect the chemical shift of the uncomplexed sodium pool. So the chemical
shift différéncc between both sites and thus the measured exchange rate should be md;pcndcnt of

P at sodium concentrations greater than 0.001 M.

1

However, at concentrations below 0.001 M jon-pairing is incomplete in the absence of'crown.
Addition of crown would markedly shift the ion-pairing equilibrium and so the chemical shift of
, the uncompqu:& ,_sodi{lm pool. -Accordingly, the chemical shift of Fpool has been calculated for
equal to 0.5 usi?ng £4. 39 (see also appendix 3), and the ion-pairing parameters from Tab. 7.13
. ; ‘
[Na]t

= (Ppde + PO) (39)
Fpool ‘ £ef ‘p P [Na],-[NaC]

b

+ - .
-

O . . ’_/"‘" N
Knowing the exact chemical shi'i‘t:_'di.ffei'eucc between “the two sites (see Tab.“8), the full

-

lfneshape expression based upon the modif_icd\ qu_clg-_eqliat‘ions was then fitted to the observed spec-
" .tra to obtain the exchange rates (Tab. 8).[19] In addition, the spectra at concentrations above 0.01
- N .

M were analyzed using eq. (21). This gave identical values for (ka+kb).14

e

]

13 We can clearly see the effect of ion-pairing in the low concentration region (Fig. 11): with
increasing concentration the narrow signal corresponding to the free sodium pool (naked
paired sodium) first shifts to lower frequency (to the right) due to increasing ion-pairing.

Then the onset of goalescence moves it back to the left. The shift of the 1:1 complex is con-
stant at all times..

14 Near the slow exchange limit, the exchange rate becomes a function of only the linewidths of
both signals, not of their chemical shift separation as above. In the line shape fitting pro-
gram initially used, the chemical shifts still had to be known exactly to achieve a good fit.
The shift values for the sodium pool calculated from the jon-pairing model resulted in excel-
'lent fits of the line shape expression to the experimental curves. Later, the fittings could be
checked with a program that allowed the shift of the sodium pool to vary freely. These
exchange rates were identical with those obtained, earlier. This supports the validity of the
ion-pairing model to account for the chemical shift variations with salt concentration and P.



Fig. 13 shows the variation of (k,+k,) With the total sodium concentration [Nal,. At con-
centrations above 0.001 M k +k;, varies linearly wi.th'[Na.]t as predicted for the bimolecula,rj ’
"exchange mechanism. The s{dpc isky = 36 x 105 g1, corresponding to an activation free energy

_dG* of 42 kJ/mol.

. Towards the low concentration limit the bimolecular exchange mechanism becomes less and

.lcss cfficient, and the exchange rates eventually become indcgc\:_xdcnt of the total sodium concentra-
tion (Fig. 13*‘). So the residual exchange at the low concentration limit proceeds by uniﬁ:tolccula.r
Juccomplcxz{tion. with (k,+ky) ~x! Gd s IM 1, This corresponds to an activation free energy

" \‘\‘
T

JG* of about 63 kJ/mol for the unimolecular decomplexation. Table 8 gives the exchange rates.

~

The temperature dcpcngc;cc of the bimoleciilar exchange rate at [Na], = 0.037 M has been

© studied to ot?tain the activétioh‘cnthalpy and entropy for the bimolecular exchange. Figure 22
shows the variation of Ln( k-h / kT ) with the inverse of the temperature for £ equal to 0.5.
Slope and ‘intercept of the-graph .givc the enthalpy and entropy of activation for the bimolecular

cation interchange; they are shown in Tab. 9.
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Figure 13: +k ) against [Na] for NaPF:DB24C8 in Nitromethane. The squarcs

add.monally checked using eq. 21. The triangles are thc residual unimo-
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cular exchange rate from the observed rates.

culated by lmwhapc analysxs, the values for [Na), > 0.001 M werc
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Table 8: Exchange Rates for NaPF:DB24C8 in Nitromethane

[Na]t © (Va=¥plrpoor  Katkp RMS  kg+ky/[Naly Xk,

[¥]  [Hz] R -l B [x105s~1x"1] [s1]
.05 522 ' 20100(60) 0.3  4.02 -
.02 522 8380(60) 0.2 &  4.19 g
01 . 520 3275(60) 0.5 3.28 -
.005 518 1600(30) 0.6 * 3.20 -
.002 - 511 : 619(9) 0.6 . 3.10 -
001 * 503 | 352(4) 0.4 3.82 -
0004 491 228(2) 0.4 - 72
0002 471 196(2) 0.5 - 62
.0001 455 160(2) 0.6 - 62
.00003 432 ~125(4) 0.8 . - 57
000012 423 . ™ 103(3) 0.9

(v a—vb)Fpool is the chemical slnft difference between Fpool and the complexed sodium,
caiculated with eq. 39. (k,+ky) are the observed exchange rate. (k,+ky)/[Nal, is equal

to the bimolecular exchange rate k, at high concentrations ([Na], > 0.001 M). k is the.

unimolecular exchange rate constant, derived by deducing the extmpolated bimolecular
contribution from (k,+ky) in the low concentration region ([Na], < 0.001 M).




-~ 56

&

Table 9: Activation Parameters for Bimolecular Exchange - NaPFg

ag# . as* _ -~ agt
[ka"fmol] [J/molxK] L [kd/mol.]
29.5°(2) - -36.9 (10) . 40.4 (2)
f . ﬁ_ : . o

1.2.3.4 . Discussion - Sodium Hexafluorophosphate Two-Site Exchange .

ot

The most interesting aspect of this system is that it allowed thc observauon of bmh the ummole—
cular and the bimolecular exchange mechanisms thm thc same complexnuon system Both

mechanisms could then be separated, using theu‘ different co;récntmtmn depcndencms (eq. 30).

-

But how do these two mechanisms proceed? I;et us first éonsiélep the st-ructure of the sodium
complexes with the large crown ethers DB24C8 and DB30C10. T\l:}(%ucomplexcd DB24C8 in
solution probably assumes an elongated centrosymmetric conformnnon like its larger analog
DB30C10.[34][65] In its 1:1 complex with sodium in solution, DB24C8 wraps itself around the
cation, excluding solvent and counter anions from the cation’s coordination sphere. The 1:1 com-
plex is the predominant sodium : DB24C8 complex species in solution.[17](35](58] Sedium :
DB30C10, on the other hand, forms 2:1 complexes (and possibly 3:2 complexes) m nitromethane
solutions.[58][59] For both DB24C8 and DB30C10 in the solid state 2:1 sodium : crown complexes
are the rule rather then the exception. For example DB30C10 necdé anhydrous conditions as well
as the bulky counter anion tetraphenylborate to form a 11 complcﬁc with sodium. In the presence

of small counter anions or water, thdf:1 sodium : DB30C10 complex prevails.[66](67]
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With' DB24C8, both potassium thiocyanate[68] and sodium o-nitro-phenolate[69] form 2:1

complexes in the solid state. The potassium cations-each bind to five 6xygens of the nearly co-
plaﬁnr crown ring. One thiocyanate anion is above and one below the ligand plane; each bridges

the two cations through nitrogen.[68] To.accommodate the smaller sodium cations, the DB24C8

folds into a. propeller shape. In each of its blades, one sodiim coordinates to ‘three ether ‘oxygcns.

_ leaving tWwo oxygens free. In addition both cations are coordinated to one nitro-oxygen, and are

bridged by the phenolate-oxygens of both anions.[69] It is thus clear that high donicity anions
such as thiocyanate_and o-nitro-phenolate stabilize the 2:1 complexcs 'by saturating the cations

gesordination shell, and by reducing the inter-cationic repulsion.

How can this structural information be correlated with the kinetic results? Regardless of
mechanism, the first decomplciation step must include the conformational opening of the tight
'1:1 complex. It mu;it open to a roughly planar conformer, in vzh-.ich solvent and anions may
coordinate to the sodium. Accordi‘hg to Trutcr[70]:four .tralns-to—gauch-e dihedral changes in the

uncomplexed DB30C10 interconvert the closed into-the open conformer. The activation free ener-

gy for this process is about 50 kJ/mol. If one adds to this the activation energy needed to disrupt
1wo ‘or three oxygen-sodium bonds during the openi.ng, then the observed activation free energy
for the unimolecular decomplexation, 65 kJ/mol, is reasonable. Neither nitromethane 1:;01' hexa-
fluorophosphate are strong enough donors to stabilize the transition state of the unimolecular

decomplexation.-

With higher concentrations the probability of encounter between solvated and complexed

sodium increases, and the bimolecular pathway becomes dominant ([Na], > 0.001 M). This mecha-

nism afSo starts with the opening of the tight 1:1 complex, but now this opening is assisted by
the solvated sodium cations. The intermediate species present at the transition state of the bimole-

cular exchange is assumed to resemble the 2:1 complexes of the solid state: Two sodium cations

' residing on opposite faces of the crown ring, with their uncomplexed sides coordinated to solvent
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or counter anions or to both. Thus the second sodium cation mrn be said to stabilize thc‘dccom—

- plexation transition state of the first, complexed, cation.

The presence in solution of an intermediate 2:1 complex is not noticeable from either chemi-

;:ai shift or lohgitﬁdinal relaxation rate curves (Fig. 7 and 8). Since chemical shifts are additive,
its shift would be expected between those for solvated and coﬁapléxed sodium.  On the other hind.
the coordination shell of sodium in the 2:1 complex resembles that of the 1:1 sodium:12C4 com-~
plexes. The longitudinal relaxation rate is a sensitive measure for_the presence of even small

amounts of such an asymmetric species. In the presence of such species 1/T{ would show a posi-

tive curvature centered around £ equal to 0.5.

Whereas the kinetic analysis shows the necessary presence of a 2:1 intermediate, its concen-
tration and lifetime are very small as seen from the perfectly linear variation of 1/Ty with P
(Fig. 8). This validates the implicit assumption that the system can be treated as. consisting of

two sites, with no relaxation taking place during the exchange itself.

—

Many factors influence the relative importance of both exchange mechanisms for a given

complexation system. Besides the properties of cation and ligand, the solvent and the counter

anion piay major roles.

Shchori et al., studying the sodium exchange with 18C6 derivatives in methanol and
dimethyiformamide, found the unimolecular decomplexation“ mechanism to be dominant.[43][45]
Dye et al. found the same for sodium bromide binding to 15CS5 or 18C6 in methylamine.[53]
These crowns were initially considered too small to bind the two cations required for the interme-
diate species in the bimolecular mechanism. However Schmidt and Popov found the bimolecular
exchange mechanism to dominate in the potassium : 18C6 in- 1,3-dioxolane system.[47] Subse-

quently, Popov et al. did ajcomprehensive study of the effects of counter anions and solvent on
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the ‘cxchangc mechanism for the Systcm sodium : 18C6. They found that in tetrahydrofuran,
sodium tetraphenylborate exchanges slowly by unimolecular decomplexation, whereas sodium thio-
cyanate exchanges much faster, and by the bimolecular process.[48](51] As in the soﬁd state, coor-

dinating anions clearly stabilize 2:1 sodium : crown stoichiometries in solution. °

Concerning the solvent, Strasécr and Popov found that solvents or solvent mixtures of higﬁ
dielectric constant but low donicity such as propylenecarbonate (DN = 15, £ = 65) stabilize_the
bimolecular transition state. Yet solvents of high donicity, regardless of their dielectric constant,

strongly promote the unimolecular decomplexation (methanol, tetrahydrofuran).[52]

In the system of sodium hexafluorophosphate : DB24CS, the high dielectric constant of the
solvent nitromethane (£ = 35.9) reduces the charge-charge repuision at the bimolecular transition
state, and thus promotes the bimolecular exchange. Meanwhile its donicity.(DN-Z.’!)[lO] ts um."’l

low to speed up the rate of uﬁ.molecula: decomplexation.
&
A lower limit for the complexation rate can be estimated from the unimolecular decomplexa-

tion rate (k_l = 60 3'1 M1 ), and the lower limit of the complexation —constant (Kc P 106 M 1 ko
. 6y—1
K, »>= 10°H = ky/k_4
and thus s
k; >= 108571

Eigen et al. reported a similar complexation rate for sodium : monensin in methanol (k1 =3 x
108M71571).[44]
Let us recall from Tab. 2 that both the chemical shift and the relaxation rates of the 1:1

corﬁplexed sodium are independent of solvent and counter anion. This indicates that, in the com-

petition of solvent molecules and counter anions with the crown for the sodium cation, the equi-
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librium lies far on the side of the wrapped 1:1.complex. Even a solvent with a high donicity

such as pyridine, or a coordinating anion such as thiocyanate, cannot gain cx;ough residence time
in the sodium chelation shell to have an effect on chemical shift or quadrupolar coupling.[t7] So
t];e study of the 1:1 sodium:DB24C8_co plex itself w0ulld hot reveal any information a’lm;? the
role of .tl;e ‘solvent or counter anjén in the complexation and decomplexation processes. In_-con-
trast, the unimolecular exchange process directly measures the competition between the crown on
one side, and the solvent and counter anjim.t-\on the other side, for the cation. Even small increas-
es in the donicity of the solvent or anion shoquhlcad to a related increase m J\}le rate of unimole-
cular decomplexation. On the bimolecular cation intercha.r;ge the influences of flnions and solvent

are more complex, since a second sodium cation takes part in the exchange. This will be described

in on chpt. 1.2.5 for the case of sodium thiocyanate.

/

In the following chapter, the substitution of sodium tetraphenylborate for sodium hexafluoro- \
- ¢

phosphate results in association of several 1:1 complexes to larger species.
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'1.2.4 Aggregat.ion and Exchange ~"Sodium Tetraphenylborate

Tetraphenylborate is well known as a non-coordinating counter anion that promotes the forma-

tion of sandwich crown complexes]27][65] Strasser and Popov found the exchange rate of sodium

“retraphenylborate with 18C6 in tetrahydrofuran solution to'bc slow at room temperature ( k_y =
(6) s71). The exchange rates were fast for NaSCN ( ky = 92000 M%s7! ) and NaCIO 41511 so

in the sodium:DB24C8§ coﬁaplexation system, tetraphenylborate could provide a 'zero-anion-effect

standard’, against which to gauge the effects of the stronger coordinating anions PFg, SCN™ and I'.

Figure 14 shows the variation of the Na-23 chemical shift with f for sodium tetraphenyl-
borate in nitromethane solution. The cuer; is similar to the ome observed with sodium hexa-
fluorophospha.te (Fig. 7). Again frce and complexed sodium are the two dominant species, under-
going rapid exchan;g More stm{mg however are the variations of the transverse relaxation rates
with £ at three different field strengths (Fig. 15). They are similar to the relaxation rate curves
for the hexafluorophosphate (Fig. 8), except that the maximum now shifts to higher £ values
with decreasing field strength. To test for the quadrupolar contribution to relaxation, the longitu-
dinal relaxation rates were measured at 79.35 and 52.93 MHz (Fig. 16).

Three main features can be noted:

¢ 1/T{ shows a maximum at P equal to 0.95. Going left from the plateau region (£ -larger
. than 1.0), 1/T, increases dramatically as soon as a slight excess of sodium over crown is

present;
« 1/T4 is independent of the external magnetic field;

* 1/Ty is the same as for the hexafluorophesphate case at P equal to 0.0 or larger than 1.0
(Fig. 8)- ‘
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Figure 14: Chemical Shifts for NaBPh4:DB24C8 in Nitromethane, Shifts as func-

tion of [DB24C8]/[NaBPh4] (P) at 79.35 MHz in nitromethane.
[NaBPh 41 is 0.037 M.
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Figure 15:

Transverse Relaxation rates - NaBPh4:DB24C8. 1/'1‘2 as function of
[DB24C8)/{NaBPh,] ( £} in nitromethane at 79.35 MHZ (0), 52.92 MHz
(4), and 21.04 Mfiz { ). [NaBPh,] is 0.037 M. Temperatures of meas-
urements are 294 K (79.35 MHz and 52.92 MHz) and 297K (21.04
MHz). All line shapes are Lorentzian,

i
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Figure 16:

f

Longitudinal Relaxation Rates - NaBPh/DB24C8. 1/T, as function of
P at 79.35 MHz (O) and at 52.92 MI% (o). The experimental condi-
tions are the same as in Figs. 14 and 15. The points are experimental,

and the curve is fitted with ‘the aggregation model described by egs. 41 -
43 and 48. ‘ ..
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The field independence of 1/T, confirms that the System is within the extreme narrowing
region. As well, the exchange rates cannot influence the longitudinal relaxation rate, since the
exchange rate [(ka+kb)-30003'1] is much ‘higher than the highest relaxation rate in the two-site
system [1/T,¢ = 200s"11.[13] So the maximum of 1/Ty at P equal to 0.95 must result from spe-
cies other than the solvated and the 1:1 complexed sodium. These species must have a sodium
relaxation rate higher than the 1:1 complex. Mca'nwhile, the field dependence of the transverse

relaxation can again only be due to exchange broadening as in the case of hexafluorophosphate.

In this situation the longitudinai relaxation reflects only the structural aspects of complexa-
tion, in particular the product szC: whereas the transverse relaxation contains information about
both structure and exchange. By separating these two relaxation contributions insight into both

aspects of the NaBPh ;:DB24C8 complexation system could be gained.

As mentioned above, the maximum of 1/T shows the presence of additional species besides

the solvated and thc 1:1 coxﬁplex. 2:1 and 32 stoichiometries are already known for
NaBPh :DB30C10 complexes in nitromethane.[58][59] In the solid state, 2:1 complexes between

| sodium isothiocyanate and DB30C10,(67] between sodium o-nitro-phenolate and DB24C8 [69] and
between potassium isothiocyanate and DB24C8[68][(71] are also well known. So the model used to
account for the maximum in 1/T, (or for the additional species this observation implies) is based
on initial formation of the 2:1 sodium : crown complex. Ye't if this were the only other species
formed, the maximum of 1/Ty would appear .around £ equal to 0.5. Thus tl_m position of the
maximum indicates -that species of a higher stoichiometry'_a:e present, since the 1/T; maximum

appeared around crown/sodium equal to 0.9.

ey
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[N

The first step in, creating a model is to try to visualize .the aggregate species. At the transition.

-state of the bimolecular exchange of sodium hexafiuorophosphate two cations are bound to the

[3

DB24C8 in a x:oughly planar 2:1 transient species. The two cations are held on opposite sides of

the crown by about four oxygen donors (see p. 75).

The next higher analog to this 2:1 species would be the 3:2 species: two co-planar crown

molecules sandwiched between three sodium cations. Larger aggregates would be similar {(Fig. 17).

\\
\\
- BPh 4 BPhQ
N
+7 +
N
- N -
PhBB — ___#___4:___ | _ 8Ph 4 +
+ e B Ph; + BPh 4
- \\' - =
1 +‘ -
+ —'8Ph] BPhy
‘ "« BPh; +
3 +
+ — -
_ BPh3
+ -
BPh 4
BPh 4
(A) (B)

Figure 17: Plausible Structures of the Aggregate Species. A. Tetraphenylborate
could actively support the aggregate structure; or B. the bulky tetra-
phenylborate may simply allow formation of a (polyelectrolyte) aggre-
gate species due to its only weak ion-pairing tendency.
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The simplest complexation model that could account for the formation of such species has a 2:1

complexation step and then many aggregation steps after the initial 1:1 complexation:

i

.4

: [s] ‘
(Na®) g + (C)g = @Wa*,C)4 . (40)
- ) B - Kcz ) o
(Na*.p)s. +  (Na%)g === (Na¥p,C)g (41)
K ' : .
(¥e 1..-04_133 + (N&+.C)B \_'_'—‘ (N3+1+1-C1)s (42)

H

In the first aggregation-step, the 1:1 complex NaC adds a second sodium cation-to form the tran-
sient complcx Na,C (¢q 41). In the second step, this 2:1 complex acts as a nucleating species by
further addmg 1:1 complexes on both mda«- in turn this forms higher aggregates of stoichiometry

(i+1)i sodium.: crown (eq. 42). .

To fit this modcl to the cxpcnmcnta.l data. the observed 1/T4 had to be cxpresscd a3 the sum
of ‘the contributions of all spcx:xcs descnbed by egs. 40 - 42 The unknown parameters are the
formation constants K. Kgg: the aggr ation constant K and the relaxatxon rates for all species
\:a;i;lci. The f_ull (_:lcrivatm_n s giv i in Appcndlx 4, here only the main arguments and key

sxpressions. Either structure in Fig: 17 allows for some simplifying assumptions to be made:

»° There are two sodium-environments in Cdch aggregate: \m the 'internal’ sites the sodium
" cation is‘coxilplcxcd‘ by\a half-crown on each side. So it has a spherical ethereal coordina-
tion sphere like in the 1:1 sodium:DB24C8 complex. In the two ’outside’ sites of each
aggregate the mhom coordinate to four o;ygcn donors on one side and to the solvent and
ani‘on-s‘on the ott;cr. ; . / | |

™
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To reduce the number of parameters, the longitudinal relaxation-rates of these two sites

was fixed at values found for similar complexes. The internal site was attributed 1/Tyin

o= 2055'1, corresponding to the 1:1 so?.ium:DB24C8 E:omplcx. The less symmetric external
) S .

site, where the cation is bound to only 4 oxygen donors, was considered analogous to the
[\ .

2:1 sodium:DB30C10 complex in nitromethane.[59] Thus it was assigned a 1

@out of
1600s71, o | e

g
ysu“’

. P
' Furthermore, the complexation constant K. was taken as 10§M'1. _This is the lower limit
obtained from the chemical shift variation with P.

-

This model provides expression 43 for the relaxation contribution of one aggrcgatc;jsp'ﬁiqs
. ] Y

H

: 2
Nai+1 Cl'

L

'1/Tq1 = . i[2/Tjout + (1-1)/Tyin] (43)

>

where 1/T lom}-and 1/T1'i.n' are the relaxation rates of ’outside’ and 'inside’ sodium for a fictitious
aggregate complex containing only one crown molecule. The factor 'i’ represents the number of
crown molecules in the aggregate species. Th.i,s/m:.flects the assumption that the torrelation times

) - ’ o

of sodium in the aggregates are linearly related to the size of the aggreg;itg.

The observed longitudinal relaxation-rate is then given by the sum of the contributions of all

sodium species:

+  [Nay,q1,041(T{8)7 /[Nl (44)
Tlf TIC ) oo )

where Py and P_ are the fractions of solvated and complexed sodium, and I/Tlf, 1/T'1c: and 1/Tyi

: L. .
are the relaxation rates of free and complexed sodium and of the aggregate. 1/Tyi for each aggre-

gate species is given by eq.'43 above, so that eq. 44 can be reduced to:

-



1/Ty = ' o (45)
. Bt Po  2PeEeeX L 1
T,f  Tye  K(1-X)® T out T;1in (1-X)T;1in

- Using power series,{72] expressions can. be derived for the total sodium and crown concentrations:

. X Kcz“ 1 v
. [Naly = [Na] + — + —~——[Na](————— - 1) (48)
- K K . (1-x)2% S
P .--/\
. X e 1 '
[Cly = [C] + + C?EN&L‘J(J\——'-) (47)
T E Kk (1-x)%

X stands ok KCK[Na][C]. and [Na]; and [C]t are the total concentrations of sodium and crown,

respectively., Eqgs. 46 and 47 were solved for the concentrations of free sodium and crown uéi.ug a w

e

simuitaneous Newton-Gauss procedure.

This leaves only two variable paramegters: the formation constant’ \for the 2:1 complex K ..
. : . o -
and the aggregation constant li.—«E\xpr?ﬁion 45 was fitted to the obscx:ved 1/Ty data (Fig. 16)

with a SIMPLEX optimizationﬁq[ﬁ] and doublechecked with a Newton-Gauss proce-

dure{74] The fit is excellent, and the results are presented in Tabs. 10 and 11. -

-

The average size of the aggregates is:

| 1[Nay,1.C4] R T
(ST> = 1+1'%4 LT (48)
[Na.i_,_l,Ci] ] 1-X |
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where <Sb gives the average number of crown molecules per aggregate.

4
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Table 10: Results of 1/T; Fitting - NaBPh ;:-DB24C8

1/'1‘1f and 1/T1c are observed values,
relaxation rate of the 2:1 sodium:DB30C10 §
;}g‘ac (see discussion). K. is larger than 10

dure of the 79.35 MHz data {rms’'~ 5.5 Hz for 13 datapoints).

I/Tlf‘. 1/Tlc 1/T10ut_ 1/Tlint KC ch K

[Hz] [Hz] [Ez] [Hz]. [¥°1] (711 [}
22 205 1600 205 108 0.66 ' 20.3
(1 (5) (0:068) (0.5)

1/Tout is the lower estimate of the Na-23
plex.[59] 1/Tint is assufn
Any values higher than this limit give
ar results in the fitting. K., and K are/obtained by a Newton-Gauss fitting proce-

ed equal to

&

Figure 16 shows the observed 1/T; values (79.35 and 52.92 MHz) and the fitted curve. _<SJ[

varies from 1 to ,3:3, \;h?&\gorrwponds to aggregate sizes well Within the extreme narrowing

regmn (Tab. 11). Figure 18 shows the populations of the different species in solution, as calculat-

- ed with egs. 40 - 42. The major species are the solvated and 1:1 complexed sodium. The sodium

bound in the aggregates amounts to about two percent of the total sodium.

!
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Table 11: 1/T; Observed and Calculated - NaBPh :DB24CS8

P llTlobsd 1/Tlcalc «SI»

[s71] [s71]
0.00 22(1) - | - | o
0.30 111(3) 103 1.3
0.40 ~135(4) 131 1.4
0.50 163(4) 160 . 1.8
o.so“f) 191(5) o 190 1.8
0.65 204(5) . 204 . 1.9
0.70  217(10) 218" 2:0
- 0.75 226(3) 231 . 2.2
0.80 286(6) 247 2.4
0.85 243(5) 250 2.6
0.90 253(%7) 251 2.9
0.95 ' 253(5) 241 3.2
1.00° 208(5) 211 - A
1.05 205(5) 205 ° -
Y 1.15 205(4) | 205 -
\@.oo 209(5) 205 4 -

) F

Y

The error is given as three ¢, & being the standard deviation given by the nonlinear
regression analysis, The calculated values are obtained from the fitting procedure

described in the text. <SI> gives the average number of crown molecules in the aggre-
gates. )

LY
Y

N\

\
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Figure 18: Populations of Aggregate Species in Nitromethane. '
ke (a) Populations of free (F) and 1:1 complexed sodium (C); (b) Popula-
tions of the aggregate species Na; ,C; for i = 1-4, calculated with the
model described by eqs. 40 - 42, as a function of (DB24C8]/[NaBPh 4.

~

1.2.4.2 Discussion of Aggregation Modal

Comparison of the chemical shifts (Fig. 14), the transverse relaxatiop/ rates (Fig. 15) and the
longitudinal relaxation rates (Fig. 16) shows that the sodium - DB24(¢8 aggregates can be detected

unambiguously only by their contribution to the longitudinal relaxatlon rate. The dggregate con-
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centrations are too small to have an effect on the chemical shift curve. Moreover. the chcrmcal

shu’ts of the aggregated sodium should be intermedjate between the shifts for ‘solvated sodium and

1:1 complexed sodium. ' -~ 4

Oy '
Under extreme narrowing conditions, the spin 3/2 quadrupolar relaxation is given by:

1/T) = 1/Taq = (2/8)nRxBT, (49)

where X is the quadrupolar 'couplin'g constant and Tc the correlation time for the qu:a.drupolar
' relnxation As dxscussed earlier, 1/Tq is sensitive to the sym.metry of thc charge mstnbuuonl
around the nucleus through X; and to the cations’ mobility through the reorientational correlation
time Tc. The linear increase of 1/Tyi with Te, and thus with aggregate size, amplifies the
relaxation contribution of even small amounts of aggregate species present. The quadrupolar com-
ponent .of the transverse relaxation rate is identical to 1/Ty in the extreme narrowing regic:;n.
However, in this systeﬁ: it is runasked by the larger exchange contribution 1/'I‘2ex, es_peciallir so at

higher resonance frequencies.

. In order to be within the extreme nmomg region, (027c?) has to be negligible compared
to one (sec eqs. 3a,b). In mtromethane, Tc is Be about 50 ps for the 1:1 sodium:DB24C8 complex
(sce p. 18), and i x 58 ps for an aggregafe species containing i crown molecules. The Larmor fre-
quency W corresponding to the 79.35 MHz observation frequency }s 27 79.35 106 -3'1, so that

the product (w2ve?) for an aggregate comprising 10 crown molecules is:

(27 79.35 10%)2 x (500 10712)2 ~ 0.062 <« 1

Thus the aggregate species are still within the extreme narrowing region, as also seen by the field

independence of the longitudinal relaxation rates (Fig. 16).
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The key feature of the aggregation model is the cooperation of a less favorable initial step

(formation of the 2:1 complex, K., ~ 0.66) with a more favorable second step (agg;cgation. K=
20). This so-called 'semi-isodesmic’, indefinite aggregation model, also known as Type III SEK or
cooperative indefinite self association model, is well known in the field of nucleotide self associa-
tion. The first (often dimerization) aggregation’ constant is a magnitude lower than that for the
Jhigher aggregation .steps. Stilbs and Rymden find values of 0.4 ‘M"1 for the dimerization .::onstant
(in our model = K ) and 6 M1 for the aggregation constant (= K) for the ‘seif association of
mono-nucleotides such as adenosine monophosphate (AMP) and guanosine monophosphate (GMP)

in D,0.75]176]

-

1.2.4.3 Discussion of Assumptions

The model of Na; 4G 5aggregntes, as described by egs. 40 - 42, is based upon the following

assumptions: -

1. From Fig. 16 it is clear that the stoichiometry of the .:iggrcgatc must be (i+x):i

-

sodium:crown. For this model, x = is assumed to be one, in agreement with the proposed

structures (Fig. 17).

-
2. 7 'K, is taken equal to 105M™T, The chemfeal shift curve gives a lpwer limit for K. of
105M°L. In the fitting of eq. 45 to the experimental 1/T; data, the results were inde-

r
pendent of K., if K. was equal to 108 M? o larger.

—~
3.« Eq. 42 describes the addition of a 1:1 complex to an aggregate species Na; 1C;. The
aggregation constant K is independent of the size of the initial aggregate, for i >= 1. In

. this model, both terminal or *outside’ sodium cations of an éggregatc species are consid-

ered active, nucleating sites.

L=
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4. According to the proposed structures (Fig. 17), the aggregates contain two types of bound
sodium: (i-1) sandwiched 'inqide’ sodium cations and two semi-solvated ’outside’ sodium
cations. To reduce the number of unknown parameters, 1/T1 values of similar complex-
es have been assigned to these binding sites. Modest variations of these parameter values
do not significantly alter the results of theé fitting procedure.

4
e

-

5. The reorientational correlation t.une of sodium bound in the aggregates is assumed to be
equal to the rigid reorientation time of the whole aggregate. This in turn is assumed to
be proportional to the_muiiber of crown molecules per aggregate,

These assumpitions a:'c iustified, since:

a) the sodium:DB24C8 1:1 complex reorients rigidly as a whole[17]; so that there the
correlation time of the sodium is the same as that of the complex; and

b) the correlation time Tc of a rigid aggregate is proportional to the volume of the. agere-
gate accor@g to the Debye-Stokes-Einstein relationship:[77]

k-3 L .
Te = (4/3)MaS(q/xT)r, (50)

where (a) is the radius of a spherical species, (115 the viscosity of the medium, and (fr)
the coefficient of microviscosity.[78] If the aggregates have the assumed rod-like shape,

then T.'is linearly related to the length of the aggrcgate.15 . £

a

15 Changes of the microviscosity as well as the spherical-to-ellipsoid shape ‘transition with

%ncreasin)g aggregate size are neglected because of the relatively small aggregate sizes found
Tab. 10). . '

S_
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-, 1.2.44  Exchange Phenomena —'ﬁaBPh“ | ' \/_‘l

A

The kinetic analysis wés done similar to that for hexafluorophosphate. Subtracting the quad‘r;
polar (= longitudinal } and the inkomogeneity contribution from the observed transverse relaxa-

tion provides again the exchange relaxation 1/T,ex (Fig. 19):
1/Toex = 1/T5obsd - /Ty - l/Tzinll (81)

Figure 20 shows the linear dependence of the exchange contribution 1/Tyex on the square of the
resonance 'frequencies. for £ values 0.3, 0.5 and 0.8, as predicted by Woessner's expression for

two-site exchange (eq. 52 is identical to eq. 8,7p.15):
o 2 | : 3
ka + kb - 411; P&Pb(ﬂ)a—Ub) Tzex (52)

Again we can extract the exchange rates. (D -W) is 525 Hz in this case, and k., ky, P, and Py,

have their usual meaning. . Table 12 shows the eXchange rates (ka"'kb) values obtained with eq.

)
k)

52;

The invariance of (ka+kb) with F confirms that Woessner's equation can be applied again. More-
over it shows that the measured exchange rates are not affected by the aggregation, so that the

exchange process can be described with a two-site model.

To again distinguish between the unimelecular and the bimolecular process, the variation of

{k,+ky) with the total sodium concentration was measured in the range of [Na], from 2 x 1073 tq

5 x 1072M (Fig. 21).

The gepéral shape of the curve is identical to that for the case of hexafluorophosphate (Fig. 13).
At low concentration the (k,+ky) is contentration independent, indicating unimolecular decomple-
xation to be the dominant exchange pathway. - At high concentrations, the linear variation of

(k,+kp) with [Nal, shows the effectiveness of the bimolecular cation interchange mechanism (TaV
13). )

]
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Figure 19: Exchange Relaxation 1/T,ex - NaBPh:DB24C8. 1/T ex in mitrometh-
ane as a function of [Dﬁ

24C8}/(NaBPh,] (P) at 79.35 MHz (O) and
. 52.92 MHz (4). [NaBPh,] is 0.037 M. d‘[‘empcraturc of measurement is
294 K. .

.

—
» The temperature variation of k, was measured for sodium tetraphenylborate : DB24C8 at crown/
. &

sodium equal 0.5 (Fig. 22). The slope and intercept give the enthalpid and entropiz of activation

shown in Tab. 14. From .thc activation energies the bimolecular exchange mechanisms appear to

be similar for both anions.
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Tghex [Hz]

Figure 20:

Exchange Rates versus Field Strength - NaBPhﬁzDBMCS. 1/T4ex - for

NaBPh, (0.037 M) in the presence gf DB24C8 ( £ = 0.50 (&), 0.80 (0),
and 0.30 (0)) as a function of T 3, the square of the observation fre-
quency.

_
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Table 12: (k,+k;,) as function of DB24C8/NaBPh,

& -

P 1/T, . i}Tz 1/Tzéx. kg +ky,
. [s”1] [s871] [s71] [x10%Ez]
0.0 22(1) 30(3) ¢ - -
0.30 110(3) 278(8) 157(9) ©1.3€0.1)
0.50 162(4) 370(7)  197(11) 1.3¢0.1)
0.60 191(5) 385(7) 183(12) 1.3(0.1)
0.70 217(10) 386(7). 158(17) 1.3(0.1)
0.75 225(3) 377(7) - 141(10) 1.3(0.1)
0.80 236(6) 365(7) 118(13) 1.3(0.1)
0.85 243(5) 356(7) 103(12) 1.2(0.1)
0.90 _283(7) 327(6) 63(13) 1.4(0.3)
0.95 253(5) 296(8) 32(11) 1.5(0.5)
1.00 ' 208(5) 222(5) - -
1.15 - 205(4) ‘ '&?¥8(5) - -

P is the ratio DB24C8/sodium for a constant sodium concentration of 0.037 M. 1/T, is

the observed lonitudinal relaxation rate. Its error is given as three o, & being the stan-
dard deviation given by the nonlinear regression analysis. 1/T, is the observed trans-

verse relaxation rate, and 1/Tyex is the exchange contribution to 1/’1‘ 5 (1/Thex = 1/T,

/Ty - 1/Tyinh). (k,+k,) is the sum of the pﬁudo-fu'st-order rate constants 5 for the
: two-sncs exchange at %95
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Figure 21:

R,
3

L]

(k, +kg,) against [Na], - NaBPh 4:DB24CS8. (k +ky,) is calculated using eq.
52 (x? a complete line shape analysis (o), or a line-shape’ analysu on
the exchangc broadcncd resonance of the soh:} ted sodium (x).

4

N
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Table 13: Exchange Kinetics in Nitromethane —»NaPF¢ and NaBPh,

- . * . *
salt . kK 4@ Ko da
[s~1)] [kI/mol] -° . [s~M"1] (xJ/mol)
NaPFgq 60 63 (3) 3.6 10° 42 (2)
NaBPh, . 50 64 (3) 2.8 10° 41 (2)
N

kyand 1\2 are the rate constants for unimolecular and bimolecular canon cxchange dG™
are their f&cnvatmn energies.

7
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-154
{ "
S
(ppm]
-16+
174
1B
3.0
Figurc.22:

T 1 T

3.2 34 - 3.6
77 110° k™"

Temperature Variation of k, - NaPF¢ and NaBPh. [NaX] is 0.037 M
in nitromethane in both cases, [DB24C8)/[sodium] i3 0.50. Under these
conditions the exchange is purely bimolecular, and ko = (k,+ky)/[Na],.
(k,+ky,) values are calculated with eq. 52.
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Table 14: Activation Parameters for Bimolecular Bxchange - NaBPh,

Salt ar* as* ag*
[EJ/mol] [J/molxK] [kJ/mol]

. .
NaBPh, 31 (8) = -32 (10) ° 41 (3)
NaPFg 29.5 (2) -36.9 (10) 40 (2)

1.2.45  Anion Effects on Aggregation

-

The aggregation model as described by eq. 40 - 42 for sodium tetmphenyibbé;te and DB24C8 in
nitromethane can be seen as an extension to the exchange modelz.fpr sodirﬁm hexafluorophosphate
(see p. 69): The initial opening of the wrapped 1:1 conllplex and thé addition of a second sodium
cation lead to an intermediate 2:1 species in both cases. With sodium hexafluorophosphate its
lifetime is too short to let it contribute to the observed shifts and longitudinal relaxation rates.
But with sodium tetraphenylborate, this 2:1 intermediaté has a formation constant of 0.66 M-l

Furthermore it serves as a nucleating ’seed’ by ‘adding 1:1 complexes to form the aggregate species

‘(Fig. 17).

The aggregation model suggests a plausible description, but it does not inform about the driv-

ing forces behind the aggregation. Intercalation of a tetraphenylborate-phenyl-ring between wo

ad]acent/D/ 24C8 aronratic rings could lead to favourable aromatic stacking, This implies an

/ \c\ {iwe role for the tetraphenylborate (Fig. 1'7 A). Alternatively, the tetraphenylborate anion, due

to its weak interaction with thc 'soditffn cation, may simply allow for the stacking of coplanar

complexes (Fig. 17, B). The planar conformatmn is preferred by large crown cthers in the uncom-

33
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plexed statc [65] Given cqua.l coordmation to thc, sedium cation, partial release of bagkbyne confor-

mnuonal strzun (gauchc to transf upon formlng the planar aggregate structurc may help to com-

pcnsatc for thc lower tra.nslauonal entropy of the aggrcgatc

~

-

Othpr:';cvidcncc supporting aggregation are the low donicity of the solvent nitromethane

(DN=2.7}, and the known tendency of tetraphenylborate to form solvent separated ion ‘pairs even

in nonpolar solutions, as well"as sandwich complexes.(27](65]

# .

The aggregates formed in the presence of tetraphenylborate resemble polyelectrolytes, with the
counter anions restricted to atmospheric charge co?ﬁpensation.(l] These aggregates are analogous to
some ternary 'super-complex®s’[79] or }0 some covalently designed channel ligands.[80] They are
brobqbly rigid (on_the rcoricnfational time scale) stacks of planar 1:1 complexes. Their noncova-
lent structure is“contpélled by cation-dipole attractions, backbone conformation strain and possibly

aromatic stacking (Fig. 17).[81]

The boron-11 chemical shift of the tetraphenylborate counter ation was independent of P,
indicating again the presence of solvent separated ﬂaBPh4 ion pan's " The sodliﬁm-ZB NMR chemi-
cal shift of .sodiu.m hexa.fluoro;;hosphate‘and sodium tetraphenylborate in nitromethane differ by
0.32 ppm in ttfé absence of crown (Tab. 4). This points to a difference in the ionic interaction of -

/ : . Lo :
sodium with the two anions, possibly already large enough to inhibit aggregation in the presence

e:‘!" ' . - " e B
of hexafluorophosphate. Alternatively the cheglical shift difference may be due to a diamagﬁ'étic

) whia
shift on the sodium_ cation induced by the tetraphenylborate. -

N
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1.2.5 Ionic Interaction in Complexation Systems

-

Sodium cations in solution’ relax magnetically via coupling of their nuclear electric quadrupole
N

with the electric field gradient created by the cation’s chelation shell. For simple sﬁt:ligand sys-

tems this shel__l'. has three components: solvent molecules, ligand molecules and counter anions.

B

They all compete for coordination sites on the sodium cation.

¥

In the systems studies hecre, DB24C8 clearly dominates the sodium coordination sphere, com-
pared with the solvents nitromethane, acetonitrile and even pyridine (Figs. 7, 3 and 5). Nitro-
_me;ha_ne in turn dominates over the .tmlky anions hexafluorophosphate :md_ tetraphenylborate.

Tetraphenylborate shows no competition while hexafluorophosphate only forms s.'olvent;sepamtcd

-

ion-pairs and interferes’ with the aggregation of sodium:DB24C8 complexes. The decomplexation

rates are quite similar for these two counter anions. However, stronger coordinating anions such

F

.as jodide and thiocyanate are known to significantly affect both exchange rates add mechanisms
L

(see pp- 19-22) as well as the coordination state of the cation. This second aspect will be dis-

.

cussed below.

-

S

1.2.5.1 Introduction to Ionic interaction in Solutions

Cation NMR studies of ionic interactions in salt solutions have elicited much intércst since the
1960s. Some good‘reviews cover this field.[6][1][7] Much of the early work on ienic interactions
was done on aqueous alkaline halide solutions, at concentration ranges from 0.5 M to 10
M.[20](21] In all studies both relaxation and chemical shifts varied non-linearly with the concen-

tration. These concentration dependencies were attributed to direct and indir

ionic interactions,

but often too many effects had to be considered to allow for their clear separation.

Hertz et al. were the first to propose a theoretical analysis that successfuily accounts for the

observed quadrupolar relaxation of aikali halides in aqueous solutions:

.

_‘.';

el
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/Ty = T2[(2I+3)AI%(2I-1) 1[6Q(1+3w)/h]2(A+B+C+D)

‘ - . (53)
In this schematic® epresentation, A accc;unts fét the relaxation contribution of the (randomly dis-
tributed) solvcnb molcculcs 1n the first solvation shell {Fully Random Distribution, FRD). C is
the purely mtcr-iogm contnbution. determined by the relative translational motion of two ions
and their distance of closest approach. Hertz found higher ion-ion correlation, also called ion-
clouding, to quenchzthis ionic contribution to the electric figld gradient at higher concentrations.
This is an intriguing,new aspect of alkali cation relaxation in solution.[21][82] B considers the
effect of other ions gn the orientation of solvent molecules in the first coordination shell of the

relaxing ion.?.;;Finall};& D takes into account ion-water cross corielation effects. Usually B and D

can be ncgiccted?at low concentrations.

F
4+ In 1968, Bloor :}pd Kidd reported strong.solvent and concentration dependencies for the
sodium-23 chemlca.l sRift of sodmm 1od1dc\ugh‘ermore, the shifts were linearly related to the

. pK, values of the soi‘Vents [25] ¢

Erlich and Popov confirmed Bloor and Kidd'é findings with a more dcta._i_led study. In partic-
ular,.ghey found thé sti_i.ft of sodium tetraphenylborate and sodium perchlorate to be constant at
concentrations between 0.01 M to 0.5 M, whereas the chemical shifts of sodium iodide, bromide
and thiocyanate depende'g strongly on the concentrations in acetonitrile, acetone, dimethylform-
amide, dimethylsulfoxide and other organic solvents.[8] Towards the low concentration limit, the
chemical shifts- of differént sodium salts in any solvent converged towards ‘onc value. This shift

was taken as characteristic for the solvated sodium cation in this particular solvent. These con-

centration dependencies were generally attributed to contact ion-pairing.[26]



87

In 1974, Buxton and Caruso studied the ion solvation of the same group of sodium salts in
four derivatives of 2-oxazolidone. These are solvents of low donicity but with large dielectric
constants ranging from 56 to 77.[83A] Again these researchers found concentration independent
shifts for sodium perchlorate and tetraphenylborate, and strong concentration dependencies for

solutions of sodium jodide and sodium thiocyanate. These concentration dependencies were linear-

Y
"

ly related to the dielectric constant of the particular 2-oxazolidone.1® Detellier and Gertmans
demonstrated ionic association of sodium iodide in amine solution, using both Na-23 chemical
shift and relaxation rates.[84) Chabanel et al. detected contact ion-pairs of sodium thiocyandte in

tetrahydrofuran solutions, using Raman and Infrared spectroscopy.[86]

e

Melendres and Hertz expanded their electrostatic treatment of quadrupolar relaxation ‘to non-

aqueous solvents. They had to add a relaxation term to account fﬁ_r thermodynamically stable

i
ion-pairs. Their concepts describe well the complexity of ionic interactions in solution at higher
i

concentrations. Yet the large number of different relaxation contributions at the high concentra-

 tions used makes it difficult to separate them reliably.[24]

Ch&a.\ shifts have proved to be less problematic. " They do flot depend on the geometry of
the chelation shell, rather they depend on the cumulative don.icity of the direct ligands: Anion
dependent electrostriction may cause varying internal pressure a;t the ion, but this should not fal-
sify the extracted z;ssociation constants.” The problem of inteipreting the chemical shift variation
with concentration has been given a sound theoretical basis"%y the work of Richards et al. on
Cesium-133 NMR in aqueous solution.[29][85] The authors assume that the concentration depen-
dence of the chemical shift at low concentration is only determined by dynamic cation-anion
interactions. They relate it to the probability of encounters betweenlfgai,;dn and anion, or direct
bimolecular interaction. For higher concentrations Richards et al. bhad to account for the influ-

A7
ence of the ionic atmosphere on the encount&i'-probability, using a Debye-Huckel type treatment.

16 The golution far-infrared spectra of the sodium cation’s vibration inside its coordination
sphere was independent of the anion. Thus the cation-anion interagtion must have a dura-
tion that is short on the far-infrared time scale, that is less than 107/s[83]

"
4

ot

&
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Recently, Hertz et al. took implicit Edvantagc of the fact that at low concent;atlons direct
bimolecular interactions should dominate the concentration dependent effects.[64] In fact, the
authors find that in aqueous solutions, as ;.vcll as in one of the organic solutions, the longitudinal
relaxation rates of some alkaline salts tend, at concentrations around 0.01 M and 0.0‘01':M. to vary
linearly with the square root of the sa;lt concentration. Again this points to a bimolecular cation-

anion interaction. However, at the higher end of the concentration ranges studied by Hertz there

e

are again strong Telaxation contributions arising from secondary ionic interactions.
.,.{:‘r- .
In brief, the chemical shifts and quadrupolar relaxation rates of alkaline salts in aqueous and

non-aqueous solutions often show sigriific:mt concentration dependencies. This could provide a
W !(

wealth of information about the structure of the first chelation shell around the iom. Yet at

higher concentrations, the indirect contributions to shift, and especially to relaxation rates, are dif-

N
ficult to account for.{21][82] In fact, other necessary parameters, such as Hertz's polarisability~fac-

tor, only«ake away from the concept's neatness.

55 —_—

The availability of high magnetic'field magnets offers a way out: towards the low concen-
tration limit, only the direct cation-anion interactions will bé“concentration dependant.” The
sfudjes described here, with salt conce.ntrati‘ons" between 0.01 M and 0.00004 M, fall into this cat-
egory. As will be shown below, the generally most promisi_x;.tg approach is to consider both the

sodium chemical shift and the sodium relaxation rates jointly.[84] Figures 23 - 26 present the var-

iations with P of chemical shift and relaxation rates for both sodiim iodide and sodium thio-

cyanate. -

]

17 This is not to saj that indirect or secondary ionic interactions will not occur, but only that

their contribution to both chemical shift and relaxation rates will be independant of the con-
centration in this region.
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Figure 23:

Sodium-23 Shifts of Nal versus DB24C8/Sodium. The points are experi-
mental for Nal (0.01 M) in nitromethane at 79.35 MHz as a function of
[DB24C8)/{Nal}, (P). The solid curve is fitted with the ion-pairing
model, in a simultaneous regression of complexation and concentration
data. 5
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Sedium-23 Shifts of NaSCN wversus DB24C8/Sodium. The points are
experimental for NaSCN (0.005 M) in nitromethane at 79.35 MHz as a

function of [DB24C8)/[NaSCN1, (£). The solid curve is fitted with the

(ion-pairing + 2:1) model; the broken line is fitted with only the jon-
pairing model; using simultaneous regression of complexation and con-
centration data’ for both models,

rj' .
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Figure 25:

Relaxation Rates of Nal versus DB24C8/Sodium. Na-23'transverse (Q)
and longitudinal (%) relaxation- rates for sodium iodide (0.01 M) in
nitromethane at 79.35 MHz as a function of '[DB24C8)/[Nall (P). As
well, the exchange contribution to the transverse relaxation, 1/Tpex =
1/Tqobsd -~ 1/Ty - 1/T,inh, is shown (A). Temperature of 'measure-
ment ig 295 K. _, '
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Figure 26:

A,

Relaxation Rates of NaSCN versus DB24C8/Sodium. Na-23 transverse
(0)) and longitudinal (%) relaxation rates for sodium thiocyanate (0.005
M) in nitromethane at 79.35 MHz as a function of [DB24C8)/[NaSCN]
(P). The points are experimental, the broken line is fitted using the
ion-pairing model (eqs.60), the solid line is fitted using the ion-pairing
+ 2:1 complex model (egs. 65b], In both cases, the concentration data
were simultaneously fitted with thie ion-pairing model. The exchange
contribution to the transverse relaxation, 1/Tqex = 1/T,obsd - 1/T -
1/T,inh, is also shown (4). Temperature of measurement“is. 295 K.

d - .
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the sodium thiocyanate indicate strong participation of the anions in the solvation sphere of the *

cation, that is contact ion-pairing.[8]

In order to separate the sodium - anion from the sodium - érown interactions, the concentra-

tion dependence of the sodium shifts and relaxation rates were studied for sodium thiocyanate and

sodium iodide in nitromethane. The concentrations ranged from 0.01 M down to 0.00004 M for '

sodium thiocy:uiatc, and from 0.01 M down to 0.0001 M for sodium iodide. The results are pre-

sented in Figs. 27 and 28:
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‘i?urc 27 . Shift versus Concentration for Nal and NaSCN. The points are experi-
: mental at 79.35 MHz in the absence of crown for sodium iodide (e ) and
sodium thiocyanate {++), the solid lines are are fitted according to the

ion-pairing equilibrium described by eq. 54.
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Figure 28: Relaxation versus Concentration for Nal and NaSCN. The peints are

experimental at 79.35 MHz in the absence of crown for sedium iodide
(®) and sodium thiocyanate (4), the solid line is fitted according to the
ion-pairing equilibrium described by eq. 55. Température is 296 K.
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Asymptotic curves are observed for the shifts of both salts and for the transverse relaxation

rate of sodium thiocyanate. This clearly indicates ionic association, but of what nature?

/

As discussed earlier, one can, for alkaline salts in solution, divide the concentration dependent

contributions to the chemical shifts and relaxation rates into those due to direct, and those due to

indirect,. }‘Etcrionic effects. The direct effects include thermodynamically stable contact ion-pairs;

Y

as well as collisional contact between cation and anion.[8][18][S1] The indirect effects include
changes of the orientation of chelating solvent molecules due to the proximity of other ions, as

well as contributions from other ions in the vicinity.[24]

Many studies on ionic interactions were done at salt concentrations between 0.1 M to 5 M.
At such high concentrations the theoreti' models of both Richards and Hertz have to cope with
quantifying the contributions of the indirect interactions: they become larger and more complex

with increasing concentrations.[64][24][29][85]

At the very low concentrations used in this work the indirect interactions become negligible,
or at least concentration independent. So the observed concentration degendencc can be attributed
to direct bimelecular ;ation-—;mion interactions alone, of a lifetime of less than 10"73.[83] In the
following, this interaction is referred to as "ion-pairing’, even though it is not possible to distin-
* guish between diffusion controlled penetration of the solvation shell (Debye-Hiickel contact, colli-

sions), or thermodynamically stable jon-pairs (Bjerrum ion-pairs). Thus the ionic interaction is

- ‘ -
described as bimolecular formation of ion-pairs from the solvated ions (see eq. 34).18

18 Two factors combined to show that the ionic interactions are fast on the NMR time scale:
first, the chemical shift and relaxation rate curves for sodium thiccyanate are parallel; and
the ion-pairing constants K_ calculated from shift and relaxation data are similar.

Second, 1/Ty and (1/T 2obs¥l - 1/T,inh) are equal at the low and high concentration limits.
If we assume a thermodynamically stable ion-pair and a chemical shift difference between
free and paired sodium of 390 Hz, then, using Woessner’s expression (eq. 52), the lifetime of
the sodium thiocyanate ion-pair has to be shorter than about 10™° s, This agrees with the

uppcr[lifi—time limit of 107’ s calculated by Buxton and Caruso for 2-oxazolidones.as sol-
vents:[83



CES

As in the éasc of sodium hexafluorophosphate, the observed chefhical shifts {angd reldxation

rates) can then be expressed as the sum of the contributions from free and ion-paired sodium.

-
2 -

Again the final expressions are (eq. 54 is identical to eq. 35, p.49):

3 obsd = Prdp v Ppdy / |
A - . £

and . ' ) 7 2
1/Tgobsd =  Pp/Tpf + Pg/Top {s5)

. . !
where 4 obsd? ] ¢ and 3p are the observed shifts, the shift of frec and of }'o'n-pa-ircd sodium; while

1/T,obsd, 1/T4f and 1/T,p are the corresponding transverse relaxation rates. P¢ and Pp are func-

tions of {Na], and Ko (see Appendix 2).

A three parameter nonlinear least squares optimization routine was used to fit eqs. 54, 55 to
the data sets (Figs. 27 and 28). Here the variable parameters were the chemical shifts (or relaxa-
tion rates) of..free and ion-pﬁrcd sodium, and the idn-pairing constant K.
and relaxation rates for sodium thiocyanate, and the calculated shift for sodium iodide, are shown

The calculated shift

as solid lines in Figsy 27 and 28. Table 15 gives the obtained ion-pairing constants, shifts and

relaxation rates.

The excellent fit of the ion-pairing model {eqs. 54, 55) to th;: experimental data (Figs. 27, 28)
supports the initial assumption that the ionic interactions ean be represented by one formation
constant alone. So'the nature of the interaction appears indeed to be concentration inc;!cpcndr:m.19
For sodium thiocyanate, the similar concentration dependence o-f shift and relaxation rate is in

good agreement with stoichjometric 1:1 ion-pairing.

19 Strictly speaking, this only means that all ionic interactions present have the same concentra-
tion dependency. It does not necessarily mean that only one effect, the bimolecular ion-
pairing, is active. '

-

%

-
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Table 15: Ion-Pairing Parameters for NaSCN in nitromethane
PARAMETER ' .  SALT
NaSCN . NaSCN . NaI
" | p “
‘ K_Q[M'l] . 1010(50) 980(50) ~ 85(5)
delopm]  -14.1(0.1) A ~14.1(0.1)
dp[ppm] o -9.3(0.1) . - -2.8(0.7)
o
/T (8] 0 . 37 (2)
v B * .
Jl/7ople™d) 452 (35)
L . ) )
(RHS) /)() (2.8) ° S (8.8) (6.5)
3 ¢ and 8. are the chemical shift of free and ion-paired sodium; 1/T1f and 1/T 1“p are
the relaxat?.on.‘ratcs of free and ion-paired. sodium; Kp is the ion-pairing comstant.

For sodium iodide (Fig. 27) the shift curve shows an asymptotic variation with concentration
" similar to that of sodium thiocyanate, and again the ion-pairing equilibrium (eq. 54) was used to

extract the ion-pairing constant apd the shifts of free and ion-paired sodium (see Tab. 15).

However, the variations of the sedium iodide longitudinal and transverse relaxation rates

A

with concentration are different (Fig. 28). First, the relaxation rates do not show the asymptotic

%

behavior seen in the shift curve. And second, the absolute increase of relaxation rates with con-
centration is much lower for iodide than for t'hiém for equivalent increases in the chemical
shifts. Plotting ‘the transverse relaxation rate against the chemical shift does give linear relation-

ships for both salts, but the two lines have very different slopes (Fig. 29).
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In other wordﬁ, for sodium thiocyanate both chemical shifts and relaxation rates are equally
;:cnsitive fo t?le ionic interaction, whereas for sodium. iodide oniy the shift is significantly affect-

ed. Clearly, the nature of the ionic interaction must be different for the two salts. The joint

interpretation of chemical shifts and relaxation rates could shed some light on the situation:

'fhcrc are two major theories concerning th;: mechanism of quadrupoelar relaxation 'of alkali
salts in solution: In the ’elec£ronic theory’ developed by Deverell,[87][88] both the. quadrupolar
4 . .
relaxation and the paramagnefic shift term are attributed to distortions of the cations’ electron
_shell during colﬁsions .ﬁith solvent and anion molecules. These induced electric field gradients
couple with the nuclear glectric quadrupol to cause magnetic relaxation. Furthermore, they are
held responsible for the dominating paramagnetic chemical term.‘ Thus this theory predicts a lin-

car relation between chemical shift and quadrupolar relaxation rates. This is often found to be

the case. Hertz's ’‘electrostatic theory’ attributes the electric field gradient solely to the point

dipoles and point charges of solvent and counter anions residing in the chelation shell of the:

cation.[21] As yet, no direct connection between the chemical shift and the relaxation rate has

been found,

A stoichiometric ion-pair could explain the parallel concentration dependence of chemical
shifts and relaxation rates for sodium thiocyanate, within the framework of either Deverell's elec-

tronic theory or Hertz’s electrostatic theory.

With sodium iodide in nitromethane, we also observed a paramagnetic shift to highm.- reso-

' nance frequency with increasing concentration (Fig. 27). This again indicates the presence of
strong donors such as the iodide anion in the chelation shell of the sodium cation. But we only
observed a sma}l increase of the quadrup_olar relaxation rates (Fig. 28}, indicating that the ionic
interaction could not induce an asymmetric electric charge distribution around the sodium cation.
Apparently, sodium iodide does not form 1:1 contact ion-pairs, with their high electric field grgdi-

ent at the sodium. Instead, sodium iodide must form an Jonic lattice or ionic cluster in solution,

-1
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or possibly dimers and higher ‘aggregates of‘iontpairs."Tl;is model accounts for the observed shift |
variation with concentration, assuming paramagnetic pola:i%?ation of the sc;dium electron shell due ;.*! v"
to its interaction with the anjon. At the same time, thc';\;ymmctriic arrangement of the anions
around the cation results in only a small net ionic cgntribution to the electric field gfadient. ¥
" Thus the ionic interaction does not affect the quad?tipola: :5c1;1xation. The following con‘tssidcra—‘ *
tions support this interpretation:

- e @, T x

~ iy ; h S -
b 2 £

e Hertz 4nd"coworkers detected the formation of similar 'ion clouds’ or 'ion clusters’ at high

concentrations, where the individual interionic contributions to the electric field gradient

quench each other.

~ ¢ At a concentration o'f 0.01 M, both sodium thiocyanate and iodfde are near their<solubility

limits in nitrgmethane. In this situation, one may well expect the formation of such

‘crystal lattices'. : -

In fact, the jons in these clusters may well be solvent separated most of the time. It remains
open whether the paramagnetic shift contribution is due to short term contact interaction, or the a7

long term solvent separated interaction. This is true for sodium 'thigcyzmate as well. i

In conclusion, the results for sodium thiocyanate fit both Deverell's and Hertz's theory well.

: : &
With sodium iodide on the other hand, the discrepancy between the concentration dependence of
» : - a l!-

. the chemical shift and the concentration independence of “the relaxation rates contradicts the elec-

tronic distortion model. However it can-be well explained on the basis of electrostatic interac-.
tions, if these include ion clouding. - , 3.

»

In_the next chapter, the system will be complicated by addition of DB24C8 to the equilibri-

S

: . '
um. .

£
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1.2.6  Effect of Ionic Association on Complexation to DB24C8
K, £ S b !
P

This chapter describes the effects of ion-pairing on structural and dynamic aspects of the
complexation of sodium thiolyanate and sodium iodide: with DB24C8.
').

The longitudinal relaxation rate for sodium iodide in the presence of DB24C8 varies linearly
. . , @
with P, suggesting ohce again quantitative formzftiqn of the 1:1 complex in fast exchange with

(3

the solvated sodium (Fig. 25). The transverse rélaxation rate varies nonlinearly with P, such
. : e .

that the difference

1/Tgex =  1/Tgpobsd - 1/T; - 1/Tginh . (58)
férms a symmetric "?urve around P equal fo 0.5-.;”.'AS with sb&iﬁm hexaflﬁorophosphate and tetra-
Shcnylborate, bimolecular exchange between solvated and complexed sodium causes th.is.exce.ss
transverse relaxation (Fig. 25). But unlike with the two bulky anions hexafluorophosphate‘ and
tetraphenylborate, the chemical shift for sodium iodide shows a r:lf:a:‘mu'vatur':;'r towards higher
frequency that is centered around A equal to 0.5 (Fig. 23). This deviation of the chemical shift
curve from the classical linear variation with £ is the most interesting feature of the sodium iod-
ide case. Figure 25 shows again that sodium-iodide interaction in nitromethane does mot affect
the quadrupolar relaxation rates, but that it only affects the chemical shifts. This result is in line

-y

" with the exclusive concentration dependence of the sodium jodide shift noted in the concentration

-1

study (Figs. 27, 28). In both cases, ion-cloud formation accounts-for this distinction.

But can the chemical shift variation of sodium dodide/ with P be explained using only the

ion-pairing model, as was possible in the case/of sodium hexafluorophosphate?

Again the sum of solvated and ion-pairéd sodium were considered as a ’free sodium-pool’

(Fpool). exchanging with the 1:1 complexed sodium. Solvated and ion-paired sodium are in
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diffusion-controlled equilibrium. This is seen by the parallel variation with of the chemical shift
and the relaxation rate for sodium thiocyanate; and by the identity of 1/T and 1/T, at both the
or

low and the high limiting concentrations for both- sodium iodide and sodium thiocyanate (Figs. 27

and 28). -

»

Id
The addition of DB24C8 to the ion-pairing equilibrium again effectively removes free sodium

f

\

cations by complexn{i}n (eqs. 57 - 59 are identical to eqs. 36 - 38, p. 50):

/

. K ‘ M

(Nat)g + (X)g s (Na*,X")g (57)
KC [ s

(Fa®)g + (C)g = = ®a", g - (58)
.Sobsd -  Ppdp 4 Ppbp + Pedy v ' (59)

And as before, the chemical shift (3 obgli) can be expressed as the sum of the three sodium species’
»

’

contributions (Eq. 59, see also appendix 3). Removal of free sodium by complexation increases the

ratio of ion-'paired over free sodium cations in the sodium pool. Table 16 shows the results of

- -

simulating how adding DB24C8 affects the observed chemical shift of sodium iodide.20
4) €
The excellent agreement between simulated and observed values supportshthc adequacy of the

=

ion-pairing model. In order to test the jon-pairing model on the complexation data, a nonlinear

least squares optimjzation routine was used to fit eg. 59 to the experimental data of Fig. 23.- A

good fit could be obtained, but the iterated ion-pairing constant K and the iteraied.shifts for free
. ‘.F . in

(8 ¢) and ion-paired sodium (8 p) differed substantially from those obtain:d from the concentration

¢

20 The -equilibrium chemical shift was calculated according to eqs. 57 - 596(see appendix 3),
using K, 8 and Bp from the concentration study (Tab. 15), and K, = 10 ML,

a
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Table 16: Ion-pairing Eff.ccts on Chemical Shift for Nal : DB24C8
_ P " '. CHEMICAL SHIFT [ppm]
. simulated observed iterated
. 0.0 ~10.80  -10.2¢ -10.30
0.3 ~9.43 -9.42 | -9.41 v
0.4 -9.18 ~-9.21 ~9.17 ]
0.5 -8.94 . -8.97 -8.94
0.7 \-g.ss -8.57 -8“..55
0.8 —)8\59 -8.44 ~8.39 )
1.0 - -8.18 . . =8.15
1.5 - -8.16 -8.14
P is [DB24C8)/[Nal], with [NaI] = 0.01 M. The simulated values are obtained under the
assumption of quantitative complexation. The iterated values are obtained by fitting the
ion-pairing model (eq. 59) to the observed chemical shifts (Fig. 23).

dependence of the sodium iodide chemical shift (Tab. 17). This might just have been the result of

linear covariance between these two parameters, but it could also indicate-that the stoichiometric

fon-pairing model is inadequate for explaining the complexation behavior. So to use all the rele-

»

vant data available, a simﬁitaqgoué fitting of the Ion-pair'mg equilibrium (eq. 54) to the c:tmc:eﬁL
tration curve (Fig. 27); and of eq. 59 to the complexation data (Fig. 23) was done. The parameter

values so obtained are in close accord with those of the concentration data _(Tab. 17).

The. solid lines in Figs. 24 and 27 were calculated uging the parameters frpni' the simuitaneous

regression (T,’b. 17). The close fit to the 'ob:servedl values clearly sanctions expressing the ionic

e

,/



105

d

g

Table 17: Nal Complexation - Simultaneous Parameter Fitting

-

LA A

-

v -

concentratlion
data (Fig. 27)

From Data Set:

complexation

data (Fig. 24

)

simultaneous
analysis (both)

r

Kp[M™'] - ~85(10) ™

d¢lppm] » -14.1(1.5)
dplrpn] —2.9(0.2)
(RMS) 6.46)

Simultaneous fitting of ion-pairing censtant (

-

62(10)
-13.760.1)

-2.3(0.2)"

(2.58)

82(10)
-14.1(0.1)
- -3.1(0.2)

(6.58+4.77=11.4)

K), and shifts of free (8 ) :Lnd ion-paired

(3 ,) sodium to the shift versus P (Fxg 25) and tht shiftwersus conccntratmn data (Fig.

27).
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interaction as a simple bimolecular. process.

that the sodium - iodide interaction is symmetric about tHe cation, and thus does not affect the
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relaxation raYes (Fig. 26). Their difference, minus 1/T,inh, is plottéd as 1/Toex vbrsus £ in Fig.
4 . .
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Sodium Thocyanate - 21 Complex
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Again the linear variation of 1/T; withi P shows
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»Can an ion-pairing model also account for shift and relaxation rates in the case of the mare

’ |
The curvature of both sodium. thiocyanate shifts (Fig. 24) and longitudinal relaxation rates (Fig.

- 26).awith crown/sodium is striking, As before there is an excess of transv_crse over longuudxnal

-,



_cyanate complexation.?l For both chemical shift (Fig. 24) and relaxation rate (Fig. 26), the resi-
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26, and was attributed again to bimolecular exchange relaxation. Assuming the same equilibrium

system as for sodium iodide (eqs. 57, 58, p.103), both the chemical shift {eq. 59) and the relaxd< ~

tion rate (eq. 60) can be expressed as the sum of the contributions from solvated, ion-gaired, and

1:1 complexed sodium (see appendix 3): v

1/Tjobsd = Pe/Tyf + Pp/Tip + Po/TyC , (60)

Y

-

However, for sodium thiocyagate the ion-pairing model alone proves insufficient to explain
the strong curvatures observed in both shift (Fig. 24) and longitudinal relaxation (Fig. 26). Im

Figs. 24 and 26. the broken lines represent the shift and 1/T1 values obtained by simult:meously
—

fitting the 10n-pa1rmg model (egs. 59 60) to complexatmn and corncentration data Clearly,

cnhanccd ion-pairing due to addition of the crown can not account for all of the observed curva-

ture, as it does‘in the case of sodium fodide. Another effect must be present in the sodium thio-

1

dual curvature not accounted for by the ion-inairing model is symmetric around P equal to 0.5.
This clearly sth*.; the presence of an additional sedium species in solution, with a maximum con-

centration at £ equal to 0.5. _ R e

-

21 The case of sodium thiocyanate demonstrates the importance of fitting parameters simultane-

ously to'the independent concentration and complexation data séts. It was possible to fit the -
"complexation data alone with the ion-pairing model (Fig. 24), but the obtained ion-pairing .

constant and chemical shifts for solvated and ion-paired sodium were completely .incompatible

with the concentration data (Fig. 27 and 28). The simultaneous fitting of both data sets -

strongly reduced the covariance between dxfferent parameters. )

a
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.. 1262  2:1 Complex Formation - (Na*SCN--CANa*SCN')

) o

It"iS known that in the solid state DB24C8 easily forms 2:1 complexes with sodium o-nitro-

phenolate[69] and with potassium thiocyanate.[68] In nitromethane solution, ghe bimolecular_

"' exchange passes through a transition state with an intermediate 2:1 complex (see p. §6). We also

PR TNEY -

know that, for the system sodium:18C6, coordinating anions (thiocyanate or iodide) stabilize this

" 2:1 intermediate and thus promote bimolecular cation interchange (see alsn Tab. 25).[51]

I

4

t is thus probable that the thiocyanate anion stabilizes the analogous sodium:DB24C8 inter-

mediate nough to let it contribute to the observed chemical shifts and relaxation rates.

Lo -

In other
' N

1
4 LY

words, the 2:1 intermediate present at the transition state reaches measurable concentration and

life time. It is formed from '-__the 11 complex and an additional sodium thiocyanate ion-pair:

A

v

-—

K
c2 -
«  (Na®,SCNT)g + (Nat,0)y == (Wa'-C-Na'*,6sSCN") (61)

e
e “

AT+

+ Its highest formation protidpility would be at P equal to 0.5: the product of the concentra-

tions of uncomplexed and complexed sodium has a maximum at this peint. Thus this 2:1 medel

‘. 'is based on three equilibria:

-

Hfe -

"l
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(Na*)g + (SCN7)g ;=;§§== (Na*,SCN™)g - (62)
. KC! )

(Na*)g + (Clg = (Na",C)4 . (63)
+ . +\3‘ ;?Kcz K + L — .

(Na¥.C)g + (Na%)y ,..._..—...-_"‘ (Na™-C-Na™58CN )4 (64)

][ + 2 SCN™

SCN™-Na*-C-Na*-SCN~

i v
The observed shift and relaxation rates have now to-be expressed as the sum of four contribu-

" tions; solvated, ion-paired, 1:1 complexed and 2:1 comgplexed sodium:

60b8& - Pr&r + Ppap + Pcalc‘ ’ + N Pczaca (653)

1/Tjobsd = Prl/Tyf + Ppl/Typ + Fol/Tilc + Pgpl/Tpc2 (65b)

Eq. 62 again describes the bimolecular association of the quasi-free ions Na®* and SCN to.

form the coatact ion-pair (Na"".SCN' ). Ea. 63 describes the formation of the 1:1 complex NaC. In

(act, EQ, 63 is a combination, as it represents formation of NaC from both the free and the ion+
paired sodium:

) ;
Al
A

- K
c of

r

S+ EgRplsoN] (66)

.4

| [NaC] = qu[Na][C] + K‘QPKP[SC,TN][Na.][AC]- (.‘6’?)

-
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Howrtver, chm not be,rqolv_gc_l#into its components, since only a lower limit for Kc of about

105M1 is known.

- Eq. 64 needs more consideration. It describes the formation of the 2:1 NaSCN : DB24C8
” complex. The general structure of this complex is‘ co'nsidefcd to be analogods to the 2:1 transition
| state for bimolecular cation exchange with sodium hexafluorophosphate, iodide, .and tetraphenyl-
‘borate. In addition, one or two SCN anions further chelate the sodium cations on their uncom-

~

plexed faces. The coordinated anions stabilize the 2:1 complex be reducing the cation-cation repul- -

sion:

. o~
N ' ’/ .\\

————

c2

.This arrangement leaves each sodium bound to maximally four crown _Qxygenf:" The formation of

the complex C, copsists of the opening of the tight 1:1 complex, assisted by the seccond sodium

cation, and the stabilization of the resulting 2:1 species by the thiocyanate counter anions:

SCN™
‘ Na* ’ ‘ Na*
=———c " +Na” +2 SCN~
—_— !
Nat =—=—=2 oo - T e
Na™* Na™®

SCN™

'I:he 2:1 complex will ﬁctually be.an equilibrium mixture of three species: Nat-C-Na™,
NatSCN™-C-Na*, and NatSCN-C-Na*SCN™. Na*-C-Na' can not be the dominant species, since in

. - .
that case it would be formed for sodium hexaflucrophosphate and sodium tetraphenyliborate as

.



N : . } 110
well. It is not possible though to identify cither Na*SCN"-C-Na* o Na*SCN"-C-Na*SCN" as dom-
inant species, since the same good fit to the c;cpcrimcntél data is obtained assuming either to be

prr:domi.n;mt.22

Table 18 presents the iterated parameter values for simultaneous fitting of concentration (eq.
54, 55) and complexation data (eq. 65a,b). From this table all subcases give equally good fits to
the experimental data. -So their relative merit is left open to discussion. In the absence of crown,
@d at a salt concentration of 0.005 M, about 78% of all the sodium cations are ion-paired, as cal-
culated from the ion-pairing constant (Tab. 15). Similarly, the sodium cations of the 2:1 complex
will be largely ion-paired: they are less electrophilic due to their coordination to the crown, yet
'thgy experience an excess of 'naked’ anions. So it is clear that the 2:1 complex is in fact an eciui-
- librium mixture of different ion-paired species. Only for simplicity’s sake is only one species con-

sidered in the fitting procedure.

The fitted curves presented in Figs. 24 and 26 are based on the assumption of
Na"SCN™-C-Na"SCN™ as the dominant species. The solid curves in Figs. 24 and 26 are the result
of simultaneously fitting eqs. 65a,b to the complexatiqn data (Figs. 24 and 26), and eqs. 54, 55 to

*he concentration data (Fig. 27 :and 28). Figure 30 shows populations of different sodium species,

calculated according to the 2:3 model.

The concentration of the 2:1 complex is always very low compared to the concentrations of the
. L}

other species. ' - _ —

22 Exgressmg the 2:1 complex C2 as [C2] - x [C] x ([Na] x [5en]  assumes
SCN™-C-Na*to be the predominant species;
using [Cy] = K5 x [Cq] x [Na]l x [S¢N x [sca]  assumes Na*SCN™-C-NatSCN™ to be
dommant tfl expresswns give the same good fit, inspite of their different-dependencies
upon the frce anion concentration.
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Table 18: NaSCN Shift - Simultaneous Parameter Fitting
Dominant Kp ¢ o Kez Bea RMS
2:1-Species [M™*] [ppm] [ppm]  [¥"!]  [ppnm]
Nat . ‘
C 1046 -14.1 -9.3 108 -7.4 0.16
Na* (10) (0.05) (0.1) (10) (0.2)
Na*tscN~
c - : 1012 -1a.1 -9.2 3.4-10% -7.2 0.16
Q‘Na+ (11) (0.05) (0.1) (2-10°) (0.2)
NatsScoN~ _ ;
C 1000 *14.1 -9.2 2-18 -6.2 0.15
NatSCNT © (10)  (0.05) (0.1) (10 (0.2)
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" 0.0054 . ' : g

[Nai)(M]

0.004

0.003+

* 0.0024

0.001+

Figure 30:

Na(SCNp)

P ~——

-Populations of Different Species - NaSCN:DB24C8. The curves are cal-
culated with the 2:1 Model, using eqs. 65a, b. [NaSCN] is 0.005 M.
4




e

1 . | 113
1.2.63  Alternative Interpretation - Triple Ton Model

Though the 2:}-tomplex model is the most plausible one, and indeed accounts well for the experi-
~ mental data, another possible explanation for the excess shift and relaxation rate had to be con-
siderfd. It is based upon the selective formation of the triple-ion Na+(SCN')2 instead of the 2:1
complex. Chabanel et al.[86](89] have studied the ionic association of sodium thiocyanate in tet- « 7
rahyd:ofﬁran solutions. They detected separate IR and Raman bands for the ion-pair Na*tSCN-,

the dimer of the ion-pair (Na*SCN’)z, and the triple-cation (Na+)2SCN' . And they suggested_the

following disproportionation equilibrium:[86]

(Nat)y .+ (SCNT)g oo ('Na",SCN‘)S (68)
Q - -

¢ 2 (Na¥,SONT)g | w=== ((Na¥,sCN7)p)g (69)

E
3 (Na®,SCN7)g &= ((Na'),.sCN7)g +/L(Wa*, (SON7)y)s

( : . ‘ (70)

" (K = 0.1 ¥ 1)
The ratio of ior-pair over triple-ion was always 30, independent of concentration.[86]

Bacelon et al. detected the triple-ion Li+(SCN')2 after addition of t-butylammonium thio-
cyanate to a solution of lithium thiocyanate in tetrauydrofuranf175] Similarly, adding DB24C8
to a solution of sodium thiocyanate in nitromethane would produce an excess: of free thiocyanate

over uncomplexed sodium cations. These would be excellent conditions for an enhanced formation

of the triple-ion Na*(SCN"),.
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The maximum concentration of the triple jon would also be around P equal to 0.5, where

the product of ion-pair and free anion concentrations has.a maximum. Furthermore, its chemical

4
#

shift and relaxation rate can be extrapolated from the corresponding values for the golvated and

ion-paired sodium to be at hig)er frequency, and higher, respecticei'y, in comparison with the wval-

ues of the NatSCN™ ion-pair. Thus this species could account for both the excess shift and relaxa-

tion rate in Figs. 24 and 26:

*

Table 19: Estimated Parameters for Triple-Ton Nat{ SCN"),

I4l
A
-y

Na* Na*SCN~ Na*(SCN ),
free lon-pair triple-ion
(estimated)
‘Shift[ppm] -14.1 - -9.3 . -4.3
——/ N . '
1/Ty[s7%] 31 400 400 - 800 (600)

The triple-ion equilibrium model considers free sqdium, ion-paired sod@ﬁm, and sodium bound in

the triple-ions and the 1:1 complex:

(Na™)g =+

(Na®)g +

(Na®,SCN7) g4 +

(SCN7)g e=—=—= (Na’,SCN7), (71)
Ka -
(C)B e (Na+,C)s {72)
- Ktr £ -
(SON7)g === (Na',(SCON)p)q (73)

e
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The chemical shift and the relaxation rates can again be expressed as the sum of the contributions

from the four sodium species present: e

This triple-ion model gives a fit identical to that of the 2:1 model, so that the solid line in
Fig. 24 represents it as well. Table 20 shows the iterated p:n'a.rr{eters.23 Only the chemical shifts

have been fitted with the triple-ion model.

Tablé 20: Parameter Values for the Triple-lon Model

. Parameter Value RMS
Kp[n‘l] 1250 (10)
bf[PBB{I -14.1 (0:1) . 3.4 (conc. data)

',bp{’;gpm] N -9.8 (0.25)

Eep[M71] 100  (50) 3.2 (comp. data)

"84zl ppn] -3.9 (1.2)

8 3 , and & are theé chemical shifts for free, pau’ed and triple sodium; K. and K
thc formation constant for the iom-pair and the triple-ion. Conc. data and c%mp data

refer go the concentration study and the complexation study, respectively. K. was fixed
Tat 10°M° : ' '

23 These resuits represent the overlapping values obtained in separate fitting procedures for the

concentration and the complexation data. Covariance between K, . and &, leads to large’

uncertainties for these two parameters, and a flat minimum of the “residual mean square .

(RMS). Simultaneous fitting to both concentration and complexation data sets should not sig>
nificantly improve the accuracy of the iterated parameters.
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The explicit consideration of Nat(SCN™ )y is a reasonable extension to the ion-pairing model,
since it is the next hiéﬁcr and stoichiometrically favored ionic aggregate. It also proﬁw sufficient
to account for the cxperi‘mental data. An experiment is thus called for to decide betwegn the
triple-ion model and the 2:1 corﬁj:lex model. This would involve adding cryptand to a solution of
sodium th.io'cya.nate in nitromethane, to remove cations from the ion-pairing equilibrium. In this
case no 2:1 complexes could be formed between the sodium cations and the crypta[nd. If both the
ion-pairing equilibrium (eq. 57, 58) and the ion-pairing parameters from the .concentration study
(Tab. 15) can account for the rcsul‘ting ‘changcs in chemical shift a.nd. the relaxation rates of the
uﬁcomplcxed sodium, then the triple-ion model is inconsistent. This would leave the 2:1 model as

the only plausible model, Conversely, if the triple-ion model {eqs. 71 - 73) with its parameters

(Tab. 20) is needed to fit the shift changes, then clearly the triple-ion model is supported by the
data. 24125 |

1.2.6.4  Sodium-Anion Interactions

Figure 31 shows the chemical shift variation with concentration of all sedium salts used in nitro-

methane.

With decreasing concentration, the chemical shifts of all four salts convergé. towards one
chemical shift value." The concentration dependency for the salts of the strongly coordinatin.g'
anions thiocyanate and iodide can readily be explained with bimolecular contact interaction, lead-
ing to paramagnetic shift with increasing concentrati‘on. But for the two salts of bulky anions,
odium hexafluoroPhoﬁi;hate and sodium tetraphenylborate, we observe 2 much smaller diamagnetic

shift with increasing concentration. This sugpests a weak ionic interaction, such as the formation

*

‘ 24 Alternatively, tetr_aalkylmﬁmonium thiocyanate could be added to a solution of sodium thio-
‘ Cyanate in nitromethane, in analogy to the experiment of Bacelon et al,[175] and the

obtained changes in shift and relaxation compared with the 2:1 complex and the triple-ion
models,

Agmn either model is only be a simplistic representanon of the,real system. Certainly both
2:1 complex and triple-ions, ag well as other sodium species, will be present at the same ume
At thig point the goal is to find the (if any) dominating chemical species. -

e
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Figure 31: . Concentration Dépcndcnce of Sodium-23 Chémical Shifts. The points

are experimental for NaBPh, (A), NaPF¢ (), Nal (>k), and NaSCN (e) .
at 79.35 MHz in nitromethane in the absence of crown. The curves are
calculated according to the ion-pairing model using egs. 34 and 35.
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of solvent separated dimers of ion-pairs. The structure of the ionic coordination shell is still far-

from being well understood.

The combination of chemical shift and relaxation studies of cations[18][24]{64] and other
nuclei{90J[91] together with the high magnetic fields available, will certainly continue to contrib-
ute to our understanding of cation solvation.

-

1.2.7  Kinetics of Sodium Jodide and Thiocyanate .

How doces ion-pairing affect the cation exchange between solvated and complexed sites? The trans-
verse relaxation rates for both sodium jodide and sodium thiocyanate are higher than the corre-
sponding longitudinal relaxation rates (Figs. 25 and 26). The differences, less the relaxation due

to inhdbmogeneity, 1/T,inh, is the exchange relaxation 1/T,ex between the solvated sodium pool

(Fpool) and the 1:1 complex. The Fpool consists of free and ion-paired sodium in the case of

sodium jodide, and of free, ion-paired and 2:1 complexed sodium in the case of sodium thio-

‘ .
Ccyanate. : - b

The 2:1 ﬁmdel for .tsot:liur.n~ thiocyanate is really a three-site exchange system,-since the sodium
cation relaxes in the 1:1 complexed, 2:1 complexed, and uncomplexed states. .Howevcr the sodium
bound in the 2:1 complex exchanges rapidly with the uncomplexed sodiurﬁ, but not with the 1:1
compl_cx. With this assumption the problem can bc';reated as exchange between two sites: (A),r
leool,‘ standing for 'uncomplexed’ sodium, including free, ion-paired an'd 2:1 complexed sodium;
and (B) standing for the 1:1 complexed sodium. The reason for this is that the rate determining

step in cation exchange with DB24C38 i3 the opening of the tight 1:1 complex, i.e. the rearrange-

ment of the ligand back-bone. Accord‘mg.to Truter this step has an activation energy of about 50

kJ/mol[70]26

26 This -two-site exchange analysis holds also for the triple-ion model. In that case, solvated,
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In dnalogy to sedium he:ga.fluorophosphate and tetraphenylborate, the exchange rate (k +ky)

can be.bbtainct‘i from the exchange contribution 1/T,ex to the observed transverse relaxation rate

1/T,obsd, using Woessner’s equation (eq. 75 is identical to eq. 8, p.15):

kotky o= észanva—va)szex o (75)
where -
1/Tqex - 1/Tpobed -~ 1/?1 - 1/Tyinh (v8)

r

Again U, and V, are the chemical shifts in Hertz, of site (a) (Fpool) and site (b) (1:1-
complexed sodium). The shift of the 1:1 c.omplex is 540 Hz, independant of the counter anion
(Tab. 2). However, the crucial shift of site (a) depends upon ion-pairing and formation of ;1

“complex. Its shift could be calc1‘11atcd either from the corresponding equilibrium ‘equations (eqs. 62

- 64); or from the experimental shifts, assuming quantitative complexation, by substracting the

chemical shift contribution of the 1:1 complex.

For f = 0.5
Furthermore a concentration study was done for both anions, in order to confirm the bimole-

cular mechanism of the exchange. Tables 21 and 22 show the results for the sodium iodide case,

tabs, 23 and 24 for the sodium thiocyanate case. The bimolecular exchange rates for all four

sodium salts are shown in Tab. 25.

Whereas for sodium iodide the exchange rate is only marginally higher than for the.two bulky
anions tetraphenylborate and hexafluorophosphate, it is about four times higher (see Tab. 25) for

the strongly coordinating thiocyanate. This agrees with the solid state findings that coordinating

. ion.—paired and triple-ion sodium are in fast diffusion controlled eciuilibrium with each other,
and together make up the uncomplexed exchange-site Fpool.

o
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Table 21: Nal Kinetics - Complexation Study
5(Fpool) o 1/Toex | (ky+ky) k -
P ) H{Tae fate) . X2 sy
- [ppml” [s71] [s711  [xis7]
0.0 ~10.32 - - . -
0.3 -10.01 30 6000 - 6.0
0.4 ~9.90 45 4100 4.1
0.5 -9.79 43 3900 3.9
0.7 ~9.56 36 2900 2.9 1
0.8 -9.44 27 2500 2.5
é Fpool 18 the weighted average of the shifts of the uncomplexed sodium  species.
(kagﬁb]) are the exchange rates; k, the-rates of bimolecular cation interchange: k, =
(k,+k)/[Na],. [Nal, = 0.01 M. . :

counter anions promote the formation of 2:1 stoichiometries for sodium[69] and potassium com-
plexes of DB24C8.[68] In nitromethane solution, contact jon-pairing of the sodium will stabilize
the intermediate 2:1 complex and so increase the exchange rate. Indeed, this anion-stabilized 2:1

gpecies has now a life time long enough to contribute to the relaxation and chemical shifts of the

sodium cations: Thus the exchange analysis subports the 2:1 complex model discussed above.

2
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Table 22: Nal Kinetics - Concentration Study at Rho = 0.5

L

. ) 5 -
Conc. Shift 1/7 1/T l1/Thex Shift - (k. +kn) k
(oba) (obg) : ) 8 (Fpool) &b (xfgs)

(¥]  Ceeml [s711 [s7%1 (8711 [ppm]  [s71] [e"ln71)

0.01 -8.97 166 113 43 © ~9.79 - 3900 3.9

0.005 -9.8Y 302 111 . 181 -11.18 3100 6.2

0.004 -9.95 462 109 343  -11.71 2300 5.8
J

~8.53" ; : '

0.002 {below coalsscence) 800 4.0
-12.20

The sgém abdve coalescence ([Na], >= 0.004 M) were analysed with eq. 75, ‘the spectra
[

below {[Na], <=\ 0.005 M) were analyzed using the full line-shape expression (see appen-
»
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Table 23: NaSCN Kinetics - éc;mplexation Study
A=A A 8
(ppm] tppm)  [e71] . [s71 [M7le7H]
0.0 -10.8¢ - -10.84 . - - -
0.1 -10.40 = 30.66 22 R 6600 _ 1.3
0.2 - -9.99 -10.47 oy 37 6000 - 1.2
0.3 -9.72 - -10.40 32.5. 8400 1.7
0.4 -9.29 - -10.07 - 27.5. 8300 1.7
0.5 ~9.02 -9.93 27.5 7400 1.4
0.6 _8.78 ~9.78 - 21 7900 1.6
0.7  -8.53 _9.50 11 8100 1.8
0.8 -8.39 -9.52 | 1o = 7800 . 1.6
0.9  -8.2¢ -6.0 2 (18000) (3.86)
1.0 -8.12 - - - -
: , Average = 7700 1.5
i - _ -
‘The parameters are defined as in Tab. 21, [Na], = 0.005 M.
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Table 24: NaSCN Kinetics - Concentration Study at Rho = 0.5

All spectra were analysed with the full line shape expression, and the spectra above
coalescence were additionally checked with eq. 75, with identical results.

- gQome Shift

obsd
- [¥] [ppm]
0.01 ~8.78
0.005 -9.02
0.002 -9.65
~8.27
© 0.0004
~12.83
~8.86
0.0002
~13.95
-
| _8.67
0.00004
~14.5
oo

1/Ts -
2
obsd

[s71]

377

324
459

324

- 280

280

201

100

40

1/Ty Shift
obs Fpool

[s71] [ppm]

286 -9.87

(236) -11.10
- - =12.83
- ~-14.6

No reliable line fitting possible
due to low S/N -

Fpool (10

[s71] "[s71] [s™2u1)

383 6300 1.26

283 2500 1.25

. 450 1.13
138

Average - 1.1.-
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Table-25: Bimolecular Exchange Rates - Overview
salt - Ko ac*
[x105 M-1s71] [kJT/mol]
NaBPh, 2.8 (0.2) 41.9 (2)
NaPFg 3.5 (0.2) 41l.4 (2)
Nal 4.5 (1) 40.7 (5)
N
NaSCN - 13.0 (2) 38.5 (3)
‘ 4
Bimolecular exchange rates for all four sodium salts with DB24C8 in nitromethane.

1.2.7.1  Temperature Study of Sodium lodide Complexation

The temperature dependence of the bimolecular sodium icdide excha.nge was measured in order to
obtain the activation parameters. 27 The temperature ranged from 4.6'C to 41°C. Am\gher
‘temperatures the observable parameter, the exchange broadening 1/Tyex diminishes, and becomes
comparable to the error of measurement at 41°C. It was therefor ‘not possible to extract reliable
values for the entropy and enthalpy of activration for sodium iodide exchange with DB24C3. The

free energy of activation in all measurements is constant within error limits: dG™ = 40kJ/mol.

27 Again Woessner's equation (eq. 75) was used, and the chemical shift of the uncomplexed site
obtained’ by subtracting the shift contribution due to the 1:1 complex from the observed ~ "~
shifts at each temperature (eq. 77). /

- —_
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1.3 Conclusion

.

Clearly, nuclear magnetic resonance-of the cation is a most powerful analytical too

1

1 for studying

cation complexation. In thi; study, sodium-23 chemical shifts, longitudinal and tr:msvcrs;: relaxa-
tion rates together ga:ve a detailed picture ‘of the competition of anions, solvent and crown ether
for the coordination shell of the sodium cation. Indeed for the first time the effects of countcr%
anions on the cdmplexatio;l proccssl havé been quaﬁtitntively account‘cd for. They include aggrega-

A
tion, ion-pairing and rapid decomplexation.

There are two aspects to the sodium : DB24C8 complexation system:
First, sodium-23 NMR provides a comprehensive picture of the complexation processes. At the

same time the diversity of the complexation system provides a showcase for the analytical power

of quadrupolar cation NMR. :

Second, one can looi; at the complexation system. itself from two perspectives: DB24C8 is a
model for natural jonophores such as val‘momycinl.l and mimics much of their behavior: it wraps
itself around the cation, and has a balance of bi.ndi_rig strength and flexibility that leads to analo-
gous ionophore-properties. Alterhativcly, one can considér DB24C8 as an array of eight oxygen
donor atoms, cooperatively converging on a central cavity. The crown ether brings about a situ-
ation with only two sodium environments: one solvated in solution and the other complexed

within the ethereal cavity. This perspective forms a useful basis from which to study coordinate

\

“bonds between: the sodium cation and counter anion, solvent and ligand.

B



. Chapter I

-

SYNTHESIS OF AMINOACID BEARING CROWN ETHERS

-

2.1 Introduction

Soon after the i;zitial reports of crown ether synthesis, the basic crowfx rings were fitted with
sidechaing to increase their cation s;electivity and binding strengths. “Cram.[gz] Lehn,[93] and oth-
ers[94][95] achieved chiral recognition of organic ammonium ca.tibns via steric or electrostatic
interaction with custom-tailored sidechaing {binaphtyls,[92] and .tlartramides.[96][97]) Gokel and
others are developing the conccét of sidechains bearing neutral donor groups. They coined the
name'Lariat Ether’ to suggest the :malog-y of these sidechains to a lasso, ’roping in’ the

cation.[98](99](100]

Crown ethers often resemble natural ionophores such as valinbmy#'m and monensin. This
resemblance sparket} research 'on crown ethers derived from biomolecules.[101] in 1983, Berthet
and Sonveaux synthesized crowned L-dopa.[102] In that same year Haines et al. tested the biologi-
cal actgvity of crown ethers incorporating a sugar group.f103] V3agtle and Jansen (1976)[104] and

Fenton et al. (1981)[105] synthesized crown ethers based upon the neurotransmitters dopamine

and L-adrenaline ( (4a), (13), Fig. 32).

These 'Bio-crowns’ will probably not be useful in medicine for some time since their biologi-
cal activity is not specific enough.[101][103][106] However, much research is directed “at under-

standing the relation between crown structure and cation binding properties.

A crown ether’s selectivity and efficiency in carrying cations across hydrophobic membranes
. ’ .'/‘ . v .
can tell .us much about its complexation behavior: Moreover, functional pendants such as amines

are pH sensitive and thus allow pH regulation of the cation transport properties.

- 126 -
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SO 3 -
_ kf,o.an_. |

"dopamine-15-¢-5/18-c-6.
(4a) n=1 :
(4b) n=2

Ty

tetrahydreoisoquinoline-13-¢-5

(10)

s

adrenaline-30-crown-10
(14)

Figure 32: Dopamine atid Adrenaline derived Crown Ethers
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A We considered that aminoacid residues would make interesting sidechains because of their ion-
isability, as well as due to their biochemical nature. For the starting material the catechol func-
tion éf dopamine was bridged with a tetra- or penta-ethyleneglycol group{104] to obtain the basic

dopaminc—lé-crowxi-S[lO?] and dopamine-18-crown-6 structures (Fig. 32, (4a,b)). To their amino-

ethy! sidechain glycyl, L-alanyl, and L-lysyl groups were then coupled.

On a sideline, benzaldehyde was used to try to protect the dopamine as a Schiff base prior to
cyclization. However, the injtially formed Schiff-base was not stable under the reaction condi-
tions; it immediately isomerized to a tetmhyd.foisoquinoﬁne[lOS], which could easily be cyclized

to its corresponding 15-crown-5 derivative (10) (Figs. 32 and 37).

The reaction of L-adrenaline with bis-chloro-tetracthyleneglycol in butanol did mot give the
expected L-adrenaline-15-crown-5 (12), as found by Vogtle[104] but rather the dehydrated dimer
piperazino-30-crown-10 (14) seen in Fig. 38, p. 140. Sodium-23 NMR played 2 role in the deter-

mination of its structure.

After the description of the synthesis of compounds (3) to (11) in this chapter, some cation

transport properties of the compounds (3a), (5b), (5¢c), (6¢c) and (10) will be reported in the last

chapter.
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3a,b

Figure 33:
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(4a.)

(3a-d)

Figure 34:

1. N-CBZ-Glycine, or
N-CBZ-L-Adonine, or - R
~N

N,N’-Di-CBZ-L-Lysine N o B
} ) \/\@ O
2. EEDQ/ELOH H : ) O _

{5a): R = glycine; n =1
{(5b):"R = L-alanire; n = 1
(5c): R = L~lysine; n =1
(5d): R = L=lysine; nm2

R, OK\OW
0o

e,

g
<
&
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3:\\22

(6a): R* = glycine; n =1
{(6h): R* = L—alanine; n = 1
(6c): R* = L-Iysine; n = 1
(6d): R' = L=fysine; n =2

Synthetic Scheme for Amino Acid Coupling
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2.2 Peptide Derivatives of Dopamine-15-crown-5 and Dopamine-18-crown-6

In 1976, Vaogtle reported the synthesis of dopamine-15-crown-5 (4a) and adrenaline-15-crown-5
(12) from the corresponding catecholymines and 1.13.—bischloro-4,7.10—triroxapcnt.adeca.nc (bis-
chloro-pentaethyleneglycol), without however »describing the experimental conditions such as sol-
vent, base, and temperature. As well he isolated trace amounts of the dimer }31

adrenaline-30-crown-10 (13) (Fig. 38).[104]

Initial attempts to repeat Vagtle's synthesis of dopamine-15-crown-5 (d4a) failed; using
n-butanol as a solvent, much C-alkylation and N-alkylation resulted, whereas the dopamine dian-

ion was insoluble in nonpolar solvents such as tetrahydrofuran or dimethoxyethane.

The dipolar aprotic solvent dimethylformamide turned out to be an excellent solvent: besides
promoting O-alkylatioIn over C-alkylation it c'onveniently protects the primary amine of -dopamine
(1) by transm:::xination.[l”;'s] The crown ring can then be cleanly formed via double nucleophilic
substitution on bis-chloro-tetraethyleneglycol to give the dopanlnide-crowns (3a), (3b) in up to 40%
vield (Fig. 33).28  After hydrolyzing to the amines (4a) and (4b), the free amino group was
coupled to N-benzyloxycarbonylated glycine, L-glanine and L-lysine, using th: coupling reagent N-
ethoxy-cafbonyl—l!-ethoxy—l,2-dihydroquinoline (EEDQ).[110] The free amines (6a-d) were
obtained after deprotecting with hydrobromic acid in glacial acetic acid (Fig. 34).[107]

To check the optical purity of the compounds (6 6b), {6c), and (6d), the L-Iysinc—lﬁ-crown—-sh in

- .
CDC13 was treated with up to 0.3 equiva.le:_ﬁé of the chiral shift reagent Pr(hfc)3. The methyne

C-13 peak r&nained a sharp singlet, which suggests the presence of only one optical isomer, the

one corresponding to the L-aminoacid(111]2?

28 The base sodium methoxide also acts as a template to promote the crown cyclization.[109]

2% 1n addition, L-ala-15-crown-5 (6b) and L-lysyl-15-crown-5 (6¢) were heated with potassxum-
t-butoxylate in t-butanol to 50'C for 4 hours. The optical rotation of the compounds were
unchanged after that time. However, this is hardly surprising, since the most acidic proton

in each compound is the amide proton Its abgtraction by the base would effectively inhibit
racemization.



Since the syathetic procedure for the L-lysine-18-crown-6 derivative (6d) is the same as for

it's 15-crown-5 analogue (6¢), (6d) is considered to also be optically pure.

132

HN

Figure 35:

Effect of Pr(hfciﬁlfon C-13 NMR Shifts of (6c). Change in ppm of the

C-13 chemical shifts of (6c)-(100 mg/2 ml CDCl) upon addition of
Pr(hfc); (160 mg/2 ml; 30 mol%). See Tab. 33 for the chemical shifts
in absence of shift reagent. -
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2.2.1  Self-Association of L-lysine-15-crown-S$ and L-lysine-18-crown-6 *

Consider a peculiarity of L-lysine-15-crown:-5 (6c) and L-lysine-18-crown-6 (6d):

Dilute solutions of L-lysine-1S5-crown-5 in CDCly show a sharp Gel-Point, that is:they
change from liquid state to gel state at a specific temperature (about 27°C for a 5 mmolar solu-
tion). This is probably caused by intermolecular complexation of the (protonated) o¢ and especial-

ly €-amines with the crown-ring of another molecule.[112] Thus it is possible to form linear and

branched' aggrégates.

’I:he H-1 NMR of (6c) show a sharp transition from the normal high resolution spectra at a
temperature abovelthe gel point, to the spectra below the gel-point, in which all compound signals
are severely broadenéd, and only the TMS reference gives a sharp signal (Fig. 36). One would
expect L-lysine-18-crown-6 (6d) to show an even stro_nger tendency to self-associate, since the
18—crown-6 ring complexes a primary ammonium cati;q several orders of magni;ude strénger than
the 15-crown-5 ring.[112][.113][1.14] In fact, the highresolution proton and carbon-13 Spcctra- of

(6d) in CDCly dre already severely broadened at low concentrations. Once again this indicates

extensive self-association. -
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H-1 NMR Spectra of (6c) : Gel-Point. The 60 MHz proton spectra of
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23 Tetrahydroisoquinoline Derivatives

We used benzaldehyde in order to protect the dopamine nitrogen as a(Schiff bas.c. prior to forming
\the crown ring (Fig. 37). The Schiff base (8) that formed initiyl , however, was not stable
'+ under the reaction c::gx}ditic'a-ns, and immediately cyclized to the t/r,zrahydmisoquinolinc {9a). This
is, knbwn as the Pictet-Sﬁéﬁg‘ler reaction.[108](116] Although the solution was neutral or at most

slightly acidic, nene of the isomer-(9b) was formed (Fig. 37).[108130(115)
The resultin'; diol (9a) could easily by cyclized with bis-chloro-tetracthyleneglycol and

sodium methoxide in dimethylformamide. This gave the crowned tetrahydroisoquinoline (10) in

40% yield (Fig. 37). The secondary amine reacted neither with the dimethylformamide nor with

the bis-chloro-glycol.

“Tetrahydroisoquinolines have been suggested to be an important intermediate in the metabo-
lism of ethanol by humans.(108] They would be formed by a Pictct-S{:cnglcr reaction from. cate-

chotamines and acetaldehyde, the primary metabolic pfoduct of ethanol.

30 Schiff bases can themselves coordinate to hc;'wy metal cations, or can casily be hydrogenated

; to the amines. Thus it would be easy to build a second cation bmdmg group onto the side-
t .chain, with preferentml binding of a paramagnetic cation.

o

—

~

24
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Table 26: Crown Ethers derived from Dopamine and L-Adrenaline

"y

M.s.(m) Tex]

(diethyl eth.)

Prod. Yield 1wl p.[ C] Molecular
* I%] (solvent) Formula [m/e] (0.1 M/CECls)
(3a) 40 130-131  CyrHygNOg 339 -
(eth.acet) - -
(3b) 35 (a) C1gHagNO “ -
(acetone/dry ice}9 S . -
(2a) 38 - 74-95 C1gHa5N0g 1y -0 -
. (cyclohex.) © 2 #
(4D 30 80-82 CygHagNOg -
(cyclohex./hexane} £ o
(Sa) o1 128-129  CpgHz4NpOg 502 7 - e
_ (eth.acet.) ‘ - -
: (5b) 86 138-139 ComHa N0 817 i . -10.4
20 _7736472%8 b
(eth.acet.) :
(5¢) 60 164-165  CgzgHy4gN30,5 708 -8.2
(eth.acet.) =
;lgg) ..80 119-123  Cy4qHgzNz0q -7.4
_ (acetone) ' ‘ .
(6a) 87 79-81 . C1gHpgNoOg 368 -
' (diethyl eth.) 8 2 - '
(6b). 82 99-100 C1gHgoNo0g 382 43,1
(diethyl eth.d 9 2 .
(6¢) 56 oil CopHgyNz0g 439 -5.2
(6d) 90 71-75(a)  CouH4qNz0n -10.3
\ {cyclohex: )
(9) 80  180-185 C15H,5NO -
] (methanol) '
(14) 5 184-190 CzaHgoNgO1q 646 . -2.0

t
a) These compounds show strong intermolecular complexation ¥
between thelr primary amino group and the 18-crown-6 ring,
hence their melting points are difficult to measure reliably.

C‘.

-1
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:_Z;_. Adrenaline Derived Piperazinie-Crown

ey

L4

A In 1976 Vigtle reported the synthesis of two crown .cthers derived from adrenaline: the monomer’
| adrenaline-15-crown-5 (12) in unspecified yicld; and -tra:;cs of a whitq‘ crystalline powder with
NMR data siniilar to those of the monomer (12), and with a molecular masg of 646. Vogtle sug-
gested that the compounds struéture was dimeric (13), and that the m;ss was lower than expected
because two water moieculw were lgst during the mass spectroscopic measurement {Fig. 38). In
1981 Fenton described a seven-step sm:s_i.s"o_fl:?drenahne-ls—crowﬁ-s (12) starting from aceto- .

vanillone.[105]

In trying to use Vigtle’s direct route to L-adrenaline-15-crown-$ {12), I reacted L-adrenaline
{11) with spdium methoxide and 1,13-bis-chloro-tetracthyleneglycol in d—bumol and followed the .
same work-up as for-tire-topamtde-crowns, including separation, on a neutral alumipa c’alumn, but

was unable to isolate the monomer (12). Probably this is due to its strong absorption on the

N~

) ‘
polar alumina column, as well as to sidechain and C-alkylation of adrenaline.31

-

Column elution with diethyl cthér gave a white crystalline powder.32 This compound shows '
a molecular mass of 646 as did the dimer studied by Vogtle. Yet its H-1 and C-13 NMR data are
in contrast with those published by Vogtle and Fenton for the adrenaline-15-crown-5 monomer

(12) (Tabs. 27 and 28). Thus it cannot be the dimer (13) either. , ‘

rl

Using H-1, C-13, and Na-23 NMR, we were able to identify the isolated product as the

piperazine-30-crown-10 (14) ( Figure 38).

31 Different solvents, such as dimethylformamide, as well as different work-up techniques were
of no avail. The monomer (12) should be accessible, however, after protection of the side-
chain hydroxyl and amine. :

32 Compound (14) can readily be eluted with diethyl ether, so probably the molecular exterior is

nonpolar. In contrast, the secondary amino crown (10) and the amidocrowns (3a), (3b) can-

not be moved on a neutral alumina column with dr'thyl ether or ethylacctate, they must be

- desorbed with methanol.
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. h
Table 27: Proton NMR shifts for Adrenaline Crown Ethers E.(H—.'/zmd 14,

* aromat CHOH ether NCH,  NCHjg
(12) 6.9 6.83 4.88 4.1 3.9 3.72 2.7 2.38
(m3) t1,°J6 m¢ me a8 d2,%J6 83
(Fenton([105]) . .
(12),(13) - 4,70 3.8 2.70 2.35
(Vogtle[lOé])_ - t1,°96.5  (average) d2,vJ6.5 83
(14) B.92 6.82 - 4.14 3.9 3.78 3.14 2.05
(this (m3) - m< m4 na 2.92 83
work) . dl,d1

N-Methyl-styreneimine for comparison:
. (Ohtsuru[117])

NCHy . NCHg CHPh

Ph H
- 1.67 2.38 2.1
S ., dd1l 83 ddl
5 H 1.45
N dd1l
b,

The alfanumeric codes s, d, dd, t, and m stand for singlet, doublet, doublet of doublet, tri-
plet and multiplet; the associated numbers indicate the number of protons causing the

signal.
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Table 28: Carbon-13 NMR Shifts of Adrenaline derived Crowns (12) and (14)

Y

(14) (cpClz, [ppm], 50 MHz):

CH-Ph  CHp-N

- 64.28

(12) (vigtle [104])
CDCls, [PPM], 22.5 MHzZ):

n.r. 59. 30

CH3z-N

45.22

36.02

arom.

113.
113.
120.
134,
148.
149.

"

R W R R

-

ether

69.
69.
69.
70.
71.

[Walnes o0 v I o

«

The tertliary CH-Ph carbon is masked by the CDCl; solvent
peaks. It could however be measured in CgDg solutiom.

(14) in CgD
(Tppm], 50 fuz):

77.49 64.26

41.84

113.
114,
120.

149.
150.

[ oW

89.
69.
70.
71,
72.

OkrHrOW
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“
2.4.1  Structural Assignment for the Adrenaline Crown (14)

The original sidechain of the L-adrenaline may take on either of the three following structures

during the reaction :

1. UNCHANGED ADRENALINE SIDECHAIN (13)

However, for compound (13), neither the proton NMR data nor the carbon-13 NMR data
agree with those reported by Fenton and Wogtle for the intact adrenaline sidechain as in

(12) (Tabs. 27 and 28),[104][105] so that this possible structure can be rejected.

2. DOUBLE DEHYDRATION (14), (15), OR (16)

One ethanolamine group, such as the adrenaline sidechain, can dehydrate to form one
aziridine (15) or two such groups can form ome piperazine group: {14) or (16). These

reactions can be catalyzed either by base (as during the reaction) or by the alumina dur-

ing the column work—up.33

-~

Considering the proton spectra of (14) (Tab. 27), the aziridine structure (15) can be
discounted. But both piperazine structures (14) and (16) agree with the proton NMR
data (Tab. 27).3% Furthermore, the C-13 values for (14) agree well with valuesTcalculat-

ed for 1,4—dimctb.yl—2,S—diphenyl—pipcra.zine uéing two C-13 increment systems:{119]

33 It is well known that alumina can catalyze nucleophilic substitution reactions. In fact, this
feature is finding more and more applications in synthetic chemistry.[118]

34 The low-field protgn triplet around - ¢ = 3.05 ppm corresponds to the two CH, protons.

Tzhey are coupled (°J=6Hz) to the single proton of CHR, (O = 2.3 ppm) and to each other

(“J=12Hz). At 200 Mhz, these two CH, protons appear as two doublets; their, roof effect

indicates coupling to the right hand triplet (CHR3).[117] At 60 MHz, the two CH, doublets

have moved closer together and resemble a triplet.

-4
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A. Calculation from 1,4~dimethylpiperazine:

>
l,4~-dimethyl- increments calculated observed
piferazine ! : shifts shifts
ppm] [ppm] [ppm] [ppm]
2 CE = CHy = 55.5 +22.1 77.6 - 77-78
: (+x-Ph)
CHy 55.5 : +9.8 64.8 64.2
. (+p-Ph) :
CHg 47.5 -2.6 44 .9 43.1
» ('i'B,—Ph)

In the above calculation the proper shift incrementy for a phenyl group in «,flor Tposition have
been added to the C-13 shifts of the model compound 1,4-dimethyl-piperazine. The steric shift

effects of introducing the phenyl group into a ring rather than a linear aliphatic chain have been

neglected.
B. Calculation from 1,2,4~trimethyl-piperazine:
1,2,4-trimethyl- increments calculated observed
piperazine shifts ghifts
[ ppm] (ppm] [ppm] [ ppm]
CH 62.5 29,1 +22.1 75.5 77-78
. (~¢-CHg)  (+a=Ph)
CHg 57.0 -9.4 +9.3 56.9 64.2 £
(-f-CHz) (+f-Ph) -
-2.6 40.4 43,1

CHz 43.0 -
| (-7-CHg) (+¥-Ph)
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In this calculation, the specific chemical shift contributions due to the 2-methyl group has been

replaced with those due a phenyl group in the same position. The steric effects of both groups

were considered similar. e

At this point we have to decide between two possible piperazino structures: one containing
two 15-crown-5 groups {(16), Fig. 39, p.165); the other containing one 30-crown-10 ring ((14),

Fig. 38, p.164). Can sodium-23 nuclear magnetic resonance distinguish between them? v

2.4.2 Sodium Cation Binding\of Piperazino-30-crown-10 via Sodium—23 NMR

The sodium-23 NMR spectra of a nitromethane solution containing the crown (0.027 M) and
sodium perchlorate (0.0224 M‘) ( P= 1.2) were taken at 21.39 MHz. Subsequently, lower crown
to sodium ratios were obtaine'd. by stepwise additlon of a stock solution of sodium perchlorate
(0.0224 M). Both godium chemical shifts and trauzsverse relaxation rates vary linearly between
crown/sodium equal to 0.0 and 1.0, followed by a pIateaub for larger values of crown/sodium (Fig.
40). '

These data inc'licatc that the compound cannot be the bis-15-crown-5 derivative (16), since the
observed formation of z 1:1 complex is characteristic for the large 30-crown-10 group of (14).
The linewidth of the sodium:(14) complex (700 Hz) is in close agreement wit-h that of the

sodium:dibenzo-30-crown-10 complex; both in nitromethane (Tab. 29).[59]

Were the compound in fact the bis-15-crown-5 derivative (16), then both 15-crown-5 groups

should independently complex a sodium,35 But"thcn_chemical shift and linewidth would reach a

35 Bouquant et al. studied the binding of two sodium cations to 4 spiro-bis-16-crown-5 in pyri-
dine.[120] Since the two ether groups are joined over the spiro-junction, and are adjacent to
each other, the second sodium cation binds by about an order of magnitude weaker than the
first cation. For the hypothetical compound (16), the two 15-crown-S groups would be sepa-

rated by the phenyl-piperazino-phenyl spacer, and would thus bind cations independently of
each other. i
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Sodium-23 NMR Data of the Sodium : Piperazino-30-crown-10 Complex:-
(a) and (b) show the variation of the chemical shift and of the trans-
verse relaxation rate with the ratio P. .
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Table 29: Sedium-23 NMR Data for/s/bmc Sodium : Crown Complexes
[Crown]/[Sodium] Shift[ppm] "1/T,[Hz]
Y [
Na ~_ 0.0 —14.6¥ 28
Na:(14) 1:1 N Vo -4.8 2000
(This work) : |
Na:DB~30-crown-10 1:1 »m 1.0 . -9.0 2300
(58]
. R
. Na:MB-15-crown-5 1:1\ = 1.0 ~-3.8 800
[48] N - '
Na:MB~15-crown-5  1:2 yrm 2.0 -6.0 440
[48] '

Ll

-t
Y

plateau at £ of 0.5, where the concentration of 'monobenzo-15-crown-5' groups were equal to the

i

total sodium concentration.

A 11 sandwich complex of sodium with (16) is similarly unlikely: if the piperazine spacer -

A

would allow for an effective sandwich complexation, then the linewidth of this complex should

be much smaller than observed due to the high symmetry of the sodium coordination shell in the

sandwich complex (see Tab. 29);

fconversely, an asymmetric 1:1 sandwich complex would certainly not show the high formation

constants evident from the.linear variation of both chemical shift and linewidth with A (Fig, 40).

‘ N .
Thus vii sodium-23 NMR we can eliminate structure (16) and propose the

piperazino-30-crown-~10 structure (14) for the crown ether obtained from L-adrenaline. It forms

through double intramolecular dehydration from the .initial dimer 12. Perhaps this condensation

takes place during the reactiop, catalyzed by base, but more probably it happens during the col-

“ Y
: - b
umn work-up, and is catalyzed By the alumina itself.[118]

-
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To the best of our knowledge this is the first time that Sodium-23 NMR has been used as a

tool for an- organic compound structure determination.

" Six bonds are formed during the synthesis of (14). The low yield of 5% for the
piperazine-30-crown-10 is understandable, considering it can form only from the dimer 13, which
is itself only a minor sideproduct.[104] If the L-adrepaline-15-crown-5 monomer (12) is formed at

all in butanol, it is too polar to be recovered from the alumina column.

) —_

/ .
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_2___5? Experimental Part - Syntheses

2.5.1 General Experimental

‘ Dopa.niinc hydrouhloridc and hydrobromide were purchased from Sigma and wused directly.

Dimcthylformamidc (Fisher, certified ACS) was refluxed over calcium hydride under nitrogen, and
stored over molect_xia: sieves 4& under nitrogen. Dicthylencglycol;' triethyleneglycol and tetracthy-
leneglycol were purchased from Aldrich and used direttly. Trivial names such as
dopamine-15-crown-5, are used in tc;t ;a.ud hcading_s, with the TUPAC james given after each
head.ing. All reac{‘ioti§“ involv'mg dopamine or L-adrenaline were conducted under a dry 'nitrogcn
atmosphere to avoid oxid;tion of the catechol aﬁjon.s towtl‘xc deeply red radical anioﬁs.

The products were identified and characterized via their mass-spectra;
melting points (Fischer-Johns mgltin.g point apparatus, uncorrected);
proton afld carbom-13 NMR (CDC13/TM.S‘:-_.V:;:ia.n. XL-300; Varian XL-200 and Varian FT80
N.M.R. Spectrometer operating at 300 MHz a.nd 200 MHz, foF'proton. and 79 MHz, 53 MHz and
20 MHz for carbon-13 respectively);.. R
'm.frar;d spectra (PERKIN ELMER 783 Infrared Spectrophotometer);
micro analysis ,:(?Ca.uadiah Microanalytical Service Ltd., Vancouver);

and optical rotation where applicable (PERKIN ELMER 241 Pdlarimeter).
i
The scheme below shows how the proton NMR data of the crown ether hydrogen are coded (Ec

for 18-crown-6 only): - L.

B . fa £, E4 Ed

S\

R - O \Q\i‘ O] fe
\@O O O 'Fe'
fa' ft; £’ Ed

.
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: 252 Derivatives of Dt_)p;ﬁzine-ls-crown-s and Dopamine-18-crown—6 _

2.521 Dopamide-15-crown-5 (3a) and Dopamide-18-crown-6 (3b)
b Lo .
“’@ 2,3{4-f -Formamidylethyl)-1,4,7,10,13-pentaoxa-2-cyclopentadecene (3a),

2,348 -Formamidylethyl)-1;4,7,10,13,16-hexaoxa-2-cyclooctadecene (3b).

Dopam;?c hydrochloride (3.8. g, 20 mmol, for dopamide-18-crown-6) or dopamine hydrobromide

(2.0 g, 8.5 mmol, for dopamide-i5-crown-5) is reacted in dimethylformamide (350 ml) under

nitregen at 100°C for 30 min.

B

Sodium methoxide in meéthanel (5:8 ml 25%.‘26 mmol for dopamide-i5-crown-5 or 13.8 ml,

‘ [ § mmol,.for dqpamidc—lﬂ-crown-536 ) is added rapidly. Bis-chlo_ro-tetmcthylcneglycol (1.95 mj,
26 mmol) for (3a), or bis-chloro-peptacthﬁcne-glycol (5.3 g, 20 mmol) for (3b), is added dr;.\pwise
as 3 solution i:; dimcltiylformamidé (20 mi, dried and deoxygenated prior to use) over 1-3 hours

-

at 100-110°C.37

’I‘hc reaction is continued for 12 hours at IOOC under mtrogcn After cooling, dimethyl-
formamide is evaporated. The residue is taken up in distilled watcr (100 ml), and extracted into
dichloromethane (3 x 75 mil). The organic phases arc dried over ‘molecular sieves 4A, and give,

:.after solvent cvapt;mtion,' an amber 9'11 cqnsisting to about 70% of tﬁc desired product. The pure
products are isolated on a column (neutral alm'nina grade IV, Baker):38
Elution with dicthylether {for the 15-rown-5 ) or with first hcxane:cthylécetate (3:1), then pure

» cthylacetate (for the 18-c1_'own-6). removed dimcthylf/ormamidc and unreacted bis—chloro-oligo-

— Addition of KBr, or use¢ of potasmum—t-butondc/t-butanol led to substantial amounts of poly-
‘a " mietic sxd: products, complicating the isolation of the desired crown product.

Addition of the. hfs-chloro—ohgocthylcncglycol turns the solution deep blue-green for a few
minutes. -Sodium chloride or bromide begins to precipitate after about 30 min. If oxygen has
been successfully excluded, the solution will turn only a light yellow.

prepared from ncutral alumina grade I by addition of 25 ml of distilled water/500g alumina.
See also Blackborrow.[121]

i .
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cthylcnc-glycol.3 ?

Subsequently, (3a) or (3b) are eluted with methano! as a yellow band to give, after evaporition, a
viscous yellow oil. The crude .product'ﬁsunlly crystallizes spontaneously within 24 hours. (3a) is

triturated with diethylether, and recrystallized from :_gthyl acetate (yield: 1.2 g, "40%), m.p.
130-131°C.

H-1 NMR (6, [ppml)% 2.7 {AA'BB’, Ph-CH,); 3.4 (AA'BE, -CH,-N)
3.70 (s, 8H, E,Ey) 3.85, 4.10 (AA'BB', 4H each, Ey and E_, resp.y; 5.7 (br.s, 1H, NH) 6.7 (m,
3H-arom); 8.1 {s, 1H; CHO).

. - ’r
! 2

7
Y

C-13 NMR [ppm]: 35.0, 39.3 (CH,-CH,-N); 69.0, 69.2, 69.6, 70.4, 71.0 (ether ring); 114.4,

114.6, 121.3 (tert. C-arom}); 131.8, 147.8, 149.2 (quart. C-arom); 161.4 (C=0).
(3b) is recrystallized directly from acetone under cooling in acetone/dry ‘ice, yield: 35%.40

H-1 NMR (¢, [ppm]): 2.78 (t, Ph-CHj) 3.54 (q, CHy-N); 3.71 (s, 2H, E,1), 3.72 (s, 2H, E.2)
376 {m, 4H, Eg) 3.78 (m, 4H, E); 3.95 (m, 4H, E) 417 (m, 4H, E ) 5.92 (m, 1H, N-H); 6.9
(m, 3H, arom.}; 8.16.(s, 1H, CHO).

C-13 NMR {ppm}: 35.01, 39.24 (N-CH,-CH;-Ph); 69.04, 69.11, 69.66, 70.72 (0-CH,-CH,-O)

114.42(t), 114.74(1), 121.36(1), 131.77(q), 147.64(q), 149.04(q) (arom.); 161.31 (CHO).

3% Up to 20% recuperation, TR shows the absence of hydroxyl groups and presehce of C-Cl
stretching bands at about 1400cm-1.

40 Unlike with the 15-crown-5 derivatives, we could not recrystallize the 18-crown-6 deriva-
tives from ethylacetate or acetone at room temperature. This may be due to complexation of
- the acidic methyl groups of these solvents with the 18-crown-6 ring.[122]
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2.52.2  Dopamine-15-crown-S (4a) and Dopasiine-18-ctown-6 (4b)
- 2,34 -aminoethylbenzo)-1,4,7,10,13-pentaoxa-2-cyclopentadecene (4a),

2,3 4-f3 -aminoethylbenzo)-1,4,7,10,13,16-hexaoxa-2-cyclooctadecene (4b).

Dopamzdc-lS-crowu-S (3a) (2 g, 5.9 mmol) or dopamde—lS-crown—G (Sb) (3g, 8 3 mmol) is-hydro-
lyzcd by refluxing in hydrochloric acid (50 ml 5% HCI, in methanol 1: 1) for 2 hours. The acidic
solution is brought to pH14 By addifion of potassium hydroxide solution (20%) for (ig). and
sodi'um_h;rdroxidc solution (20%) for the (4b), and extracted with dichloromethane (4 x 75 mi).
The organ_ic phases are. dried overrmolc.cular sieves 48 and - evaporated Eo' give the corresponding
amin.c as a yellow oil. : t | '

- 'The crude dopamine-15-crown-5 {4a) is recrystallized from cyclohexane to give a white crystalline

powder; yield: 90%, m.p.: 74-75°C. -

H-1 NMR (¢, [ppm]): 1.48 (s, 2H, NH,); 2.71 (AA’BB’, 2H, Ph—Cle); 2.93 (AA'BB, 2H,
CH4-N); .

3.75 (s, 8H, E#+Ey); 3.90 (m, 4H, Ep) 4% (m, 4H, E,); 6.75 (m, 3H, arom.).”

C-13 NMR [pbm]: 39.2, 43.4 (CH,-CHy-N); 69,1, 69.3, 69'7'. 70.5, 71.0 (ether); 114.5, 114.9,

121.5, 133.0, 147.5, 149.1 {arom.).

Dopamine-18-crown-6 (4b) is recrystallized from 1:1 cyclohexanethexane under cooling with
acetone/dry ice, to give amorphous yellow crystals. Trituration with ethylether gave a pure

white powder yield: 1.9 g, 70%; m.p.: 80-82°C.

H-1 NMR (&, [ppm]): 1.40 (s, NH,); 2.67 (t, 2H, Ph-CH,); 2.93 (1, 2H, N-CH,); 3.70 (s, 4H, E_);
3.74 (m, 4H, Eg); 3.78 (m,dH, E_); 3.93 (m, 4H, E) 414 (m, 4H, E ) 6.80 (m, 3H; arom.).
. C-13 NMR {ppm]: 39.44, 43.53 (N-CH,-CH,-Ph); 69.23, 69.40, 69.78, 70.86 (ether); 114.68(¢),

115.18(t), 121.51(t); 133.17(q), 147.47(q), 149.07(q) (arom.).
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2,53 Peptide Derivatives of Dopamine-15-crown-5 and Dopamine-18-crown-6

5.5.3.1 . CBZ-Glycyl-, CBZ-L-Alanyl-, Bis-CBZ-L-Lysyl-dopatmine-15-crown-5
2,3-(N< N'-Benzyloxycarbonyl-glycyl)-4'-3 -aminoethylbel;zo-l.4,7,10,13-pentnoxa-
2-c-:yc10pentadecene (%a), " A = -
: 2,3-(N—(N'—Benzj'rlpxycarbonyl-L-alanyl)-4'-ﬁ—aminoethylbcnzo—1.3.7,10,13-pentaoxa—
‘i

2-cyclopentadecene (5b), or

2,3-(N<(N',N"-Bis-benzyloxycarbonyl-L-lysyl)-4’-f ~aminoethylbenzo)-1 .4','1,10,13-pcntaoxa-

2-cyclopentadecene (5c). ) .

N-Benzy10xycari:_nonyl—glycine (1.05 g, 5 mmol), N-bcnzyloxycarbdnj1~L—alaninc (1.12 g, 5 mmol),
or N,N'-bis-benzyloxycarbonyl-L-lysine (2.07 g, 5 mmol) is added to a solution of (3a) (1.55 ¢, S
mmol) and N-ethoxycarbonyl-2-ethoxy-1,3-dihydroquinoline (1.31 g, 5.3 mmol) in absolute etha-
nol (60 ml). The mixture is stirred for 16 h at room temperature, by which /'Lme. most of the
product precipitates. Addition of dry diethy! ether (60 ml) completes the precipita::;g The filtrate
is washed with cold ethanol/ diethyl ether (5 ml) and then with dit;th\yl ether. Recrystallization

from ethyl acetate gives the pure product; yield: 60-91%, see Table 26 on page 137; for NMR data

Al .

see Tabs. 30 and 32. v

2.5.3.2  Bis-CBZ-L-Lysyldopamine-18-crown-6 (5d)

2,3-(N-<(N',N"-Bis-benzyloxycarbonyl-L-lysyl)-4'-# -aminoethyl-benzo)-1,3,7,10,13,16-hexaoxa-

2-cyclo-octa-decene (5d)

Bis-benzyloxycarbonyl-L-lysine (2.3 g, 5.5 mmol) and (3b) (1.9 g, 5.4 mmol) are dissolved in eth-
anol (50 ml, dry).
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N-ethox;-carbonyl-z-ethoxy-l ,2-dihydroquinoline (1.33 g, 5.6 mmol) in ethanol (15 ml; dry)

is added and the mixture stirred at room temperature for 12h. Thc white prccxpxtatc is washed
with ethanol (2 ml dry) and’ dicthylcthcr (20 ml, dry), and recrystallized from acetone under
cooling with dry ice / acetone to gwe the final product yield: 60%; m.p.: 119-123°C; [&]py: -7.4°, I'

-see Table 26 on pagc 137; for NMR data. see Tabs. 30 and 32.
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2.5.4" Debenzyloxycarbonylation of (5a), (Sb).r(Sc), and (5d) |

3 . -

1

2541 Glycyl-, L-Alanyl-, t—Lysyi—dopamheQIS-u'ov#n-S |
" 2,3<(N-Glycyl-4'-fi-aminoethylbenzo}-1,4,7,10,13-pentaoxa-2-cyclopentadecene (6a),
"2.3-(N-L-A1a_ny1—4'—/3 -aminoethylbenzo)-l,4,7.10,13-pcntaoxa—2-cyclopent£1dccenc (6b), or

2,3{N-L-Lysyl-4'-#-aminoethylbenzo)-1,4,7,10,1 3-pentaoxa-2-cyclopentadecene (6¢).

0.4 rmmol of the corresponding benzyloxycarbonylated product (Sa), (5b), or (5¢) is dissolved in
30% hydrobromic acid (8 mi) and stirred at room temperature for 2h. The mixture is poured into
d.ry diethyl ether (50 ml) fo gi.‘.’e{n—;ily precipitate, which is washed with diethyl ether (2x10
ml) and dissolved in methanol (2 ml). Under ice cooling, a solution of ammonia in chloroform
(10%, 10 ml) is added slowly to precipitate ammonium bromide, followed by chloroform (30 ml)
~to c.omplete the precipitation.[177] The ﬁrganic filtrate is extracted with distilled water (1x5 ml)
to remove complexed ammonium bromide. Recrystallization from diethyl ether after drying over

molecular sieves 48 gives-the products; yield: 92-95%, see Table. 26 on page 137; for NMR data sce
Tabs. 31 and 33.

The UV/Vis spectra of L-lysine-15-crown-5 (6c) shows three absorptions:’

. @ =277nm (€ =2690) and @ =228nm (£ ~8070) from the aromatic ring; and ¢ =200nm (£ =45000)

from the amide carbonyl.

2.54.2  L-Lysyl-dopamine-18-crown-6 (6d)

2,3«(N-L-Lysyl-4'-8 -aminoethylbenzo)-1,4,7,10,13,16-hexaoxa-2-cyclooctadecene (6d)

Bis-CBZ-L-Lysyl-dopamine-18-crown-6:{5d) (2.8 g, 3.7 mmol) is reacted with hydrobromic acid in"
glacial acetic acid (10 ml, 32%) for 2h at room temperature under stirring. Addition of diethy-

lether (40 ml, dry) precipitates the bis-hydrobromide. This salt is dissolved in distilled water (20
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ml) and brought to pH14 by addition of solid sodiumhydroxide. Extraction with dichloromeihgne
(3"x 50 'ml), drying over crushed molecular sicves 44, and solvent evaporation gave (6d)-as a

- L]

_brown oil.

Treatment with hot é'yclohexane gave a clear yellow solid glass, possibly an inter/intra~
molecular complex: yield: 90%; m.p.: 71-75'C; [«]p: -10.3" the NMR spectra show only broad

bands.

The igfrnrcd spectra indicatcd the amide carbonyl stretching band at 167 Scm-l'. for compovnds
(5a), (Sb), (5c¢), and {6b); and for (5a), (5b), and (5c), the urethane carbonyl stretching appbarcd at
1710cm™ and the two amide N-H stretching bands nppea:ed at 3450(m) and 3340(w)

( .

&
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‘Table 30: H-1 NMR Data of Aming dcid Crowns (Sa) - (5d)

‘ ] ‘Compound N
QGroup A . . o
: (5a) . (BB ' ‘(se) (5)
Ph-CH,CHy 2.70 2.70 . - gm0 2.7
. : (A%x*BB') (%)
Ph~CHy~CHy-N = 3.45 3.44 -.3.12 3.48 F
(AA'EB")- Lm) .
3H-arom. (m) 6.67 6.67 667 677
5HE~arom. " 7.34 7.3¢ - 7.832° ' 7.28
(s,5H) (s,5H) (s,10H) (m,10H) .,
' E, 4,09 4.10 4.06.7 . 412
(w, 48)  (m) c(m) | (m,aH) i
Ey, 3.87  3.86 3.88. 3.92
(m, 4H) " (m) (m)’ (i, 4H)
Ether E, \ : : 3.76 .
. B3.73 _ 3.74 " 3.72 (m,4H)"
Eq / (s,8+2H) (s,8H)  (s.8H) . 3.73-
: N ’ . (vaH) hd
Eg 3.68 N
3 ‘(slﬁH)
'NHCO 6.22 6.22 6.24 6.12
(br.8) (br?s) . (br.s) (d)
_..NECO(a) 5.65 5.45 - 5.62, '5.53
(br.s) (br.s): .5.15~ 4.05
Ph-CHy 5.10 5.07 5.06 5.11 (s,2H, ¢ )
(s,2H) (8,2H) (8,4H) 5.06;5.07
; ’ (8,2H, x )\
1 3.73 . .4.10 4.086 4.086
- _(m,2H) (m,1H) (m,1H) . {m,1H)
2 - 1.31 1.6;1.8 1,30
Amino- - (d4,3H, °J7.1) (mn,2H)
acld 3 - - 1.2-1.8  1.46
: (m,6H) (m,2H)
4 - - 1.26
. * (m,2H)
5. - - 3.12 3.14
(m,2H) (m, 2H)
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Table 31: H-1 NMR Data of Amino acid Crowns (6a) - (6c)

' ) ; Compound
Gr%Pp (8a) (8b) (8e)
NH, 1.31 1.9 1.3 - 1.8
- ' (s8,2H) ~ (8,2H) (m, 4+6H)
Ph~Clig-CH, _ 2.7 2.70 2.5-8.0
- (AA'BB') (AA'BB') (m)
Ph-CHy~CHg 5.4 5.4 2.5-3.0
(AA'BB')  (AA'BB') (m)
3H-arom. (m3) 6.8 8.7 6.8
5y i (,\’
E. ~
a \ 3.8-4.3 3.8-4.3 3.8-4.3
Ey, /. (w,8+2E) (m,8+1E)  (m,B8+1E)
Ether E o
F \ 3.7 3.7 3.7
Ey /(s 8®) (m, 8K) (m, 81)
. Eg - - -
' N
1 3.8-4.3 3.8-4.3 3.8-4.3
(m,2H) (m, 1H) (m, 1H)
2 1.8 - 1.3
Amino- - (m,2H) (d,3H,%J7)
acid 3 ' - - 1.3-1.8
4 (m16+43)
4 - -
5 - - 2.5-3.0
(m,2+2H)
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Table 32: C-13 NMR Data of Amino acid Crowns (5a) - (5¢)

Compound
Group"
(5a) (5B (5¢)
Ph-CHy-CHo-N 35.1 35.1 35.0
40.1 40.8 40.5
Ether _ 69.0 69.1 69.0
69.2 , 69.3 69.1
69.6 69.% 89.6
70.5 7Q0.6 70.5
71.0 ) 71,7 71.0
CH4o-0CON 67.0 66.9 70.5
?1.0
arom. 114.4 114.5 114.3
114.7 114.7 114.6
121.3 . 121.3 121.3
128.0 128.0 128.1
128.3 128.2 128.2
128.5 128.5
131.9 131.8 131.8
136.3 136.2 136.2
136.86
147.8 147.8 147.8
149.2 149.3 149.2
QOCON 156 .9 156.3
C=0 169.2 172.3 171.6
L
CO-CHR-N 44.6 50.% 55.0
(1)
(2) - 18.8 22.2
(3) ' - - 29.4
(4) - - 31.9 ~
CH,-N 43.7
&) - - "

The nurmbers (1-5) refer to the aliphatic carbon of the amino acid sidechains, glycine

containing only #1.
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Table 33: C-13 NMR Data for the Amino acid Crowns (6a) - (6c)

Compound
Qroup N
(8a) (6b) (6¢) (6d)&
> {
Ph-CHy~-CHp-N 35.3 35.3 35.3
o | 40.1 40.2 40.2
f &
-Ether 69.1 69.0 69.0
69.3 69.2 69.1
69.7 69.6 69.6
70.5 70.5 ?0.5
1Y 71.1 70.8 71.0
arom. 114.4 114.4 114.3(t)
114.7 114.7 114.7(t)
121.3 ~121.3 121.4(t)
132.2 132.2 132.3(q)
* 147.3 147.%7 147.7(q)
149.2 149.2 149.1(q)
C=0 172.7 175.6 175.1
CO-CHR-N 44 .8 50.8 55.2 ~
(1)
(2) 21.8 n
23.1
(3) - 33.4
35.0
(4) - 4]1.9
CHo~N - "
%5)

a) C-13 signals for (6d) were broadened due to aggregation.The numbers (1-5) refer to
the aliphatic carbon of the amino acid sidechains, glycine containing only (1). (t) and
{q) indicate tertiary and quarternary carbon atoms, determined via off-resonance decox™
pling of the attached protons.

T

e
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L
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2.5.5 . Comments to' Syntheses: - |
2.5.51  Amino Acid Coupling
Dicyclohexyl-carbodiimide with N-hydroxy-succinimide as moderator were also used for the pep-
tide coupl\i_l;g. The reaction was done in methylene chloride,'going-from -30°C to room. tempera-
ture, and gm}c the glycyl-15-crown-5 (5a) in about 80% yield. However: the product was always
accompanied b'y substantial amounts of dicyclohbx}lurea. which is often otgserved as iay‘-product in

. <
this reaction.[123][124] Although the crown ether could be separated on silica TLC with ethyl

acetate/methanol 5/1, the more convenient and reliable EEDQ coupling method was subsequently

preferred..

Lt m .
2.5.52  Deprotection o b

The benzyloxycarbonyl protecting-group can be cleaved by photoly31s [125] catalync »ha#dregenoly-
sis,[126] and catalytic transfer hydrogenolysis, using cyclohexenc[127] or formic acid as hydrogen

donor.[128] All three hydrogenolysis methods tr:msform the benzyloxycarbonyl protecting group

into toluene and carbon dioxide.

Catalytic hydrogenolysis: BZ-glycyl-15-crown-5 was deprotected to 94% after 48 hrs. by

catalytic hydrogenolysis. This is in contrast to a reaction time of S min for complete debenzyl-

oxycarbonylation of typical protected peptides, as reported by Bergman.[126]

rd

Hydrogen was percolated through a mixture containing - CBZ-glycyl-15-crown-$ (5a) (1.56 ¢,
3.11 mmol) and paliadium on charcoal (80 mg, 10% PC). Fig, 41 show_s the disappearance of"the
benzyl and phenyl proton NMR signals of (5a) as a function of hydrogenolysis time. A progres-

{
sive deactivation of the catalyst is evident.

Cata.lyﬁc transfer hydrogenolysis: After 12 hrs, of reflux, cyclohexene as hydrogendonor (4%

cyclohexene in methanol, 50 m1){127} gave only partial deprotection of bis-N-benzyloxycarbonyl-
L-lysyl-i5-crown-5 (5c).

—



162

1001 e o o T

Figure 41:
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Catalytic Hydrogenolysis of CBZ-Gly-15-crown-5 (Sa). The intensity of
the phenyl- (O) and the benzyl-signals (A) of the CBZ-protecting group

is piotted against the reaction time. The aromatic dopamine signal (@)
is used as norm.

On the other hand, N—bcnzyloxy&arbonyi—L-alanyl-l5-crow.n-5(ib_) (0.43 ‘g, 0.83 mmol) was

coal (150 mg, 10% Pd/C) after reflux for 2h (0.26 g, 81%).

“completely deprotected by cyclohexene (2% cyclohexene in ethanol, 40 ml) and Palladium on ‘char-

As well, using formic acid as the hydrogen donor (20% formic acid in methanol, 10 m}) and

palladium on charcoal as catalyst (200 mg, 10% P4/C), . bis-N-benzyloxycarbony!l-L-

lysyl-15-crown-5 (5¢) (0.35 g, 0.5 mmol) was completely deprotected after Smin.

—
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256 Tetrabydroisoquinoliaes

2.5.6.1 2-Phcnyl-4 S-dlhydroxy-tctrahydromoqlﬁnohnc %) |
Dopam.me hydrochlonde (101 g 50 mmol), bcnzaldchydc (6 g 57 mmol, t'rcshly dlsullcd) and

'---._tnethylamme (5.6 g, 55 mmol) were added to 75 ml benzene, and the mixture refluxcd Addi-

tion of 75 ml dry ethanol causcd dxssolutmn of the dop:nmnc hyd:ochlondc. followed by rapld .

.- crystallization of the yellow product It was recrystauxzcd from methanol and washed with ace-
tone to gwe pure white crystals yxeld 80%, m.p.: 182-185 (1088 of crystal water at 92-95°C).

| C-13 NMR data ([Ppm], DMSO-dg, DMSO ctenterline used as reference at 40.8 ppm, 20.0 MHz):

21.9, 25.2 (CH,CH,); 59.3 (CH(PRN); 1154, 1162, 123.5, 124.0, 129.7, 130.1, 131.0, 138.4,
145.2, 146.4, {arom.).

2.5.6.2 z-PheﬁyH.s-dmydmxy-tetmhydmisoquinoune-1s-cmwn-s (10)

(9) (6.58 g, 27 mmol) is hedted in dimethylformamide (250 ml) to 80°C. :“§;:i;miodidc (O.Gg).
bis-ch.lc;ro-tet_raeth?leneglyéol (6.3 g, 27 mmol) and, after ten minutes, sodium methoxide in meth-
anol (12.5 m}”56 mmol) are added under nitrogen. The color of the clear mixture turned imme-
diately blue, theﬁ green and faded after another 10 minutes simultaneous with the first appearance
of a pale precipitate of sodium <Thloride. The | work-up is identical to~that of the
d0pa-m.ide-15-crown—5 (3a), including absorption on a neutral alumina column (grade [V), elution
with diethylether 'to remc;ve résidual dimethylformamide and unreaéiéd bis-chloro-
tetraethyleneglycol, followed by elution of the product with methanol. Yield: 40%. The crude
product is dissolved in-a mmlmum amount of methylenechloride in a narr.ow beaker, and the
same volume cyclohexane is carefully added on top, without disturbing the bottom layer of
methylencchlorigle. The pure, off-white product crystallizes as-a ring just above the cyclohexane

layer over a period of several hours. m.p.: 107-108°C.

]



‘\rﬁmol) u{ added and the mixture refluxed for 20h.

H-1 NMR data (o, CDCl3, 200 MHz): 2.12 (brs, 1H, NH); 2.7-3.2 (m, 4H, CHZ'CI?Z'E 3.72 (s,

| dH,-ether); 3.76°(s, 4H, etherk 3.8 (m, 2H, egher); 39 (m, 4H, ether); 4.14 (m, 2H,{ ether); 5.02
(s, 1H, CH(PRIN; 6.26, 6.64 (s, 1H each, arom.); 7.2-B (m, 5H, arom.). R b ;

C-13 NMR d:na ([ppm] CDCl3, 20.0 MHz): 29.3, 40.9 (CH2-=CH2)' 61.5 (C=N); 69. 1, 696 69. 7
r‘
105 (ether) 1140 1142 1273 128.4; 128.9, 130.6, 1449 147.2, 147.8 (atom.)" .

¢ SRR

) ./"'\_. ) ] .
257 Symgrir o Fignraciss Crown Dcrivntivc(

N Bm:mol {155 m..dry: i3 purged with nitrogen under reflux for 10 min. Addmon of adrenaline

(5 0g 273 mmol) gives a white suspcnsion. whlich clarifies upon addition of sodmm methoxide

" (125 ml'y jummethoxide i mcthanol 25%, 57 mmol ). Bis-chloro-tetracthyleneglycol (6.3 g, 27

Y

)

'I‘hc solvent is cvapomtcd and the oily residue taken up in Water (100 ml). Thc resulting
\ &

G

41

lsmn is passed through a water soaked gravity flltcr 10 scparatc the water solublc components

}

The filtrate is extracted with chloroform (3 x SO

), the organic phases dried with ma.gnesmm

stlfate and the sol\ﬂ:'tff\cvaporatod to give a rcd ml ( g). This crude product is taken up in chloro-
form (200 ml, dry) absorbcd onto Celite (303) and packed onto an alumirna grade IV col-

umn.[121] With cthyl ether thc unreacted hm-ahloro—tctracthyleneglycol is eiuted first*! followed

by bumnol and evefitually the desired product. 42 The product scm.tcrystamzcd after solvent eva-

poration; and trituration with dry dlct.hyl ether gave white crystals; yield: 5%; m.p.: 184-190°C;

m/e 646; [ o Jpy: -2.0°

5]
e

IR showed the abscnéc o'f hy&roxyl groups.

42 Furthcr fractions, eluted with tetrahyd.rofuran and acetone, showed substantml amounts of
suiccham alkylnted adrenaline compounds

-
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H-1 NMR (0, [ppmD\_2.05(s, CH;) 2.31(t, 315.5, CH); 3.02(dd, 375.5, CH,) 4.16(m, 8H, A);

.3.92(m, 8H, B); 3.78(s, 16H, C); 6.84, 6.92(m, 3H, arom.).

For C-13 NMR data see Tab. 28.

2.5.8 | Oligoethyleneglycol Derivatives

2.5.8.1  1,13-Bis-chloro-4,3,10-trioxatridecane

. Tetracthyleneglycol (143.1 g, G.73 mol) and pyridine {130 g7 1t%3 mol) are heated in tolucne (670
ml) to 90°C, and thionylchloride (195 g, 1.63 mol) is added d:oﬁvise over 3 h. The reaction is

continued for 12 hours at 90'C, during which a lower phase separated, containing the pyridinium

* hydrdchloride.

h

After cooling, sulfufggz-{cid (75 ml, 6%) is added. The organic phase is sepa.ratcd43 and the
solvent evaporated. High vacuum distillation of ‘the residual . yellow oil ga.ve the pure product
(b.p, 108°C at 0.04 Torr, 131 g, 85%). ' .

-

2.5.8.2 1,10-Bis-chloro-4,7-dioxadecane

Triethyleneglycol (150\-g, 1 mol) and pyridine (174 g 2.2 mol) are heated in toJuene (890 ml) to

reflux, and thionylchloride (263 g, 2.2 mol) is added dropwise over 3 hours,

The reaction is contir:ued for 4 hours'aftcr addition of the thionyl chloride is completed.
Aﬁffe; cooling, hydrochloric acid (125 mi, 5%) is added and the resulting two phases separated.
_ ’i@ tbluene phase is washed with hydrochloric acid (2 x 56 ml, 2%), separated and the solvent
~ evaporated., Rc'sidualrwatef is ahtoimaiically removed as thelazeotrop with the first frar_iion. The
obtained brown oil is distilled to give the pure, slightly yellow product (0.1 Torr, 9;'C, 126 g,

43 The mixture shows a strong tendency to form emulsions. In this case’ the phases are separated

.by passing the emulsion through a gravity filter moistened with toluene. Only. the organic
phase will pass.

Y
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70%).

2.583  1,47,10,13,16-hexaoxahexadecane

(adapted from Newcomb 1975 )[12.9]

Sodium metal (8.12 g 353 mumol) is dissolvec; in monoethyleneglycol (110 g, 1.8 mol, Baker,

ACS, as receivc'c;) under nitrogen'. Bis-cliloro-triethyleneglycol (30 g, 160 mmol} is added ;;owly '
.over 2 h-at 100°C. The reaction is continued for 24h at 100°C under nitrogen. After cooling and

fihcring, unreacted monoethyleneglycol is evaporated under r.ednced pressure. Addition of dry ace-

tone (150 ml) precipitates sodium chlorige. After filtration and solvent evaporation, final traces

-of monoethyleneglycol are removed under reduced pressure (0.1 Torr, 50-60°C). The product is

distilled at 170-180°C ‘:mdAO.OJI Torr, and identified via IR (3350 cm™} = HO bonded) and H-1

NMR.

’

2.5.8.4 1,16-Bis—ch10ro—4,7,10.Ii-tetraoxahcxadcmnc AN
: . "
/ :
Pentaethyleneglycol (26 thiiuol) and pyridine (24.3 m!}, 250 mmol) are heated in tolusie
N
(150 ml) to 90°C under nitrogen, and thionylchlogide (18.1 ml, 250 mmol) is added dropwise over’

3h. The reaction is continued overnight at 90°C under nitrogen.

After cooling, the mixture is acidified with hydrochloric acid .(-20 ml, 5%), dichloromethane
(50 ml) is added ,to-facilitate the phase separation, and the organic phase is washed with hydro-
chleric acid (20 ml, 5%). After solvent evapo:;;tion, the obtained crude product.is purified by
high vacuum distitkition *to give the pure, light yellow product; yield: 61%; 18.3 g:ib.p.:
100-125°C, 0.025 Torr. H-1 NMR (o, [ppm]):  3.70(s, ether) |

C-13 NMR [ppm]: 42.61 (CH,-CL); 70.53, 70.60, 71.30 (CH,-O);
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All bis-chloro—oliﬁocthylcnéglycols showed the strong C-C! stretching bands at.(SSOg:m'1 and

750cm"1. and no hydroxyl absorption at 3500cm™1.

Vn



Chapter I
TRANSPORT PROPERTIES OF SOME AMINOACID BEARING CROWN
ETHERS

3.1 Introduction

As mentioned in the general introduction, plants and animals depend on efficient chemical com-
N ;

munication across cell mcmb%:s to sustain their life functions. This communication consists
partly of 'thc controlled transfef of messenger chemicals such‘ as tations, amino acids, and protons
across the biological membranes. Since these compoupds often bear p;sitive or negativ.e charges,
they need, some screening from the lipophilic membrane during 'Ehci___:‘cro:.isipg. The mecﬁﬁsms

and the regulation of this transport is an impgrtant biochemical problem.[2]

3.1.1 'History of Ionophores
- )

We now know of three complementary pathways that can mediate the selective passage of charged

!

’ \J
* {or neutral) substrates across biological membranes:

X

Transfer Enzymes, such’ as the sodium-potassium pump, consist of bulky proteins that extend

through the membrane, reaching from one agueous phase to the other. They bin&\&heir substrate
on on¢ side of the membrane, and transfer it to the other side by a conformational rearrangement.

The energy for this process is often supplied i:y a coupled ATPase.[130]

Channel Forming Peptides;\such as Gramicidin A, ’tunnel’ through the membran-m, and allow

~,

ty.(131] ' \

selected cations to pass throujh their hydrophilic interior, depending upon size and charge densi-

- 168 -
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Carrier Mediated Transport of charged substrates (such as mertal cations, organic ammonium

cations, amino acid anions) was confirmed to be possible in 1967, when Pressman demonstrated

[

—

that vaiinomyci_n and nigericin could transport ions across artificial buanu.[ISl]M

-

CH, ‘
l .
(CH)eH CR{CH,)
A
\ -CO-O CH‘_CO 32
- L-Lac “CH
(CHy et céNHo-va! Eval €O
¢k ' D-¥ (O\CH/ cHlens)
- / ? -U'
/O | 0-7&*!1»’ C\O
$ €0 NH |
1 .
(CH3), (H——CH L- Ua.! . D-Valf CH — CH(CH,),
NH . C'O . ‘
c\o . s
i L .
’ CH \ _ o
\‘ 3 CQ 0-Va f Lovad oo 3
' CH D-Hyfv.  (H
| cﬁ Yco-CH-0-(9 \
(CHy); | CH(cH,),
: CH(CH),
Figure 42: Valinomycin. B.Sakar, p. 279 in [150] . )

~

The name xonophorc = jon carrier ‘was given to valmomycxn and its analogs to emphasize their

moblhty within thc membranes. [133] Hugcnfcld and Saenger dcflncd them concmclyfz\s

P

...TECEptors [that] form stat%le lipophilic complexes with charged hydrophilid, subs-

trates (such as Na*, K*, Ca**

etc.,) and thus are able to transport them into 1po-

philic phases, for cxamplc natural or artificial membranes.”[79]

44 This finding superceded two carlier interpretations of valinomycin mediated transpo

)

rt across

bilayer membranes: that of 2 combination of a receptor (valinomycin) with an ion- pump
located in the membrane; and the formauon of tra.nsmcmbrancfchm\ncls by valinomycin.

-
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Thc. complex make-up qf' ngtural membran'&}@ually makes it difficult to find out how much
ihcsc three pathways contribute to cross__;,._y eﬁxbrane transport. Typically several individual path-
ways are coupled , making their scp_ération ‘even more dit’fic;ut.[134]

| Valinomycin is a classical example of this problem: In 1967 Pressman suggcsEéd that valino-

mycin would selectively transport potassium across natural membranes by activgti’ng a separate

enzymatic potassium ion pump.[133]- In the same year Mueller’ used lipid bilayer membranes

devoid of any other biological material. He proposed”that valinomycin could form a channel

~ through the membrane.[135] Finally, and still in 1967, Pressman used a bulk liquid membrane

which can support neither channel formation nor the enzymatic ion pump mechanism. r-Thus he

concluded that valinomycin must be a mobile carrier or ionophore. In fact, Valinamycin forms a
hydrogen-bond-stabilized -Eavity perfectly tailored for the potassium ca_tion. Thus \zalixiomypin can

bind potassium thousand times stronger than the smaller sodium cation.[79][132][133](146]
[ , ’ ‘I .

Bulk artificial membrane models are now widely used to study transport mecha-

‘ nisms.[136][137][138][139][140][141] In general, thee systems consist of the aqueous source nd

receiving phases, separated by tﬁc organic membrane phase containing the ionophore (See folt

-

instance the experimental section). The substrate salts, sodium or potassium picrates in these

experiments, are ipitially contained in the source phase. They form a complex'with the iono-

phore at the interface between source and membrane phases. The bulk membrane phase is stirred

.

mechanically to avoid large concentration’ gradients within the membrane phase. The rate deter-
mining steps of the transport are considered to be the diffusion of the complex and of the~ligand

through the unstirred Nernst-layers adjacent to the interfaces.[142]

+

Other artificial transport systems often used to simulate the natural membranes inciude the
lipid bilayer membranes (black membranes)[143][144] and natural and artificial vesicle sys-
tems.[143](145] .

o

N,
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The simplest driving force for transport is the concentration gradient of the substrate salt .
between source and receiving phase. Often, we are also interested in the coupling between the salt

transport and other energy sources such as pH gradient, sredox potential or photochemically

induced conformational changes (see below). 'a

A

3.1.2 Crown-type compounds.as Model Tonophores”

w0 1968 Pedersen discovered that crown thers have a high capacity for complexing uni- and diva-

-

lent c:;tions.E.B] This finding came just in time to give the ionophore research, at that time still in
its infancy, an extensive range of model carrier compounds138][148])[149] Crown type com-

i:ounds are relatively easy to synthesize, and can in principle be designed to have specific proper-

ties.[97](1481(150145 . 5

r

Most of the crown type compounds used as model ionophores in transport studies fall into

-~

one of the following groups:

3121  Neutral, Monocyclic Crown compounds

- _
THese compounds are based on a crown ring whicl(f' consists of usually 4 to 10 oxygen donor
1]

atoms,"-'separated_ by usually two methylene grouprs.46 Many étudies have dealt with conforma-

¥

tions and transport selectivities of these c‘ompounds.‘”

A sidechain, bearing additional donor groups, is often attached to the basic crown ring. Gokel
. —~ -
5
coined the name lariat ether for such compounds, refering to the projected capacity of the side-

chain to ’rope-in™ a cation.[98][99][148][154] These compounds are a\Qiddlc step between Isimplc

45 The bicycl'ié cryptands developed by Lehn[151] as well as acyclic ligands{152] were discovered
soon afterwards.

46 Many analogous cyclic ligands have been synthesized, incorporating into the basic ring one or

more of the following donor groups: sulfur, ester, lactone, keto, pyridine, pyrrole, hydroxy,
and others.[148][152][153] b

-

47 See also the chapter on DB-24-crown-8.
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crowns and the cryptands. The only driving force for their cation transport is the concentration

gradient of the substrate itself; hence the name passive transport or 'primary gradient pumping’

(Fig. 43).[134] A (lipophilic) counteranion must always accompany the cation during transport

in order to maintain the electroneutrality across the membrane.

-’

MEMBRANE PHASE RECEIVING PHASE

=)

S
O« Sty

SOURCE PHASL

4

— s s . wm

r_]f-r-} ){tj

Figure 43: Primary Gradient Pumping. M¥X  is the salt to be transported from the

aqueous source phase through the methylene chloride membrane phasc
into the rcccwmg phase. There are four steps:
The M¥X* ionpair diffuses into the interface between source and mem-
brane phase, where it is complexed by the carrier (a). The carrier-salt
complex diffuses across the membrane phase (b), and releases the salt
into the aqueous receiving.phase (c). The transport cycle is closed by
the empty carrier diffusing back to the source phase (d). s

r-J
Thege passive transport properties remain valuable for characterizing ionophores.[155][156]

3.1.2.2  pH Ionisable Crown Compounds - Carboxylic and Amino Crowns
These crown ccmpound/s‘: feature an ionisable group such as carboxyl or amine hesides the basic
crown ring. Since thc}ru{onation state of this group, and thus the carrier properties, depend on

the pH, these carrier models allow to study how the pH in the agqueous phases controls the trans-

~

C
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port. “This coupling is of crucial relevance to the biochemical membranes: there it allows for the

- regulated or active transport of a substrate,¥8

In particular, pH ionisable crowns can transport a monovalent cation in stoichiometric

exchange for one proton. If the chemical potential of the proton gradient is larger, and in the

odesitc direction to that of the substrate salt, the substrate will be pumped uphill against its own

concentration gradient.[134][141][157][158][159] Goddard calls this secondary gradient pumping
(Fig. 44).[160]

SOQURLE PHASE MEMBRANE PHASE

l
H E 'H‘Nbx“’
1

(a * {c)

l () x™
[ I
”,%—‘ : (d) | r{ﬂx‘-‘
‘ 1 1

RECFIVING PHASE -

Figure 44: Secondary Gradient Pumpi.ng The sketch shows aproton driven cation
transport, using an amino ¢rown as carrier:

The metal cation and the protonated carrier meet at the 1ntcrfacc

_ between membrane phase and basic source phase (a), The carrier is

/ - deprotonated, and extracts the metal cation into the membrane phase. A

., lipophilic counteranion is necessary in bulk membranes (b). At the

< interface to the acidic receiving phase the carrier amine is protonated

and extrudes the metal cation into the receiving phase (¢). The proto-

nated carrier then diffuses back to the source phase, accompanied by the

lipophilic counteranion (d).

48 The term active implies that the trénsport is driven by a chemical potcnnal other than the
concentration gradient of the substrate itself.

~
l‘!‘ -

S
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Carboxylic acid lonophom of the crown type: thesd¥ compounds were studied by
LT 4

Fyles[137][140]{161](162] andiBartsch.[136]ﬁ45][163] They do not need a counteranion to accom-
\ .

pany the complex in the membrane phase $ince the cationic charge is compensated for within the

complex. Thus they are well St\lilcd to selectively remove for instance heavy metal cations from -

industrial wastes.(136](145](163].

.
0 o7y

I
CHy(CHONHCO O]

Hozc;r

n=3,7,13

O 0

Lo

Figure 45: Carboxylic Acid Crown Compounds.[162]

Amine Crowns: they also mediate the active transport of cations from 2 basic to a neutral

(or acidic) phase. Here, the amine can be part of the crown ring,[157] or it can be a pendant (Fig.
46).[141]

- Upon arrival at the neutral or acidic receiving phase, the amine is profonatcd. This enforces
the releage of ‘the complexed cation, either by charge repulsion betweep the ammonium and the
metal cation, or by intramolecular complexation of the ammonium group with the crown
ring.[114][141][164] To retufn through the membrane to the basic source phase, the protonated

carrier needs a lipophilic counter anion. Again, a proton gradient can serve as the driving force to

pump a substrate salt uphill against its own concentration gradient.
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Figure 46:

Amine Bearing Crown Compounds.[141]

"Among driving forces for membrane transport, the pH gradfent is the one most often studicd. .
Yet mar.tf;r other driving forces have been used: redox systems such as the dithiol-disulfide couple
of Shinkai(165][166] and the thioether mediated copper transport of Ohki;{167] and the photodri-

ven systems, notably  Shinkai’s cis-trans interconversion .of an  aza-bridged  bis-

crown.[168][169]{170]

3.1.3  Methodological Classification

Below js a useful classification of transport studies according to the kind of transport they deal

with:

>

s

-



¥

176

PASSIVE TRANSPORT:

Passive downhill transport of metal cations, organic ammonium cations and anions,

. sometimes with chiral recognition.[92]{93]

(Descriptive Studies)

: : )
ACTIVE TRANSPORT OF ORGANIC AND INORGANIC SUBSTRATES:

Use of various driving forces, such as pH gradients, for coupled co- and counter-. -
transport.
(Mechanistic Studies).

1

REGULATING MECHANISMS IN ACTIVE TRANSPORT: .

!

That' "which regulates the coupled transport across membranes. Are there
FEEDBACK-LOOPS, similar to the well known reflex arcs in organisms?{171]

(Conceptual Studies).

Studies in group 1 and 2 often aim to develgp high substrate selectivities, for applications ranging

from jon selective electrodes[172] to waste recovery.[136] Group 3 studies clearly receive, som

\ .

impetus from the biological sciences: they help decdlle the complex couplings of transport across

" biological membranes.[134][160][164]

3.1.4

Aim of Research

First in this chapter, the passive transport of sodium and potassium picrate by crown ethers bear-

ing aminoacid sideéchains will be described. How do these sidechaing affect the transport rates and

selectivities?
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Following this, the ionophoric properties of the amino crown L-lys-15-crown-5 will be
detailed in the section-om active transport: ‘this crown is characterized by it's two .binding sites,
the crown ring and the amino group, enabling it to transport picric acid and sodium picrate in

parallel , both transports being driven by the concentration gradicnts of sodium and picrate.

Explaining the complex proton and picrate transport curves by the ‘carrier molecule’s chemical

o

. properties provides some insight into a tightly coupled and self—rcguiatcd protqﬁ-sodium—picraté'

transport system.

"

. Ty
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3.2+ Passive Transport - Results and Discussion
o ‘ ‘ . }

lThe ability of thc compounds listed in Tab. 34 to facilitate the "downhill’ diffusion of sodium and
.potassium picraltc across a bulk methylene chloride membrane was measured. The synthesis of all
compounds except ‘MB-15-crown-5 and D}i-]:é-crown-S is described in chapter 2. The experiments
were performed ig a Pressman type transport cell as described in the experimental part. The
transport of the picrate salt \@ fol/lowed By mcnsuring‘at‘hc strong picrate absorption.at 356nm in
the receivin.g phase. The measurc.d transport rates were reproducible within 10%.  Figure 47
shows the passive transport of potassium picrate with DI-CBZ-L-lys-15-crown-5 as carrier, in

order to illustrate a typical passive transport curve.

Ay -
For monobenzo-15-crown-5, di-CBZ-L-lysine-15-crown-5 and L-lysine-15-crown-5, sodium

picrate transport rates increase lineariy with the sodium picrate concentration in the source phase,
for two concentrations. In contrast, Lamb et al. found the transport rate to increase linc:xrl;v Wilrh
the square of thelsubstmte activity.[138] This discrepancy is comes from thc fact that the subs-
trate concehtration in the present eXperiments is close to the solubility limit t(ca. 0.25 M for

. .
sodium picrate). In this situation, the substrate's activity coefficient is does not follow the con-

centration linearly. :

The transport rate of the unprotected lysine crown ether is about six times lower than that
of other 15-crown-5 derivatives. Tais is primarily due to this crown ether’s high hydrophilicity,

as shown by its K4 of 5.8.4% The propertics of the lysine-15-crown-5 will be discussed in detail

in the next chapter.

49 gee experimental part.
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Figure 47: Passive Transport of KPic by Di-CBZ-L-lys-15-crown-5. Picrate con-

" rier in the membrane phase {0.001 M).

centration in the receiving phase as a function of time. The initial con-
centrations are potassium picrate in the source phase (0.01 M), and car-
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‘ Table 34: Rates of Alkali Cat‘ion Transport
’ Sodium- Potassium-
plcrate - pictate
v .(0.024 M) (0.01 M) (O~ 01l.M)
. A
MB-15-crown-5 3.1 1.44 1.368
1. v
. D1-CBZ-L-1ys-15~crown-5 3.6 1.32 l1.14 .
r| L-lys-1§-crown-5 " 0.58 0.22 -
% a
, .
¥ DB-18-crown~6 0.086 " - .. 3.0
r e -
dopamide-15-crown-5 2.8 _ - =
Ly .

Quinolineg-15-crown-5 2.4 — —
CBZ-L-Alanine-15-crown-5 1.9 " -
The carrier concentration was 0.001 M, the transport rates are given in 10'4 mol/hour x
liter. -

3.2.1 Selectivity

— -
/ Monobenzo-15-crown-5 and dibenzo-18-crown-6 served  as reference compounds.

\ J Monobenzo-15-crown-5 shows only a slight preference in transport of sodium over potassium pic-
rate, while dibenzo-18-crown-6 differentiates strongly between these two salts (Tab. 34). These

results agree well with the literature data.[138]
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hJ 5
Most of the 15-crown-5 derivatives studied show transport rates comparable to the reference

iy . -
compound monobenzo-15-crown=5 (Tab. 34). This indicates- that for dopamide-15-crown-5,

dopamine-15-crown-5, quinoline-15-crown-5" and di-CBZ-L-lys-15-crown-5 complexes, the crown
ring is the only chelating moiety, and that the sidechains do not participate noticably in the bind-
ing.

In the 15-crown-5 derivatives studied here, the sidechains are attached to the remote side of
i

the planar benzene ring. Stereo-electronic strain of the sidechain and the entropically unfavoura-
ble loss of mobility combine to prevent its intramolecular complexation with a crowned cation.>0
Gokel strongly Heveloped the concept of crown ethers bearing a side chain with additional, neu-

tral, donor groups.[148] He found that interaction with this gidechain can in fact strengthen the

cation binding by a factor of about 10. However, this happens only if the sidechain is directly
attached to a mitrogen pivot in the crown back-bone; and if the donor atom is in, ‘or close to, the

3' position of the side chain as well.[100]

The following chapter describes the indirect effect of an amine sidechain on sodium picrate

transport.

50 This lack of interaction between the ring and the side chain suggests an interesting possibili-
ty: bndgmg the gap between these"two binding sites with a zwitterionic molecule. This could
well be done with a (chiral) amino acid such as lysine or glutamine. At a pH of about '7,
their £ -aminé group would be protonated and complexed to the 15-crown-5 or 18-crown-6

crown moiety, [112][169] while the carboxyl group would ion pair with the ammonium group
of the side chain. - Y

e



33 Active Transpo‘rt - Results and-Discussion

[

3.31 Introduction

g
R

Recent resgirch has concentrated on how ionisable sidechains participate in gomplexation and
cation transport across membranes. They allow for instance to externally drive the cation trans-
port via a pH gradient set up between source and receiving phases. Yet this is only one special

case of proton-cation coupling in transport, are there any general rules?

The unprotected L-lysine-15-crown-5 crown cther is an interesting carrier as it combines two
potential binding sites: the crown-moicty and the two pendant amino groups of the L-lysine rest.
. . q

In this study we focused on the internal coupling between the proton, picrate and sodium trans-

port by the ionophore L-lysine-15-crown-5.

HN-

o L)
Y@@ b

L-Lysine-15-crown-5 . e

e
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3.3.2 n and Picrate Transport Profiles

The source Rhase was initially 0.01 M in NaPic, the membrane phase 0.001 M in

L-lysine-15-crown-5. The picrate a;kpé'a‘ﬁmcc in the receiving phase (Fig. 48) and the pH in both

source and receiving phases (Fig. 49) were measured as functions of time.

Four distinct periods can be identified in the picrate transport curve (Fig. 48):

51

1

The first 20 min. are an induction peried that is observéd in all such transport experi-
ments. It's length is determined by the rate of stirring, volume and shape of the three

phases, and the diffusional mobility of all species.

After this induction period, and during the next six hours, picrate is transported at the
constant rate of 4.4 x 10'5 M/hr, which is about two times slower than with the simple

15-crown-5 derivatives (Tab. 34).

At t = 6 hrs. the picrate transport rate drops rapidly te about 0.7 x 10 M/hr. The

picrate concentration in the receiving phase, [Piclrph, is only 20 x 1075M at this point.

This rate now remains constant for 25 hrs: it then slowly reduces to 0.4 x 10" 5M/hr.
At t = 144 hrs,, the concentration of picrate in the receiving phase is only 78 x IO'SM,

while that of the source phase is still 350 x 10"5M. Thus the picrate concentration gra-

dient is still far from exhaustiou.51 -

r:

In comparison, Di-CBZ-L-lysine-15-crown-5 maintains a li%ear transport rate of 13 x 1075
M/hr beyond a receiving phase concentration of 50 x 107°M ([NaPiclinit. = 0.01 M). At
higher initial NaPic concentration ([NaPiclinit. = 0.024 M), linear transport occurs until close
to the equilibration of source and receiving phase concentrations in NaPic. This suggests that

the rate limiting step occurs at the interface between membrane and receiving
phase.[137]{142] .
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Thus the transport of picrate by L-lys-15-crown-5 slows down long B‘qﬁq‘rc the picrate con-

faas,
)

N

- centration reaghes equilibrium,’ The key to™this system lies in the pH diagrams (Fig. 49). Here

\\., N . . Y. " il ’ _’Lu
we can again distinguish four regioms: - -
v, '-.\.. [al
= . . e v o, .
L3 -, N E . fay
. - : 8 S
\"' , . a . .
Ao The induction period of again abput 20 min shows a rapid increase in pH: from 7.0 to

9.65 in the receiving, Bhasc and fror'n 7.0 10 10.3 in the source phase, respectively,

]
|
. i Lo
’ e
. . v ey,
-
-

2. For thé ‘next séven hours the pH of the source phase continues to increase muchﬂn"{orc
slowly:  from 103 to 10.7. ‘But  more important  is  the  rever-
e ~_
' _ sal of the pH varidtion in the recciving:phase, that is an agjdification. from pil 9.65 to
e = T : ‘
o pH 9.40 ‘uring the same time. fad
. A- . e 11“
t T \
™ 3. At t = 7 hours, the pH gap between source phase and receiving phase has reached its
maximum: Both pH curves level off. N
4. After t > 7 hours, the pH gap begins to close again very slowly.

3.3.3 Discussion and Interpretation

The drastic and simultaneous changes in both proton and picrate transport rates suggests a close

y  coupling hetween these two. The interpretation of these observations is based on the chemical

~properties of the carrier, L-lysine-15-crown-5. Figure 50.shows all possible states that the carrier
can attain in this transport system. The initial neutral carrier will partially protonate at the
interfaces between the membrane and the aqueous phases; further both protonated and unprotonat-

ed carrier will enter into, a complexation equilibrium with the sodium picrate of :the source

52 The protonated complex (HCC in Fig. SQ) will probably exist only in low concentration.

=
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At t w 0, all of the carrier resides in the membrane in its neutral form C. The move of this

non-equilibrium system moves along its osmotic gradients can be described by four phases that can :

4 E
be cofrelated with the four distinct transport phases observed in Figs. 48 and 4%:

1. During the induction period, the neutral amine C'is partly extracted into the two aque-
ous phases. There, by complexation and protonation, it reaches equilibrium with the

species .CC, HC and HCC3 As a result both aqueous phases turn alkaline during the

induction perioci.54 4,

2. ~ The cationic species CC,HC and HCC, accompanikd by picrate counteranions, can now
diffuse back into the membranc phase. Both the high concentration of sodium picrate
and the lipophilicity of the counter anion picrate promote this process.[138] Eventually
CC, HC and HCC will reach the receiving phase. Here they become trapped: The rela-
tiv;: lack of lipophilic counter anion Pin the receiving phase prevents these three cationic
species from escaping back into the membrane phase. Only in its neutral form, as C, can
the carrier diffuse back to the source phase. Thug therel are three possible transport
cycles (see Fig. 51): CC carries sodium picrate (NaPic), HC carries picric acid (HPic), and

" HCC can carry both together. The resulting net transport of picric acid explains the

* widening of the pH gap between the two aqueous phases during the transport period.

53 Thig equilibrium is thermodynamiedlly controlled by the complexation constant and the two

amine pcliilg values (pK,(c¢) = 7.2; pK,(g) = 10.5; see chpt. 3.4.3.); and kinetically controlled

by the dirfusion of carrier and complex molecules across the quiescent Nernst layer close to
the phase boundaries.

54 A blank experiment in the absence of salt was done to test the pH development!with time
due to environmental effects, especially carbondioxide from the air. After the simultaneous
addition of distilled water to the membrane phase containing (being ImM in
L-lysine-15-crown-5), the pH in both source and receiving phases rose within 20 min to
9.65, and stayed constant at this-level for over 40 hrs,

1Y
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(C)

k/°_>
(HC)
.Figurc 50:

H,N

HN .N\/\@; @
2

(CC)

el

(HCC)

Different States of the Carrier L-lys-15-crown-5. Neutral carrier

. L-lys-15-crown-5 (C); sodium picrate compiex (CC); € -protonated darri-
er (HC); £-protonated sodium complex (HCC). The o -amine, with its
pKa of-%42, will not be significantly protonated above pH 9.5.

[ e
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This NaPic-HPic co-transport during period B. dcplqtﬁ the source phase of the proto-
nated carri;:r species HC and HCC -as well as of NaPic. Meanwhile in the receiving
phase, th'c concentrations of both the protonated carrier spccics; HC and HCC, and of pic-
ratc..incrcasc dug to the continuous influx froﬁ the source phase. This increases the
chemical potential of sp_c‘é:ics HC and HCC in the receiving phase. Eventually, the for-
ﬁard transport by HC is :_;toppcd by the induced proton gradient. HCC continues to
transport, driven by it's stronger dependence on the picrate gradie:n, aﬁd induces a HC

back trangport.

3. At t = 7 hours, the remaining forward chemical potential of HCC is counterbalanced
exactly by the induced reverse chemical potential of HC (Fig. 51). As a result, the
transport of picric acid across the membrane stops. as can be diagnosed from the pla-

teaux in the pH curves at this time (Fig. 49).

4. Were they stoichiometrically coupled, as is the case with many carboxylic acid icno-
phores, both sodium picrate and\ picric acid transport should end here.[146][162] But in
this system the carrier pairs CC-C and HCC-HC continue to transport sodium picrate,
independantly of the proton gradient. This gives us a residual ’picrate leak; from source
to receiving phase.[162]55 However, it is exactly this picrate gradient that supportéd the
induced proton g.radient via the carrier couple HC-C and HCC-CC. The slow collapse of
this picrate gradient will therefore cause the concomitant collapse of the induced proton

a‘gradient. We can see this process (Fig. 51 D.) in the slow narrowing of the pH gap

sta:tin?';t_t t = 7 hours (Fig. 49).

55 The picrate transport rate of 0.7 - 0.4 x 1 -5 M/hr ‘measured at this time - compared with
the transport rates of 13 x 102 M/hr for)lipophilic 15-crown-5 derivatives - indicates that
only a amall part of the total carrier is availaple for the carrier couple CC-C, even when we
consider the preference of the carrier for an aquedls énvironment.
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Figure 51 shows schematically the four proposed transport periods.
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Figure 51: Transport Phases for L-lys-15-crown-5. C, CC, HC and HCC stand for
the carrier species as described in Fig. 50.
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Condensed Interpretation of the Active Transport

INDUCTION PERIOD A.

The initial alkalinization of the source and receiving phases is caused by extraction of
the carri'cr compound (in base form) into the aqueous phasc’ and equilibration with its
coniugatc acid form. Alkalinization is strong;:r in the source phase (pH=10.3) than in
the receiving phase (pH=9.64), probabl'y duc "to the picrate-driven redistribution of

£ -monoprotonated carriers HC and HCC back into the membrane phase.

¢

TRANSPORT PERIOD B. ‘ \

-

The sodium picrate complex CC carries sodium picrate; the € -monoprotonated specics HC
carries picric acid; and the £ -monoprotonated carrier complex HCC can carry both.
e .

These transports are driven by the initial sodiumt and picrate concentration gradients.

{molecular transport, ionophoric transport )

EQUILIBRIUM POINT C.

\e:_g,t = 6-7 hrs, the induced reverse proton gradient counterbalances the residual sodium
picrate gradient such that the net picric acid transport by HC and HCC is nil. CC and

HCC continue to transport sodium picrate.

POST-EQUILIBRIUM PERIOD D.

The residual NaPic- transport via the carrier ¢ouples HCC-HC and CC-C allows for the

slow collapse of the induced proton gradient via the couple HC-HCC.
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3.3.5 Discussion of Transport Model .

The model has somewhat speculative character, since the /{ndividual carrier species are only

deduced from the chemical nature of the system, not actually identified.

However, the model is in good agreement with the chemical properties of the system: Both
organtc ammonium picrate salts (HC) and crowned sodium picrate are well known to diffuse
across methylene chloride membranes. The enhanced alkalinizatica of the source phase can be

attributed to a salting-in effect, an increased pK, in the presence of salt, and to the redistribution

of acid forms of the carrier (HC and HCC) into the membrane.

The protonated comp;g HCC will exist only in low concentrations, so that it's role in the

transport processes will probably not be evident, considering the experimental uncertainties. Fur-
ther, in a mathematical thodel. it's transport functions could probably be filfilled by a combina-
tion of HC and CC, s¢ that HCC would not be ncssecary to fit the model to the experimental

*

data. Nevertheless, HCC has been included in the theoretical analysis presented here, partly

because it's role should not be disregarded pcrha}rg\e‘matu?cly at this early stage of investigation,

and partly to aid in an appreciation of the complexity of the system.

3.3.6 Conclusion

This study explains how an induced (proton) concentration gradient can:

1. counterbalance the original concentration gradient of the substrate picrate and stop its
transport long before it reaches its chemical concentration equilibrium;
2. regulate the transport rate of a third substrate (here Na*) by changing its transport path

via the carrier species HCC. Further we can see how the relaxatior ¢ a simple initial
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» t
concentration gradient produces a complex co- and counter-transport profile, involving
three substrates: protons, sodium, and picrate.

Effect 1 constitutes an auto feedback loop, whereas effect 2 exemplifies how the transport of

three or possibly more substrates may be regulated in biochemical transport systems.
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® 3.4 Experimeéntat Part - Transport

H . ‘* !". - l ‘ R

3.4.1 ' Passive Transport '
The, experiments were performed in a Pressman type transport cell similar to that described by
_ Lamb et al,[139] at 25.0 (0.5) °C. :
~ L -
r o~ ¢—— Argon
i * . Source- y
. [Phase o
/ o "\
\ ﬂ M - Receiving
\ : Phase
\ N ,
¢ B /’ HORHChE
BERSREUCE] RS ANEL SRR ~ 1 — Membrane
L e Phase
Figure 52: Transpoft Cell utilized in this Study. 'Fo;r description see text.

.. Two aqueous phases were geparated by a mcthj,rlc‘nc.clﬂzﬁ‘i'&e"ghase representing the membrane.
The aqueous source phase consisted of 25 ml 10 mmolar sodium or potassium picrate {2.5 x 1074
moles picrate salt) at pH 7.0. The stock solutions were obtained by neutralizing a stock solution

of the proper hydroxide with picric acid. The concentrations were checked via the visible light
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absorption of picrate at 356nm ( £ = 17280 )56 . -~

The aqueous recewmg pha.se consmtedrof 100 ml dist. .water, which was decarbonated by heil-
ing and adjusted to pH 7.0 with NaOH The orgamc membrane phase consisted of 175 ml distilled
and waghed methylene chloride. It was 1 mmolan in the corresponding carrier (1.75 x 107 moles
czu‘ner). The membrane phase was stirred with a magnetic stirring bar, driven by a constant

speed motor at 85 r.p.m.. The interfaces between the aqueous source and receiving phases, and the

'organic membrane phase were 9.1 and 37.6 cmz, respectively. The picrate transport was followed

by measuring the .appearahce in the receiving phase of the strong picrate absorption at 356 nm,

with £ = 17280, on a Varian DMS 90 UV VISIBLE spectrophotometer.

The procedure for a passive transport experiment was a:s follows: 175 ml membrane stock
‘solution was placed in the transport cell first. Then simultaneously 25 ml source phase and 100
ml receiving phase -stock' solution were added into their respective compartments at time t=0. A
-close-fitting eell cover ‘reduced methylene chloride loss to a negligible amount. 5 ml of the receiv-

ing phase were sampled at irarying time intervals to measure the picrate concentration. They

were Teplaced by S ml dist. water, and the resulting dilutien corrected f({;’m the data analysis.

During the induction period of 20 min, the membrane phase would slowly turn vyellow. At
the end of this period, picrate would begin to be visible in the receiving phase. Following this
induction peried, the transport of picrate occurred linearly with time for 8 to 10 hours. Then
exhaustion of the concentration gradient would slowly begin to decrease the transport rate. The

given values for the transport rates were taken from this initial linear period of the transport.

Upon addition of the source phase into the central compartment of the transport cell, the
methylenechloride membrane phase would often turn opaque or milky. This apparent microemul-

sion wag caused by the substantial amounts of water dissolved in the methylenechloride, and

56 Kimura reports the adsorption coefficient € for picrate salts in aqueous solutions at 356nm
as 13200.[156] Haines states it is 15000;{103] Shinkai 17280.[168]

g

i
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“would pcrsgft from twenty minutes to several hours. It was unrelated to the presence or absence

of the different carriers, and did not affect the measured transport rates.

3.4.2 Active Transport

The ;xpcrimcntal set-up was identical to that used in the passive transport experiments, except
that a special cell cover featuring three ports was used-. These ports allowed for sampling the
receiving phase and insertion of the pH electrode. At the same time an argon atmosphere was
maintained to successfully protect the basic aqueous phases from carbon dioxide of the air. The
pH-dcvclopniént in both source .phasc and receiving phase were followed with a Canlab H4360-50
glass pH electrode 'in combination with a Corning 155 pH/ion meter, to an accuracy of better

than 0.005 pH units, \

Both source and receiving phase were initially adjusted to pH 7.00 with sodium hydroxide.57
The methylenechloride used for the membrane phase was distilled and washed with water of pH
7.00. A blank experiment in the absence of carrier showed a picrate leakage rate of less then 0.1
percent of the carrier facilit_:lied rate.[137][162]
E
4.3 Determination of pK, values for L-lysine-15-crown-5
#The pK_ values of L-lysine-15-crown-5 (6c) were determined by a pH titration of 100 mg (6c) in
50 ml potassium hydroxide solution (pH=12.1) against 0.01 M HCL. Fig. 53 shows the variation
of pH with volume HCI (0.01 M) added. The pK (o) at 7.2 was taken as the minimum in the
first derivative of the pH versus vol(HC!) curve. The volume of HCI corresponding to the differ-

ence between the titration steps 1 and 2 (7 ml) was- taken as equivalent to one amine. The

57 The traces of sodium introduced here to the receiving phase, as well as th¢ minute leakages of
potassium chloride into the source phase through the liquid junction of the glass electrode, are
negligible compared to the total concentrations of sodium picrate.
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pK,(€) was then obtained by substracting 7 ml HCI from the volume ‘corresponding to pK, (&),
q
and graphically measuring the related pH value (pH = pK (£) = 10.5. This value is in good

agreement with the value reported for the £ -amine of free L-iysine: 10.55.

The distribution coefficient Ky between HyO (initial pH=7) and CH,Cl, is 5.8.58

58 5 ml methylene chloride (1 mmolar ‘in L-lysine-15-crown-5) and 5 ml dist. water (pH 7.00)

were intensively emulsified for 15 min.. Then 2 ml of each phase were UV-spectranalyzed
for the aromatic absorption at 280 nm. £ (280) was 3019 in methylenechloride; the final pH
in the aqueous phase was 9.64.
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3.5 Appendix 1 - Complexation Constant in Pyridine

The calculation of the complexation constant of sodium with dibenzo-24-crown-8 in pyridine uses

the following expression:

(Nt + (C). == (Na*i0),
_ [Nec) _ [Nalz — [Na]

Ke = INalle] = [Wal([Clr = [Nalr + (N a)

. -_

[Na] =

(Gl = ek 5 (lf}’{l \ (Cls = (el + K6 ) |

[NaC] = [Na|r — [Nd]
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3.6 Appendix 2 - Concentration Analysis

The chemical system is:

- (N0+)o + (X_)l _i{f_; (Na+lx—)'

T

Bl

_ [NaX] [Na]r — [Na]
e = (Nalx] [Na?
2 [N“] _ [N“]T
[Na~]. + K, .— K
1 (Na]r 1 \%®
[Nal=—m+ ( K» +4K?,)

[NaX] = [Na]r — [Na]
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3.7 Appendix 3 - Complexation Analysis
Expression for the observed chemical shift as a function of ion-pairing and complexation:
+ - Kp a +
(¥a¥)e + (X)) =—=> (Na*.X7),
+ KC -~ + —
(Nd )c + (C)a _— (Nd ,CJ. k) .

o = WaX] _ [Nafr - (Vo (ol
[Nal||X] [Nald.+ [Na|[Clr

* This containa the assumption [NaC] = [C].

’ [Nﬂlg + [NGI ([ghg: h 1) = [NGITK_P [g‘r ’

_KelClr+1 ([Na!g- ~[(Clr , (Kp[Clr+ 1)9)"*_”

|Na = 2Kp Kr K32

H

| (Nax] = Kelvallx] = Selfelelr o
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3.8 Appendix 4 - Aggregation Model

(Na*), + (0), == i(mf,c)ﬁ
(Na*,C). + (NA+). === (Naf,0).
(VaF,C)u + (Nat,C), == (Naf, ).

F.g

(Naf.Ci1)s + (Nat,0), == (Na}|.C).

(vac] = K.[C][Na]

(VasC] = Ko [C][Ne] Kz [Na] ‘
[NuzCe] = (Kc[C][J'.Va])ng (Na| K
(Na,£1Ca] = Ko [Cl[Na] Ky [Na] K1

Set K| [C][Na| K = X = [NaC|K
Tlhen:

[Nac] = %
c, = [NayC] ?/X%[Ng‘].

Cy = [Na,y1Ca] = Xn—}%[f\’a] -
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The observed longitudinal relaxation rate is the sum of contributions from all sodium speciea:

where : Pn = M

[Na]r
.
~\, . _ _ 1 2 ol
e, and : Tin B (Tl.oul + Tl,in)n ’

-~

1/Ty , is the relaxation rate of (Na:+1,Cn)., assuming 2 ‘out’ binding units and (n-1} internal binding
units for sodium cations. The factor n accounts for the lacrease of r. with aggregate size. :

1/TY 44, is the contribution of all aggregate species to 1/T] 4,4

1 ‘ EI[NG]!T{CZX“ (Tl.n)_\l

Tl.caa B [NG]T . i
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The sums could be solved by two series &xpans.ions:

¥

= X
2" = =xp

n=

= 1-X Y
i,
oa 1 _)v":‘.._'
Z nX" = & LA
et ‘ (1-x)?
h
o oo 2
t -2 _ -1
; ; n'n— 1)X" ; n(n+ I)X“ = (1 ..aX)3
n— ‘ n— .-!‘
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Now 1/T) ,5,4 is a function of K., K2, K, T} outs T1ins [}\'(q] and {C]. [Na] and [C] are themselves functiona
of K., Ko, K, [Na]r and [C]T:

[Na]r = [Nao| + [NaC] + i (n+1)Ca

n=1

[Clr =[]+ [NaC} + i(nﬂ)c,.

n=1
~

where : .C... = KQ[NG]X“/K '
ond: X = K.K|[Nad][C]

[Na]r = [Nal + [NaC] + ﬁl‘;‘v—a}- i(n‘i‘l)k’"

a=1
v .

Clr = [c] + [Mec] + Kallte] § e

n=]

and ulter series expansion:

[Na]r = [Na] + [NaC] + K2£{N“] ((I—IX)Z _ 1) ’,/

o

Tcir = [c] + [wvaC] + K*J[Ff"] (1‘_1}()2 ’
Or: 7
(Nelr = [Na] + K[Nal[C] + e ((I—KcKl[Na][C])z ‘1)

Ky[Na]  KyK[Nd][C]
K (1 K.K[Nd][C])?

A

[C]lr = [C] + K|NaC] +

The last two equations contain [Na] and [C] as functions of cach other, as well as of K., K, K9, [C]T
and [Na]-r. I can numerically solve the two expressions for {Nal and [C’], a simultaneous Newton-gauas
procedure,
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3.9 Appendix 5 - Shift and Relaxation Data for NaPFé6

The full tables of shift and relaxation data at three fields for NaPF¢ in nitromethane. [NaPFS] -
0.037M. 1/T,obsd =7 V1/2; 1/Tpex = 1/Tobsd - 1/T; - 1/Toinh. The estimated measurement
errorg are given in percent under the table heading. The errors for (ka"’kb) are absolute cummula- -
tive errors. The experimental inhomogcneii‘ies to the transverse relaxation, 1/Tyinh, are 10 Hz,

30 Hz and 0 Hz at 79.35 MHz, 53.2 MHz and 21.04 MHz.

Table 35: NaPF6 Data - 79.35 MHz
P 1/Tyobad 1/Tgex 3 . k,+kp
(s71] [s71] [ppm] [10%s71)]
(1%) (5%) - (0.5%)

0.0 36 - -14.81 -

0.1 113 55 -14.18 1.7 (0.2)

0.2 174 102 -13.54 1.6 (0.1)

0.3 226 o 137 -12.93 1.6 (0.1)

0.4 267 158 -12.19 1.61 (0.07)

0.5 286 ’ 165 ~11.5% 1.61 (0.07)

0.6 295 157 -10.76 1.62 (0.08)

0.7 292 laz ~10.16 1.58 (0.08)

0.8 263 99 -9.45 1.7 (0.1)

0.9 ~ 226 - 45 -8.71 2.00 (0.3)
. 0.95 206 20 -8.37 2.1 (0.5)

1.00 - .- -8.20 -

1.05 195 5 -8.22 -

1.15 195 2 -8.21 -

1.5 192 0 - -8.20 -

v_
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1/T20bsd
[s71]

(1%)

40
28
134
170
197
217
226
233
230
224
214
210
210

212

Table 36: NaPF6 Data - 53.2 MHz

1/T, 1/Thex 8

[s7}] [s™1) [ppm]
(2%) (5%) (0.5%
30 -  -14.83
48 20 ~14.20
63 41 -13.55
79 61 -12.95
99 68 -12.19
111 76 ~11.61
128 68 -10.78

. 140 - 63 -10.18
154 a6 -9.49
172 22 -8.73
176 7 -8.38
181 - -8.25
180 - -8.24
183 -

181 -

ka-o-kb

CAD s = - = D
NOI~1TO~T0 0N

[1045'1T‘

(0.
(0.
(0.
(0.
(0.
(0.

- (0.

(0.
(e.
(2)




209

Table 37: NaPF6 Data - 21.04 MHz
p 1/Ty0bsd 1/Tyex 8 K, +ky,

[s71] [s71] [ppm] [10%s71]
(2%) (4%) (50%) (2%)
0.0 30 - -14.2 -
0.1 53 5 -13.5 1.4 (1)
0.2 70 8 -12.9 1.6 (1)
0.3 90 10 -12.3 1.7 (0.8)
0.4 110 11 -11.5 1.7 (0.7)
0.5 126 15 -10.9 1.4 (0.5)
0.6 144 16 -10.1 1.2 (0.5)
0.7 152 13 -9.5 1.4 .(0.5)
0.8 164 10 -8.8 1.3 (0.8)
‘0.9 180 8 -8.0 0.9 (1)
0.95 177 1 -7.6 5 (20)
1.00 178 - -7.4 -
1.05 181 -~ 7.4 -
1.15 - - - -
1.5 180 - -7.4 -
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3.10 Aipcndi_x 6 - Full Ijnc—Shapc Anélysis of Exchange Broadened Lines

Below the line shape expression used in the kimetic analysis is given, as taken from the litera-
ture.[19] It is derived from the Bloch equations modified to account for exchange between two
uncoupled spins. The amplitude Co. the life time , and the chemical shift of the f;cc sodium
were used as parameters to fit the expression to 20 - 60 data-points that were maﬂéﬁﬂy- taken

from the spectrum. A SIMPLEX Troutine was used for the fitting procedure.
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- Chapter IV

" CLAIMS TO ORIGINAL RESEARCH

For the exchange of sodium between solvated state and the dibenzo-24-crown-8 complex in nitro-
methane, the exchange contribution to the sodium-23 transverse nuclear magnetic relaxation rates

has been obtained directly, by substracting the longitudinal relaxation rates and the inhomogeneity

relaxation rates from the observed transverse relaxation rates.

Using this exchange relaxation as an analytical tool, both the classical unimolecular decomple-

xation, as well as the bimolecular cation interchange have been determined for several sodium salts”
—

-

and dibenzo-24-crown-§ \i_:;} nitromethane. This is one of the first times that the bimolecular

t
.

cation interchange has been clen:ly'described.sg

Both exchange mechanisms were shown to dominate at different concentrations; the unimole-
3
cular mechanism near the low concentration limit, and the bimolecular mechanism at concentra-

tions above 0.001 M.

The longitudinal relaxation rates of sodium tetraphenylborate in the presence of
dibcnzo:24-crown-8 in nitromethane revealed stacking of planar‘ _1::1 complexes to larger aggregates.
The stronger coordinating anions hexafluorophosphate, iodide and thiocyanate inhibit this aggrega-
tion; in fact they enter into solvent-separated (PF¢") and contact (I, SCN') ion-pairing equiliblria
with the sodium cation. At thfl: low concentrations used {between 0.01 M and 0.000012 M), the
secondary ion-solvent interactions are concentration independent, so tﬁat the observed concentra-
tion dependencies of chemical shifts and-relaxation rates could be quantitatively interpreted as

direct bimolecular interactions. The ion-pairing parameters have been determined from sodium-23

53 Popov independently described the bimolecular exchange around the same time.[51][52]

- 211 -



212
chemical shifts and relaxation rates, aﬁd their effects oﬁ comptexation :;nd ¢xchange quantitatively
accounted for. The combined use of all three sodium-23 NMR parameter proved nmsgry to sepa-
rate and analyze, withih one system, ionic interactions, 1:1 and 2:1 complexation as well as

exchange rates and mechanisms.

Further, four novel aminoacid-derivatized 1S5-crown-5 and a navel adrenaline-derived
30-crown-10 ligand have been synthesised. For the first time, sodium-23 NMR was used for the
structure determination of an organic compound.

o

anally, several of the S};nthesiscd crown cthers were studied regarding their passive transport
of sodium and potassium picrate through a bulk methylene chloride membrane. One of the com-
pounds, L-lysine—lS_—cro.wn-S. demonstrated a marked capacity for the coupled co-transport o.f
sodium picrate and-picric acid. A transport model was ?roposed on the basis c;f the chemical pro-

perties of the carrier molecule, that can account for the observed transport rates:

] 5
n
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