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ABSTRACT

The structural, thermodynamic, kinetic and mechanistic behavior of alkali metal
cation-crown ether complexes have been studied by 'H, 13C, 2Na and * Li NMR.
Insight into the solution structures of benzo-15-crown-5, dibenzo-18-crown-§,
dibenzo-24-crown-8 and dibenzo-30-crown-10, as well as their lithinm, sodium and
potassium complexes in nonaqueous solvents has been obtained with *H NMR. The
overall orientations of the oxygen atoms of the separate O-CH,-CH,-O groups of the free
and complexed crown ethers were shown to be gauche from the deterninations of the
H-H coupling constants obtained from spin simulations. 13C spectral assignments were
done with heteronuclear chemical shift correlation NMR experiments.

ZNa and ’Li NMR have proven to be very useful techniques for studying the
extent of complexation reaction of lithium and sodium cations with 15-crown-5 (15C5)
and benzo-15-crown-5 (B15C5) in nitromethane (NM), acetonitrile (AN), pyridinc (PY)
and dimethylformamide (DMF). Although the formation constants (Kg;) of (Na:15C5)*,
(Na:B15C5)y , (Li:15CS)* and (Li:B15CS)* in NM were too large to be accurately
measured (log Kg, > 4), that of (Na:B15C5)* in DMF and PY were determined from
Z5Na chemical shift and longitudinal relaxation rates: log Kg, = 2.9+ 0.3 in PY and 1.2 +
0.4 in DMF. A combined ZNa and ’Li NMR study for systems containing both lithium
and sodium cations in the presence of B15C5 in NM revealed a selectivity for the
complexation of lithium where the equilibrium constant, reflecting the ratio Kgp; / Kgyyps
was determined: log Kg=1920.2.

In the two-site chemical exchange of the alkali metal cations, two exchange
mechanisms have accounted for the Na and 7Li dynamic NMR results: associative and
dissociative exchange. The chemical exchange of sodium and lithium individually with

B15C5, was shown, by *Na and 7Li NMR respectively, to follow the associative

iv



pathway in NM whereas in AN the chemical exchange of sodium with B15C5 was
shown to prefer the dissociative pathway. Kinetic studies of sodium-B15CS5 in binary
mixtures of AN-NM and DMF-NM have indicated that the change in observed
mechanism is related to the solvent donicity where dissociative exchange is observed in
high donicity solvents. An increase of the concentration of AN or DMF in the solvent
mixture gives rise to an increase of the dissociative contribution to the exchange. The
activation parameters of the dissociative exchange are highly solvent dependent
indicating that the solvent, at the molecular level, must play an important role in this
mechanism. However, the activation parameters for the associative exchange do not
display such a dependence on the solvent; it was postulated that conformational
rearrangements play the governing role in this mechanism. In studies with DMF-NM
binary solvent mixtures, a model based on the direct participation of one DMF molecule
in the coordination sphere of sodium in (Na:B15C5)*, has accounted for the observed
2Na chemical shift and longitudinal relaxation rate variations of (Na:B15C5)* as a
function of the concentration of DMF in the solvent mixture. It was postulated that it is
the formation of (Na:B15C5:DMF)* which is responsible for the observed increase of
the rate of exchange as the concentration of DMF in the solvent increases. This direct
participation of one solvent molecule in the dissociative exchange was qualitatively and
quantitatively characterized.

The application of 2-dimensional ’Li exchange NMR spectroscopy (EXSY), for
the kinetic investigations of the exchange of the lithium cation in its solvated (NM) and
complexed (B15CS) sites, is illustrated. Results obtained by this method are in

agreement with the conventional 1D lineshape results.
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Chapter 1

Introduction

1.1 Alkali Metal Cation-Crown Ether Interactions

The detailed synthesis of crown ethers, an important class of organic compounds,
was first reported by Charles J. Pedersen in 1967 [1]. The simplest traditional crown
ethers are characterized by several -CH,-O-CH,- ether groups linked together end on end
where there is also a linkage between the beginning and end of the chain; this results in
the formation of a cyclic compound. Pedersen also introduced a simple nomenclature for
these compounds reflecting the total number of atoms as well as the number of oxygen
atoms in the ring. For example, the common crown ether 18-crown-6
(1,4,7,10,13,16-hexaoxacyclooctadecane) is characterized by 6 of the above ether units
containing a total of 18 atoms and 6 oxygen atoms in the ring. This discovery prompted
the development of many related classes of macrocyclic compounds, two of wlhich are
the cryptands and the spherands, first synthesized by the groups of Jean-Marie Lehn [2]

and Donald J. Cram [3] respectively. The impact that these compounds have had on



research in several fields is reflected in the fact that Pedersen, Lehn and Cram eamed the
Nobel Prize in chemistry in 1987 for their pioneering work [4-6]. When these cyclic
compounds were shown to have high affinites for the complexation of alkali metal
cations [7-9], research involving the cation-macrocycle interaction flourished and in the
past two decades a wealth of information, gathered in several reviews [10-12] and books
[13-16], has been published. The different aspects of these interactions include the
synthesis of host ligands specific to a cation guest, the structural characterizations of the
solid or solution complexes, by either experiment or theoretical molecular mechanics,
the determination of thermodynamic characteristics of complexation in solution and the
kinetic and mechanistic interpretations of the behavior of these ligands together with the
metal cations in solution.

One of the important aspects of the complexation of alkali metal cations to
synthetic macrocycles lies in the bioiogical implications. Before the discovery of
macrocyclic ligands, alkali metal cations were known to be very inert and it is the
unusual affinities of macrocycles for important biological cations such and Na*, K%,
Ca?* and Mg?* that sparked the interest of scientists. These synthetic hosts are
structurally related to natural antibiotic ionophores by virtue of the similarities in the
resulting complex structures where in each case the ligand is wrapped around the cation
[17]. The presence of natural ionophores in biological systems will, for example,
facilitate the transport of sodium and potassium cations across lipophilic membranes by
cither serving as a carrier of forming a channel. There are two types of natural
ionophores: those which have preformed cavities such as valinomycin and enniatin and
those which are not cyclic such as monensin and lasalocid. In either case the resulting
complex is characterized by a cation completely or partiaily surrounded by 2 lipophilic
ligand. Since crown ethers are structurally simpler than the natural ionophores, studies

with the former predominate and experimental results can be used in understanding the



biological activities of the natural ionophores with cations.

Although the complexation of metal cations by macrocyclic ligands has been
extensively studied, many aspects of the interaction are still not well understood. Kinetic
aspects, which are central in understanding the underlying selectivities of the interaction,
have not received much attention and there are still many questions about the kinetic and
mechanistic nature of the processes occurring in solution. For example, knowledge of
the actual mechanism of complexation and decomplexation in the transport of cations
across membranes is crucial in the understanding of this phenomenon.

The global equilibrium associated with the formation of an alkali metal -

macrocycle complex is given in equation 1:

ke
(M%) +Lg = M:L)s* (D
kq

where M* is the solvated alkali metal cation, L is the solvated ligand, (M:L)* is the
solvated complex and k; and k, are the rate constants for the formation and dissociation
respectively. There are several factors, such as the nature of the solvent, the nature of
the counteranion and the relative size of the cation with respect to the ligand cavity size,
which can influence the extent of the reaction in equation 1, as measured by the
equilibrium formation constant Kg,. In studies of several systems, Cox et al. [18] and
Lockhart [19,20] showed that the selectivity of complex formation was actually
govemned by the dissociation of the complex rather than by the complexation itself. This
is illustrated in Figure 1.1 which shows a plot of log k4 as a function of log K, for a
range of crowns and cryptands with alkali metal cations in several solvents [18-20].

Figure 1.1 shows a straight line of unit slope where the intercept gives the rate constant

for the formation of the corplex.
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Figure 1.1: Plot of log kg as a functions of log K, for a range of crowns and cryptands
with alkali metal cations in several solvents at 298 K. (A): MeOH, cryptands; (@): PC,
cryptands; (J): DMF, cryptands; (B ): H,0, crowns; (¥V): DME, crowns; (O): EtOH,
cryptands. Reprinted with permission from reference 20 (© Academic Press, 1982).



In each separate case, k; shows very little variation and is within a factor of about 100 of
the diffusion controlled rate [18-20]. Variations in the K, whether resulting from
changes in solvent, cation or ligand, may thus be identified primarily with variations in
kg values.

The above discussion attests the importance of kinetic studies in order to
characterize the cation - macrocycle interaction and encompasses a large part of the work
presented in this thesis. By studying primarily the interactions of the crown ethers
15-crown-5 (15CS5) (1,4,7,10,13-pentaoxacyclopentadecane) and benzo-15-crown-5
(B15C5) (2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-pentaoxacyclopentadecene), shown in
Figure 1.2, with lithium and sodium cations in the nonaqueous solvents nitromethane
(NM), acetonitrile (AN), dimethylformamide (DMF) and pyridine (PY), insight into the
structures of the resulting complexes, thermodynamics of complexation and kinetics and
mechanisms of the processes occurring in solution will be presented. Alkali metal
Nuclear Magnetic Resonance is well suited for this study since the values of ky for the
dissociation of many crown ethq complexes are typically in the order of 102 - 105 s*! and

fall in the range where they can be measured accurately by this technique.
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Figure 1.2: Structures of (1) 15-crown-5 and (2) benzo-15-crown-5.



1.2 Alkali Metal NMR

1.2.1 Alkali Metal Nuclei

Nuclear magnetic resonance has been a popular technique in the study of alkali
metal cation-macrocyclic ligand complexes. Whereas 'H and '3C NMR can provide
detailed information about the nature of cation complexation, alkali metal NMR has
proven to be a powerful tool in this area of research [21]. With this technique, study of
the alkali metal complex is possible by the direct observation of the alkali metal nucleus
which is affected by its environment; that is, what is observed in alkali metal NMR is a
direct reflection of the environment of the alkali metal cation as viewed through the
cation.

The nuclear properties of the alkali metals, as well as those for the 'H and 13C
nuclei, are shown in Table 1.1 [21-23]. Those nuclei shown in boldface have been used
in this study. In NMR, the sensitivity, and thus signal height (S), is dependent on several

factors as shown [23]:

S ¥*B.2NB, g(v) T 2)

where v is the gyromagnetic ratio of the nucleus, B, is the stationary magnetic field, N is
the total number of nuclei, B; is the field associated with the Larmor precession
frequency, g(v) is a lineshape factor and T is the temperature. The combined influences
of their high gyromagnetic ratios and high natural abundances make the 'H, 7Li, Z®Na,
and '*3Cs nuclei easily observable as compared to 1*C.

The alkali metal nuclei spins are all > 1 / 2 and therefore do not possess a

spherical nuclear charge distribution; this results in an electric quadrupole moment (€Q).
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Because of this, quadrupolar alkali metal NMR, except for 5Li, 7Li and 1*3Cs which have
low quadrupole moments, is identified with relatively broad NMR lines . As well, the
nuclei can assume (21 + 1) orientations in a magnetic field which theoretically results in
more than one nuclear transition. In normal liquids however, these transitions will
collapse to a single line because of fast reorientational averaging motions [24]. There
are three important parameters in alkali metal NMR which provides information about a
particular system. The chemical shifts and relaxation rates reflect the coordination
sphere of the alkali metal cation and it is thus from these two parameters that structural
and thermodynamical insight is obtained. Kinetic information however, is obtained

primarily from the actual lineshape of the spectra which is related to the relaxation rates.

1.2.2 Quadrupolar NMR Chemical Shift

The phenomenon of chemical shift arises because of nuclear shielding due to the
local magnetic fields generated at the nucleus by the circulations of the surrounding
electrons induced by the applied field [23,25,26]. This nuclear shielding can be
characterized by a dimensionless number,, &, called the screening constant and arises
from two main factors: diamagnetic (0;) and paramagnetic (op) [23,25,26]. A
diamagnetic contribution arises from the effect of the atomic electrons circulating in the
applied field, B, generating their own magnetic field which opposes B, [23]. However,
the presence of neighboring electrons and nuclei hinders this electron circulation giving
rise to the paramagnetic contribution [23,25,26].

A sound theoretical understanding of the origin of the chemical shift in alkali
metal NMR has yet to be put forth [24,27]. It is governed by the environment of the
alkali cation which includes any combination of the solvent, counteranion and ligand.

For an alkali metal nucleus in solution (except for SLi and 7Li), the paramagnetic term,



Op, is predominant [24,28,29] and since this term depends on the average distance
between the nucleus and the outermost p electron of the element [23,25,26,29], the
magnitude and therefore the range of o, steadily increases in going from Li* to Cs* [30].
This is reflected in the usual range of the alkali metal chemical shifts which varies from
approximately ten ppm for "Li* to a few hundred ppm for 133Cs*,

In 1971, Erlich and Popov [31] reported a linear relationship between the 2Na
chemical shift and the solvent donicity as expressed by the Gutmann Donor Number
(DN) [32). The DN of a solvent reflects its electron donating ability and is defined as the
positive enthalpy of reaction for the dissociation of the adduct formed between the donor
solvent and the acceptor antimony pentachloride in dichloroethane, 2 medium considered
as inert [32]. The paramagnetic term for the chemical shift is predominant for the alkali
metals [24,28,29] and since Na* has no unpaired electrons, it was originally assumed that
partially unpaired electron density is donated by the solvent in the empty 3p orbitals of
the sodium atom. However, later ab initio calculations could not confirm this transfer of
electron density [33], and it was concluded that an electrostatic description was adequate
for the bonding between Na* and coordinating dipolar solvent molecules [24].
Relationships between the chemical shift and solvent DN, although less admirable, have
also been observed for *°K [30,34] and 133Cs [30,35], whereas in the case of "Li no such
relationship is observed [30,36]. In the latter case, since the diamagnetic and the
paramagnetic contributions to the screening constant are of the same order of magnitude,
contributions to the shielding, other than paramagnetic ones, such as ring currents and
neighbor anisotropy effects, have therefore a substantial influence on the magnitude and
direction of the chemical shifts [30,37].

Although an understanding for the origin of the alkali metal chemical shift is still
lacking, this parameter is nevertheless invaluable for the characterization of alkali metal

complexes. For instance, in cases where the chemical shifts of the solvated and



complexed cation are different, cne can obtain thermodynamic and structural

information about the complex [21].

1.2.3 Quadrupolar Nuclear Relaxation

The conventional approaches to the NMR experiment are described in a number
of books [22,23,25,38-40]. Basically, nuclear excitation is accomplished by "flipping"
90° the net z magnetization, M,, (by the application of B;) of a sample in a stationary
magnetic field (B,), to the xy-plane. Relaxation back to thermal equilibrium (the ground
state) and observation of the free induction decay (FID) is described by the classical

Bloch equations [41,42]:

dM, /dt= -(M, - My) /T, 3)
dM, /dt=-M,/T, dM, /dt=-M, /T, @)

where t is the time, M, is the initial magnetization and M,,, are the respective
magnetizations on the x-, y- and z-axes. The relaxation is characterized by two times; T,
and T,. T, is the longitudinal or spin-lattice relaxation time, is enthalpy driven and
results from a transfer of energy to the outside surroundings; this characterizes the return
of M to the z-axis. T, is the transverse or spin-spin relaxation time, is entropy driven and
results from a transfer of energy between the nuclei where there is no loss to the outside
surroundings; this characterizes the dispersion of the Larmor frequencies and is a
dephasing of the initial coherent magnetization in the xy-plane. Each of these relaxation
times reflects the time required to attain a net magnetization of 0 in the xy-plane. T, is
always < T, and under normal conditions in extreme narrowing, T, = T,.

In general the relaxation of a quadrupolar nucleus can be represented by the sum
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of several exponentials (this will depend on the spin number, I). For nuclei with spin
3/2, such as PNa, the relaxation can be described by the sum of two exponentials

[43,44]:

M,(t) = M,(0) [0.6 exp(-t/ T") + 0.4 exp(-t / T")] (5)

where M,(0) and M,(t) are the amplitudes of M, at time O and time t respectively. The
full expressions for T and T” are described by the following equations [43,44}:

2 T
1T = ——xz( T + _c"""‘) (6)
5 1+ a2
2 T, T,
1/T" = — % + )]
5 7( 1+ 0?2 1 +4a?t? )

where x is the quadrupolar coupling constant, described below, 7. is the motional
correlation time and  is the Larmor frequency of the nucleus. If 7., characteristic of the

electric field gradient fluctuation, has an origin purely reorientational, it should obey the

Debye-Stokes-Einstein relationship [24]:

T = (VNf)/Gp T) (8)

where V is the molecular volume, £, is a microviscosity coefficient [45] and n is the

medium macroscopic viscosity.
All NMR active alkali nuclei have electric quadrupole moments due to their

non-spherical charge distributions. The interaction between this nuclear electric
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quadrupole moment (eQ) and the electric field gradient (eq) at the nucleus, arising from
asymmetric charge distribution around the nucleus, produces an efficient pathway for
nuclear relaxation referred to as quadrupolar relaxation. This interaction is characterized

by the quadrupolar coupling constant (}):

1= (€Qeq)(l +v.)/fi 9)

where (1+ v..) is the Sternheimer antishielding factor for the quadrupolar nucleus. The
parameter ¥, reflects the symmetry around the alkali metal caton. For example, the BNa
quadrupolar coupling constant typically varies from 0.1 to 1.5 MHz [24,28].

In conditions of extreme motional narrowing (&%t « 1), which is the case for all
the work presented in this thesis, the Na quadrgpolar longitudinal and transverse
relaxation rates are equivalent, within inhomogeneity contributions, and they are given

by [24,40]:

Tyl =nvip = @/5)m2y2 1, (10)
where Tq‘l is the quadrupolar relaxation rate, v, is the linewidth at half-height and I is
the nuclear spin number. Since in mobile liquids, 1. is in the order of ps, the product
w2 for BNa (vy, = 79.346 MHz, wy, = 2rvy, = 4.9854 x 10° rad/s) < 1 and the
relaxation rates are largely governed by the quadrupolar coupling constant. When the
electric field around the cation is not symmetric, as is the case for alkali cations
complexed by macrocyclic ligands compared to solvated cations, the relaxation is fast
and the NMR lines can be broad. According to equation 8, the quadrupolar relaxation
rate should be directly proportional to the viscosity of the solvent if the electric field

gradient is independent of the solvent. In this context, the reduced quadrupolar
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relaxation rate, Tq'l', may be referred to, where Tq‘l" = Tq" /M. As for the chemical
shift, cations in a specific environment will have their own characteristic relaxation time
and corresponding linewidth. Broad lines resulting from large Tq'1 values, is a reflection
of a relatively non-symmetric environment of the nucleus under study. For example, the
BNa linewidth at half-height of sodium complexed with the crown ether B15CS in the
solvent nitromethane was determined to be 217 Hz compared to that of solvated sodium
which is 10 Hz. This gives an indication about the relative symmetry of coordination
around the sodium cation in the two cases. The quadrupole moments of ’Li and '33Cs
are relatively low and therefore typical linewidths for these nuclei are also relatively low.
The linewidth at half-height of lithium complexed with B15C5 also in nitromethane is 1
Hz under similar conditions, while that of solvated lithium is 0.5 Hz.

1.2.4 Kinetic Studies by Lineshape Analysis

In addition to being subject to the same factors as the longitudinal relaxation rate,
T,’}, the transverse relaxation rate, T, can be sensitive to the chemical exchange of
nuclei between different sites. Since the T, is related to the linewidth of the observed
spectrum, a change in this parameter can result in spectacular effects on the whole
lineshape. The effect of dynamic processes in solution on the NMR lineshape was
recognized early in the history of NMR and the underlying theory is now well
understood [46-48]. When the chemical exchange rates are measurable on the NMR
chemical shift timescale, one can distinguish three types of spectra whose lineshape is
modified by the chemical exchange. This is illustrated in Figure 1.3 which shows a
series of ZNa NMR spectra for solutions containing equal populations of sodium

complexed to B15C5 and sodium solvated in NM.
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Figure 1.3: A series of ZNa spectra as a function of temperature for a sample
containing equal populations of solvated sodium (in nitromethane) and sodium
complexed to B15CS. p = [B15C5]y/ [NaBPhyly = 0.5; [NaBPh,]y = 60.0 mM. (A) T =
30L.5K; (B) T=283.0K; (C) T=273.0K; (D) T=253.0K.
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The spectra shown in Figure 1.3 reflect the chemical exchange of the sodium
cation in two possible sites: solvated (site A) and complexed (site B) (see equation 22 on
page 84). As the temperature decreases, so does the rate for the two-site chemical
exchange and there are distinct changes in the lineshape. In the fast exchange limit, only
one single Lorentzian peak is observed which is characteristic of the population average
of the two cation sites. This is the case for the chernical exchange of sodium at 301.5 K
in the conditions listed (spectrum A in Figure -1.3). However, the line is broadened due
to the presence of the chemical exchange and the respective rate constants involved can
be calculated by determining the exchange contribution to the broadening (see section
4.3). In regions of intermediate exchange, there are spectacular changes in the NMR
spectrum as it ceases to be Lorentzian. This is the case at 283.0 K and full lineshape
analyses must be performed in order to obtained quantitative results for the rates of
exchange.

Based on a two-site chemical exchange, mathematical expressions describing the
lineshape of a spectrum altered by the exchange, have been derived (the equations are
shown in Appendix 1) [46,49]. Essehu'ally, the sum of the two pseudo-first order rate
constants, (ks + kg), involved in the chemical exchange (see equation 22 on page 84) is
related to the populations, the transverse relaxation ratés and the differences in chemical
shifts of both sites (P, and Pg, Tp4"! and Tog'l, and v, - vg respectively). A full
lineshape analysis thus involves fitting an experimentally observed spectrum to the
equations which describe it and quantitative kinetic information, in the form of (k, +
kp), is obtained. When the chemical exchange is slow on the NMR chemical shift
timescale, the Na NMR spectrum displays two separate peaks for the two sodium sites.
This is the case at 253.0 K and full lineshape analyses are performed as well in order to
extract quantitative rate values. The two-site chemical exchange is discussed in greater

detail in section 4.3 and the lineshape analyses are discussed in section 2.3.
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Chapter 2

Experimental Methods

2.1 Materials and Sample Preparation

All the crown ethers and alkali salts used in this study were purchased from the
respective named companies and were either further treated as described or used as
received. Unless otherwise stated, all crown ethers and alkali salts werc vacuum dried in
the presence of phosphorous pentoxide at 353 K for at least 24 hours prior to use.
B15CS (Aldrich 98%) was recrystallized from hexanes (dried at 303 K for at least 24
hours), 15C5 (Aldrich 98%) was vacuum distilled (dried at room temperature for 6-8
hours), DB24C8 (Aldrich, 98%) was recrystallized from acetonitrile and cyclohexane
and DB18C6 (Parish) and DB30C10 (Aldrich 98%) were used as received. Sodium
tetraphenylborate, NaBPh,, (Aldrich 99%) was recrystallized from cyclohexane with a
minimum amount of ethanol, sodium hexafluorophosphate, NaPFg, (Aldrich 98%) was
recrystallized from acetonitrile and a minimum of hexane and sodium perchlorate,

NaClQ,, (Aldrich) and lithium perchlorate (Baker Analyzed Reagent) were used as
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received.  Niwromethane (NM) (BDH, Omnisolv and Aldrich 96% Gold Label),
acetonitrile (AN) (BDH, certified ACS), dimethylformamide (DMF) (BDH, Omnisolv)
and pyridine (PY) (BDH assured) were dried under reflux over calcium hydride for 3
hours, distilled under nitrogen and stored under argon. PY was stored with 4A molecular
sieves as well.

Samples for 'H and 3C NMR measurements were prepared by weighing the
desired amount of crown ether directly in a 1.0 or 2.0 mL flask and either adding the
appropriate amount of pure solvent (for a sample containing "free" crown ether) or stock
solution containing a known amount of alkali salt (for a sample containing complexed
crown ether); the concentration of either crown or complex was typically 0.02 to 0.1 M.
In the solvents used for this part, the complexes are known to be quantitatively formed
but a slight excess (5120%) of alkali metal was added to the crown ether to ensure that it
was all complexed . These samples were prepared with deuterated solvents contained in
sealed ampules: nitromethane-d;, CD;NO,, (Aldrich 99% atom D), acetonitrile-d,,
CD;CN, (Aldrich 99.5% atom D) or acetone-dg, (CD;),CO, (Aldrich 99.5% atom D).
The solution samples were degassed by the freeze-thaw method under vacuum directly in
the 5 mm NMR tubes and were sealed shut with a torch. The "Li and 2Na NMR
experiments typically involved recording the NMR spectra of a series of samples (see for
example the results in Figure 4.1) which were prepared by weighing the desired amount
of crown ether directly in a 5.0 or 10.0 mL flask and adding an appropriate amount of
stock alkali salt solution of known concentration in the desired solvent. Binary solvent
mixtures of desired mole fraction composition were prepared by adding the appropriate
mass of AN, DMF and PY in preweighed amounts of NM. The mole fraction, X, of
minor component was calculated from the masses of each component. Since the
volumes of the individual components were not actually measured, the concentration, in

moles / liter, of minor component was calculated using the density values for each
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solvent [S0] at ambient temperatures and assuming additive volumes in determining the
total volume. The solution samples were transferred into 10 mm NMR tubes, argon was
flushed over the solution and the tubes were sealed with Parafilm. The spectra of all 10

mm samples were recorded within 48 hours of preparation.
2.2 NMR Measurements

The basic 1-dimensional NMR experiment, described by the simple scheme
shown in Figure 2.1, is characterized by 2 time periods: the preparation period primarily
of length PD (pulse delay), preceding nuclear excitation by the 90° pulse, and the

detection period of length t, (acquisition time).

Preparation + Detection
90°,
PD —p: t >

Figure 2.1: Basic scheme for 1-dimensional NMR Spectroscopy.

Nuclear excitation is accomplished by the 90°, pulse which "flips” the equilibrium
macroscopic magnetization (M,) initially on the z-axis to the xy-plane. Immediately
following this pulse and during the detection period, there is decay of the produced xy

magnetization back to equilibrium. This decay is referred to as the free induction decay
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(FID) and is monitored as a function of time. This simple 1 pulse sequence is repeated n
times (number of transients) and the resulting sign_als are added. Fourier transform of the
data in the time domain to the frequency domain results in the NMR spectrum as we
know it. In normal experiments, a pulse delay was not used and the acquisition time

depended upon the system under study.
2.2.1 Acquisition Parameters and Chemical Shift

Table 2.1: Typical NMR Acquisition Parameters.

Nucleus In B¢ Li BNa
Observation 299.994 75.429 116.571 79.346
frequency (MHz)

Spectral 4000 16500 500 20000
width (Hz)

Acquisition 3.0% 0.92 1-2 0.05-0.2
time (s)

Number of 16 500 - 10 - 200 -
transients® 2000 1000 10000
90° pulse (us) 12.9® 9.6% 15-20¢ 20-30¢

(a) The actual tip angle used in the acquisition of the 'H and *C NMR spectra (~30°)
was calculated from the Emst equation (cos ap = exp(-AT / T;)) with the given
acquisition time (AT) and average longitudinal 'H and 13C relaxation times (Ty) [38].
(b) this depended on the concentration and temperature of the sample (c) The 90° pulses
were verified systematically by the 360° null method.
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All NMR spectra were recorded on a Varian XL-300 NMR spectrometer.
Typical NMR acquisition parameters for the nuclei used in this study are shown in Table
2.1. The 'H (5 mm proton probe) and 13C (5 mm broad band probe) NMR spectra were
recorded at 299.994 and 75.429 MHz respectively at ambient temperature (~ 295 K) and
the chemical shifts reported are referenced to TMS. In order to prepare samples free of
TMS, the 'H and 13C chemical shifts of the central solvent lines of CD;NO;, CD;CN
and (CD;),CO were initially determined in the presence of TMS (see Table 2.2) and the

sample spectra were subsequently referenced with the central solvent line.

Table 2.2: The Chemical Shifts of the Solvents vs TMS.

Solvent 1y B3¢
+ 0.001 ppm + 0.007 ppm
Nitromethane-ds 4.326 62.604
Acetonitrile-d, 1.939 1.335
Acetone-dg 2.040 29.800

The 'Li and ZNa NMR spectra were recorded at 116.571 and 79.346 MHz
respectively (10 mm broadband probe) and referenced to a solution of LiCl or NaCl in
20% D,0O/H,0 (0.1 M). All alkali metal NMR spectra were recorded unlocked and ail
chemical shifts were corrected for differences in bulk magnetic susceptibilities between
the organic samples and the aqueous reference. If the axis of the sample tube is parallel

to the direction of the static magnetic field (such is the case with the XL-300):

Siue = Bobs + (47/3) (tres - xsnmp) (11)
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and if the same axis is perpendicular to the direction of the static magnetic field:

8mle = 8cabs - (2r/3) (xref - xsnmp) (12)
where 8 is the true chemical shift, 8, is the observed chemical shift and y; and Zeamp
are the volume magnetic succeptibiliies of the reference and sample solvents

respectively (the effects of dissolved salts on the succeptibility can be neglected) [51).

The correction factors for each solvent are shown in Table 2.3.

Table 2.3: Solvent Magnetic Susceptibility Corrections.

Solvent Volume Magnetic Correction®
Susceptibility (x)* ppm
nitromethane -0.391 -1.374
acetonitrile -0.534 -0.775
dimethylformamide -0.621¢ -0.411
pyridine -0.611 -0.452
water : 0719 1 e

(a) x 10°5; reference [52]. (b) e = Bgps + COMTection. (c) experimentally determined.

In order to determine the volume magnetic susceptibility of DMF, which is required to
determine its chemical shift correction factor, the 3Na chemical shift of a solution
containing NaBPh, in DMF (0.02 M) was measured in two different field geometries: a

Varian X1.-300 and a Varian FT-80. xpyr was then determined by solving equations 11
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and 12 simultaneously. For the dimethylformamide-nitromethane binary solvent
mixtures, the mole fraction content of DMF in the solvent was always < 0.1 and a
chemical shift correction factor for pure NM was assumed.

The temperature of the probe was measured with a thermocouple dipped in
nitromethane in a non-spinning 10 mm NMR tube. For a temperature range between 240
and 310K, the temperature of the sample was estimated to be reliable at + 0.5 K. The

temperature of the 10 mm broadband probe was calibrated pericdically.
2.2.2 Longitudinal Relaxation Time

In cases where the spectra exhibited one Lorentzian shaped peak, the observed
transverse relaxaton rate was determined by simply measuring the linewidth at
half-height, irm, of the peak (see equation 10). The longitudinal relaxation rates were
obtained by using the inversion-recovery, 180° - 7 - 90°, pulse sequence shown in Figure

2.2 [39,53-55].

Preparation +  Evolution : Detection
180°, 90°,
—— PD ——-—b- T > t >

Figure 2.2: Scheme for the inversion recovery pulse sequence,
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This 2-pulse sequence incorporates a third time period: the evolution period of length T.
The first 180° pulse inverts the magnetization along the z-axis (M, becomes -M,).
Longitudinal relaxation back to equilibrium occurs during the evolution period and the
second 90° pulse causes M, to be rotated to the y-axis for detection. The magnitude and
sign of the observed M,, which are ceflected in the signal height and phase respectively,
depend on the length of T. In any one experiment where the pulse sequence is repeated n
times, © is kept constant and several experiments with varying values of 1 are repeated.
This is illustrated in Figure 2.3 which shows a series of 2Na spectra for a solution

containing sodium and B15C5 in nitromethane at 301.5 K.

Figure 2.3: Na NMR spectra for the measurement of T, by the inversion-recovery
method for a sample containing sodium and B15C5 in nitromethane at 301.5 K. From
left to right, © = 0.0001, 0.0002, 0.0005, 0.001, 0.002, 0.005, 0.010, 0.020 and 0.050 .
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It is important that the spin should be at thermal equilibrium at the beginning of the 180°
pulse and hence a pulse delay (PD = 5 T,) must be interposed between sequences [54].
In the case shown in Figure 2.3, as well as all 2Na T, determinations, a pulse delay was
not used since the longitudinal relaxation time was short compared to the detection time
(AT 2 0.05 s). However, pulse delays were at times introduced in the determination of
7Li longitudinal relaxation times, since these were longer.

A mathematical description for the decay of M, was previously given in equation

3 (one of the Bloch equations). Integration of this equation with M, = -M, at t =0 gives:
M,(t) = M, (1 - 2 exp(-1/Ty) (13a)

The observed intensity of the resulting NMR spectrum is proportional to M, and is a
function of T. A nonlinear regression of the intensity (I) versus 1 data, shown in Figure
2.4, can thus provide a value for T;. The T, determinations were based on a 3 parameter
nonlinear regressions performed on the X1L.-300 computer with at least nine experimental
points (see equation 13b). In addition to the variables M, and <, a third variable, k', is

included which compensates for field inhomogeneities and imperfect pulses [55].
M,(t) = M, [1 - (1-k") exp(-1/T})] | (13b)
2.2.3 2-Dimensional Methods
The assignments of the 'C NMR ether carbon peaks of the crown ethers was

accomplished by 'H-'3C heteronuclear chemical shift correlation spectroscopy

(HETCOR) [38,56]. The basic pulse sequence for this technique is:
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Figure 2.4: Arbitrary Intensity (I) as a function of t. For clarity only 7 experimental
data points, obtained from the spectra shown in Figure 2.3, are shown and the curve is
calculated from a three parameter nonlinear regression; T; = (2.99 + 0.07) x 1073 s.

(PD - 90°H - £,/2 - 180°,C - 22 - A - 90°,H, 90°.C - A, - decouple protons,

acquire *3C - ),

Typically, the spectral windows of both the 'H and *C frameworks were narrowed down
to the ether region and ¢; was varied in 64 or 128 equal increments. A pulse delay of one
second was used and the fixed delays A, and A, were based on an average value for Joy
set to 140 Hz. The number of repetitions, n, varied from 16 to 32 and the time required

for any one HETCOR experiment was usually never longer than two hours with samples

containing ~0.02 M of material.
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For the determination of the long-range 'H-13C couplings, the delay times A, and A,
were based on the long-range J-cy coupling constants (~ 10 Hz), n = 264 and the spectra
were collected in overnight runs with samples which were moie concentrated. The
principles of the HETCOR experiment are described in section 3.4.

The EXSY pulse sequence used for acquiring 2D ?Li spectra is [571:
(PD - 90°- 1y - 90°, - 1,,, - 90°, - acquire (ty) -),,

Typically, the ¢; varied in 64 equal increments, the mixing time, <, varied from 0.005 to
0.15 s but is kept constant for any one 2D experiment, the pulse delay, PD, was one
second and the number of scans, n, was 16. A very small spectral width was used (500
Hz) and because ’Li is a very sensitive nucleus, 2D experiments were obtained in

approximately one hour. The principles of this technique are discussed in section 5.3.
2.3 Data Analysis
2.3.1 Lineshape Analysis

Full lineshape analyses of the NMR spectral data which was obtained in the first
year of research were carried out by using an optimization Simplex [58] routine on an
Apple II computer. This involved manually recording 50-100 data points of the
spectrum by visual inspection with cursors on the XL-300 computer screen and entering
the data on the Apple computer (method 1). The corresponding errors on the resulting
values for k, + kg, using this method for lineshape analysis, were estimated at + 5%. A
second method for the lineshape analyses was uséd for most of the rate determinations in
this work and involved transferring the digitized spectra (100-200 points) from the

XL-300 computer to a IBM compatible PC which was then further transferred to the
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University of Ottawa main frame system (Amdahl). Full lineshape analyses were carried
out by performing nonlinear regressions with a program developed from SAS®
(Statistical Analysis Systems) [59] routines incorporating the equations describing an
uncoupled spin system undergoing chemical exchange between two nonequivalent sites
[46] (method 2); this overall program is shown in Appendix 1. An example of one
experimental NMR spectrum along with the comresponding computer fit is shown in
Figure 2.5. The slight deviation between the experimental data points and the theoretical
curve observed in the middle portion of the spectrum, is due to a slight dephasing of the
experimental curve. This problem was at times incurred but several tests showed that the
(ks + kg), resulting from the lineshape analysis, displayed very little deviation and

remained within the reported errors even in relatively severe dephasing conditions.

2.3.2 Error Analysis

The error estimated for the 'H NMR peaks is & 0.001 ppm, corresponding to the
theoretical digital resolution (DR = 2SW / NP) and that for '3C is * 0.007 ppm (with
zero-filling) [38]. Since the linewidths of the 7Li and 2Na NMR peaks are broader than
those of 1H and 13C, the chemical shift errors are larger than the digital resolution and
were visually estimated with cursors on the computer screen of the XI1.-300
spectrometer. The linewidths of the 7Li NMR peaks did not display much relative
variation and the error on corresponding chemical shift is reported to be + 0.01 ppm.
Since the linewidth of the ©Na NMR peaks varied extensively and depended on the
experimental conditions, so did the reported errors on the ZNa chemical shifts; typically
4 0.01 to + 0.08 ppm. The error on the reported transverse relaxation rates depended on
the errors of the chemical shifts since this parameter depends on the linewidth itself;

Tz.ﬂbs-l = Twln.
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Figure 2.5: 2Na NMR spectrum of a sample containing equal populations of solvated
sodium, (Na*); in nitromethane, and sodium complexed to B15C5, (Na:B15C5)*.
[NaBPhyly = 4.0 mM and T = 301.5 K. The data points are experimental and the curve
has been calculated from a nonlinear SAS® regression. The resulting value for (k, +
kg) is (6.6 £0.2) x 102 s°L.,
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The measurement of the linewidth at half-height entailed thel estimation of two frequency
positions on the NMR curve and thus the error on v, of a peak was reported to be twice
that of its chemical shift in Hz. Typically the resulting errors for the 2Na T, o,,;! were
in the order 3 1-40 Hz. The errors reported for the longitudinal relaxation rates were
reported as 2o, where o is the standard error of the parameters of the nonlinear
regressions performed directly on the computer of the XL.-300 spectrometer. This
represents a confidence level of 96% [60).

Many of the results reported in this thesis have been obtained from calculations
involving either linesr or nonlinear regressions based on the least squares method using
SAS® [59]. The etrors reported for (k,-+kg) depended on the manner in which they
were calculated: (a) if equation 25 (in section 4.2) was used, the sum of the errors of all
contributions was taken into account, (b) if full lineshape analyses by method 1 was used
the errors were estimated at about + 5% and (c) if full lineshape analyses were carried
out by method 2 the errors were reported as + 2¢. Other nonlinear regressions were
involved in the determination of equilibrium constant values and the corresponding
limiting chemical shifts and limiting relaxation rates (Figures 4.1, 4.2, 4.21, 4.25 and
5.13) and in the determination of the exchange rate constant k by 2D EXSY
spectroscopy (Figure 5.12). The errors of all values which resulted from nonlinear
regressions were reported as + 2. Those calculations which involved linear regressions,
such as in the determinations of k; and k, (see section 4.4 for the definitions of k; and
k), were reported with errors equal to * lo from the regression; this represents a 68%
confidence level (Figures 4.7-4.10, 4.12, 4.14, 4.16, 4.18, 4.19 and 4.22). The values
obtained from nonlinear regressions were reported with a greater error, + 2a, as
compared to the linear regressions, + 1o; this reflects the fact that the linear fits generally
displayed an overall better agreement with the experimental data. All other values

resulting from linear regressions, such as the enthalpy of activation, AH®, and entropy of
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activation, AS*, were also reported with * 1o for the error. The free energies of

activation, AG*, were calculated directly from the determined rate constants [46]:

AG* = -RT In(kh / kT) (14)

where k is k; or k;. The corresponding errors in AG* (AAG*) were calculated using

equation 15 [61]:

2 2
AT kgT Ak
In + 1 + |——
. T hk k
AAGT (15)
AG* knT
In B

hk

The errors associated with sample preparations, such as the sample concentrations and p,

were deemed negligible.
2.3.3 Spin Simulations

'H spin simulations were carried out in order to determine the 'H-'H spin
coupling constants of the protons in the ether fragments of the crown ethers (see section
3.2.2). These were carried out on the compurer of the XL.-300 spectrometer using a
program based on the LAOCOON procedure [62,63]. Initially, the 4-spin AA’BB’
system is defined where it is characterized by 5 unknown parameters: (1) the chemical
shift of A = A’, (2) the chemical shift of B = B’, (3) the geminal coupling constants J, 4/
and Jpp’ are assumed to be equivalent (Fgem) (4) Jipans =Ja’p = Jpp’ and (5) T4 = J 45 =

Ja’n’- Reasonable initial values are given for each variable parameter and a set of
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theoretcal lines are generated. These lines are subsequently matched to those
experimentally observed and then a minimization procedure is performed where values
for the 5 variables, corresponding to the best fit, are obtained. It was noted that the

simulations were not very sensitive to Jo.n.
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Chapter 3

Structural Elucidation of Complexes
in Solution: 'H and =C NMR Study

3.1 Introduction

A key to understanding the nature of the underlying kinetic processes involving
crown ethers and their metal complexes in solution, lies in the precise knowledge of the
structures of the molecules themselves. Structures of crown ether complexes are in
general characterized by several factors such as the position of the cation within the
cavity of the ligand, the stoichiometry of the complex and the actual conformations of
the bonds in the ligands. The two first factors are largely governed by the relative size of
the metal cation with respect to the size of the ligand cavity [64]. When the cation is
much smaller than the ligand cavity, a "wrap around" structure may result where the
metal cation is completely or partially wrapped around by the crown ether. This is the

case for potassium complexed to DB30C10, shown as a solid in Figure 3.1 [65] as well
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as in solution [66]. A complex with 2:1 (cation:ligand) stoichiometry may also result
with a relatively small cation. In solution the "wrap around” structure of (Na:DB24C8)"
is formed [67-69] and as a solid (NazzDB24C8)2+ is observed [70,71). In solution,
aggregates of (Na*,,,;:DB24C8,) have also been observed [69]. When the cation is
larger than the crown ether on the other hand, there can be formation of a 1:1 complex
where the cation lies above the plane of the l_igand, as is the case for (Cs:18C6)* [72-74],
or the formation of a 1:2 (cation:ligand) complex, (Cs:18C6,)*, may result [75]. This is
also the case for sodium with B15C5 where the sodium cation sits just slightly above the
plane of the crown ether as shown in Figure 3.1 [76,77]. When the diameter of the
cation is matched to that of the ligand, the cation is centered in the ring plane of the
cro»lvn ether; this is the case for (K:18C6)* also shown in Figure 3.1 [78].

As solids, the structures of several crown ethers and their respective alkali metal
complexes have been well characterized by X-ray crystallography, where not only a
knowledge of the overall structures is obtained but also a precise knowledge of

inter-atomic coordinates and conformations of the rigid molecules [65,70,71,73,76-87].

Figure 3.1: The solid structures of (1) Na* complexed to B15CS5 [76], (2) K* complexed
to DB30C10 [65] and (3) K* complexed to 18C6 [78].
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From the structures of sodium complexed with B15CS and potassium complexed to
DB30C10 shown in Figure 3.1, a general gauche orientation about the C-C bonds of the
crown ethers can be observed whereas there is a general anti preference about the C-O
bonds. There is overwhelming evidence, from the X-ray data of solids
[13-16,65,70,71,73,76-871, theoretical molecular mechanics studies [89-90] and solution
NMR studies [91-98), some of which is reviewed by Dale [99,100], that this specific
conformational orientation is in general typical of all crown ethers as well as crown
ethers complexed to alkali metal cations.

 Structural elucidation in solution however, is not so readily achieved and factors
such as rapid conformational averaging as well as the influence of the solvent -must be
taken into account. Information about the overall structures of crown ether complexes
can be obtained by alkali metal NMR. The stoichiometries of several crown ether
complexes in solution have been determined by 2Na [67,72,88,101), 7Li [102] and 33Cs
[67,74,75] NMR. As well, information about the presence, or absence, of solvent
molecules in the coordination sphere of the complexed cation can be obtained by alkali
metal NMR. For example, it has been shown by 2Na and 39K NMR respectively, that
the first coordination sphere of Nat in (Na:DB24C8)* [68] and K* in (K:DB30C10)*
[66] is exclusively filled by the oxygens of the crown ether whereas for (Na:DB30C10)*
there is participation of at least one solvent molecule [103]. It is not possible by alkali
metal NMR however, to obtain specific information about the conformational status of
the crown ether.

H and '3C NMR have been successful in providing various types of information
about macrocyclic ligands and their complexes in solution. The chemical shifts of the
ether protons and carbons will to some extent depend on the solvent where in some cases
the formation of an actual weak complex between the macrocycle and the solvent may

be observed {104,105]. A change in the chemical shift upon addition of metal cations,
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indicates the formation of a cation complex whereby the stoichiometry [91,92,106-110]
and the equilibrium constant [91,106,110] for complex formation may be determined by
H or 3C NMR . Information on the structures and the motions of crown ethers and
their complexes in solution can be obtained from 3C NMR relaxation (T))
measurements [66,68,111-114]. Of particular interest, is the determination of the actual
conformations of the ether segments of the “free" and complexed crown ethers in
soluton. The 'H and *C NMR spectra obtained for these systems, reflect the rapid
conformational averaging due to the great molecular flexibility of crown ethers even
down to 153 K [93]. The observed spectra thus represent the average of all possible
orientations of the molecules in solution. The study of these fast processes has been
limited to cases in which relatively large substituents have been introduced on the crown
cthers [115,116] or there is complexation with metal cations, possibly slowing down the
conformational averaging allowing the determination of quantitative rate data
[95-98,115,116]. In these cases, the degeneracy of the spectra is uplifted at low
temperatures, usually indicating an equilibrium between two conformers and the energy
barriers for the conversion can be determined from classical coalescence temperature
studies.

The 'H and 13C NMR spectra of simple non-substituted crown ethers such as
15C5 and 18C6, do not yield much structural information because of chemical
equivalence due to symmetry of the protons and carbons; as a result, only one peak is
observed. Those crown ethers having aromatic benzene substituents however, are well
suited for this kind of study since the ring current magnetic anisotropy of the benzene
ring leads to a spectroscopic resolution of the ether protons which can easily be assigned
based on the spatial relationship between the protons and the aromatic group.
Furthermore, the multiplets which are observed in the 'H NMR ether region are

characteristic of 4-spin, AA’BB’, spin systems involving the separate O-CH,-CH,-O

35



segments of the crown ethers. The corresponding values for the 'H-'H coupling
constants may be determined from spin simulations from which conformational
information may subsequently be obtained. The '3C spectral assigments are achieved
with 2D heteronuclear chemical shift correlation (HETCOR) experiments.

In this chapter, the solution structures of benzo-15-crown-5 (B15C5),
dibenzo-18-crown-6 (DB18C6), dibenzo-24-crown-8 {(DB24C8) and
dibenzo-30-crown-10 (DB30C10), shown in Figure 3.2, as well as the respective 1:1
sodium complexes in nitromethane (CD3NO,), will be characterized with the use of 'H

and 13C NMR results,

Figure 3.2: (A) Benzo-15-crown-5, (B) Dibenzo-18-crown-6, (C) Dibenzo-24-crown-§
and (D) Dibenzo-30-crown-10.
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3.2 IH NMR
3.2.1 1H Spectral Assignments

The 'H NMR spectra of B15CS5, DB18C6, DB24C8 and DB30C10, and their
respective alkali metal complexes in CD3NO,, are shown in Figures 3.3, 3.4, 3.5 and 3.6
respectively. The spectra of B15C5 and DB24C8, correspond to solution concentrations
of approximately 0.1 M and a slight excess in alkali salt to form the complex was added
to ensure that all the crown was present in the complexed form. Since DB18C6 and
DB30C10 exhibited limited solubilities in CD,NOQ,, saturated solutions of these were
used to obtain the spectra, but the concentrations of the respective complexes were
approximately 0.1 M. The 1H spectrum and chemical shifts of (Na:B15C5)* in CD;CN
at approximately 0.02 M, was identical to that at 0.1 M. The proton spectra for B15C3
and (Na:B15CS5)* in CD3;CN and (CD;),CO and (Li:B15CS)* and (K:DB30C10)* in
CD;NO, were also obtained under the same conditions. Of primary concemn is the ether
region which is involved in the complexation and a summary of the proton chemical
shifts of the ether protons of the various crown ethers and corresponding alkali
complexes is shown in Table 3.1. In all cases, the aromatic benzene protons are located
between 6.9 and 7.2 ppm. The circulating electrons of the benzene ring produce a
so-called "ring-current effect” whereby a magnetic field is induced in the direction of the
stationary magnetic field, B,, resulting in the substantial deshielding of the aromatic
protons which are located in the space outside the benzene ring [117]. This ring-current
magnetic anisotropy of the aromatic substituent also affects the chemical shift of nearby
protons, where those which are closest to the benzene ring are located downfield relative

the others. The assignment of the protons in positions 1 and 2 (see Figure 3.2) for all

crown ethers was made on this basis.
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Figure 3.3: 'H NMR spectra of (A) B15C5 (~ 0.1 M), (B) (Na:B15C5)* (~ 0.1 M) and
(C) (Li:B15C3)* (~ 0.1 M). A slight excess of NaBPh, and LiClO, was added to ensure
that all crown was complexed. Resonances marked with a * are those of the
counteranion, BPh,". Recorded at ambient temperature in CD;NO, (s).

38



A s”
B SM

IlllIII[lllllllllIl[lllllllfll[lllllllilll
7.5 7.0 6.5 6.0 5.8 5.0 4.5 4.0 PPM 3.5

Figure 3.4: 'H NMR spectra of (A) DB18C6 (saturated) and (B) (Na:DB18C6)* (~ 0.1
M). A slight excess of NaPF4 added to ensure that all crown was complexed. Recorded
at ambient temperature in CD;NO, (s).
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Figure 3.5: 'H NMR spectra of (A) DB24C8 (~ 0.1 M) and (B) (Na:DB24C8)* (~ 0.1
M). A slight excess of NaPF, added to ensure that all crown was complexed. Recorded
at ambient temperature in CDsNO, (s).
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Figure 3.6: 'H NMR spectra of (A) DB30CI10 (saturated), (B) (Na:DB30C10)* (~ 0.1
M) and (C) (K:DB30C10)* (~ 0.1 M). A slight excess of NaPF; and KPFg was added to
ensure that all crown was complexed. Recorded at ambient temperature in CD;NO; (s).
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Table 3.1: 'H Chemical Shifts for Various Crown Ethers (C) and Crown Ether

Complexes (M:C)* 2,
Cor M:O)* Solvent H,® H, H, H,
15C5 CD,NO, 3589 | - - -
@i 15Cs)y* CD;NO. 3757 | - - -
(Na:15CS)* CDNO, 3723 | - - -
B15C5 CDINO- 4091 | 3825 | 3673 | 3.640
B15C5 CDiCN 4051 | 3782 | 3646 | 3615
B15C5 (CD),CO | 4078 | 3826 | 3666 | 3650
B15C5° ob 3944 | 3944 | 3678 | 3678
(Li:B15CS)* CD;NO, 4285 | 4011 | 3836 | 3802
(Li:B15C5)* CD,0D 4033 | 4033 | 3722 | 3722
(Na:BISCS5)* CDNO, 4272 | 3972 | 3829 | 3791
(Na:B15C5)y* CD,CN 4144 | 3823 | 3706 | 3666
(Na:B15C5)* (CD,CO | 4187 | 3876 | 3750 | 3730
(N2:B15C5)* CD,0b 4022 | 4022 | 3767 | 3767
DB18C6 CD,NO, 4158 | 3920 | - -
DB18Csd (CD;),CO 4.147 3.965 - -
(NaDB18C6)* | CD,KD, 4252 | 2027 - -
(Na:DB18C6)*d (CD,),CO 4.255 4.002 - -
DB24C8 CD,NO, 4143 | 3385 | 3750 | -
(NaDB24C8)* | CDINO. 4401 | 3844 | 3.685 -
DB30C10 CD;NO 4140 | 3840 | 3714 | 365
DB30C10¢ (CDCO | 4131 | 3826 | 3712 | 3639
(NaDB30C10)* | CD,XD, 4346 | 2112 | 3923 | 33855
(NaDB30C10)* | (CDy,CO | 4232 | 3965 | 3680 | 382
(K:DB30C10)* | CD,ND, 4163 | 3300 | 3609 | 3609
(KDB30C10)* | (CDp,CO | 4197 | 3807 | 3718 | 353

(2) recorded at ambient temperature using NaBPh, and NaPF,
LiClQ, for the lithium complex and KPFg
correspond to the chemical shifts of the protons at the position 1, 2, 3 and 4
as shown in Figure 3.2; chemical shift + 0.001 ppm; exact values for the ch
were determined from spin simulations, (¢) £ 0.002 ppm from reference 92; at 298 K
and [C], [LiBr] and [Nalj = 0.5 M. (d) £ 0.002 ppm from reference 91; at

[C], [NaClO,] and [KCIQ,] = 0.002 t0 0.02 M.
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The assignments of the protons in positions 3 and 4 for B15C5 and DB30C10 were
unambiguously obtained by long-range 'H-13C chemical shift correlation experiments
described in section 3.4.

The chemical shifts obtained for B15C5 in CD3;NO, are similar to results
previously reported in CD;0D [92] where at 90 MHz the protons on C(1) could not be
distinguished from those on C(2) and those on C(3) from those on C(4). A downfield
shift, induced by an electric field caused by the presence of charged cations, was also
observed upon complexation with Na*. The chemical shifts obtained for DB18C6 and
DB30C10 in CD3NO, are very similar to the values reported by Live and Chan [91] in
(CD;3),CO. They also observed a general downfield shift of the protons upon
complexation of the crown ethers with Na*. The similarities in chemical shifts observed
for B15CS in three different solvents indicate that there is no significant participation or
influence of the solvent in the environment of the crown ether. Live and Chan [91]
observed a slight upfield shift in the ether proton resonances of DB18C6, B18C6 and
DB30C10 in (CD4),CO compared to CDCl; which was attributed to the chemical shift
anisotropy of the acetone solvent molecules which presumably have a preferential
orientation in the proximity of the ether linkages. The slight differences in B15CS
chemical shifts that we observe might also be attributed to any such solvent anisotropy.
As well, there is only a small difference between the chemical shifts of (Na:B15C5)* and
(Li:B15C5)* in CD3NO, indicating similar interactions of the two cations where B15C5
is concerned. Previous studies in solution by alkali metal NMR have indicated that
whereas DB.3OCIO forms a complex with the potassium cation where the solvent is
completely expelled from the coordination sphere of the cation [66], this is not so with
the sodium cation [103]. As well, whereas (K:DB30C10)* displays protons on C(3) and
C(4) which are equivalent, this is not the case for (Na:DB30C10)*. This may be a

reflection of the greater symmetry of the potassium complex compared to that with
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sodium which is not perfectly adapted to DB30C10 [103]. The caton-induced shifts
resulting from crown ether complexation in CD3;NO, are shown in Table 3.2. With a
few exceptions, the downfield shift is consistently 0.1 to 0.2 ppm. The protons in
position 1 of DB24C8 exhibit a downfield shift of 0.25 ppm upon sodium complexation
and a small upfield shift is observed for the protons in positon 2 and 3. This is a
possible indication that the sodium cation, in its DB24C8 solution complex, is in closer
proximity to the oxygens closest to the benzene ring (O,) compared to the other oxygens
of the crown ether. Since only the crystal structure of a solid sodium complex with 2:1
cation to ligand stoichiometry is available [70], a direct comparison of our solution

observations is not possible.

Table 3.2: Cation-Induced 'H Shifts for Crown Ethers upon Complexation, (M:C)* in
Nitromethane-ds.

Complex H,* H, H, H,
(Li:B15C5)* 0.194 0.186 0.163 0.162
(Na:B15C5)* 0.181 0.147 0.157 0.151
(Na:DB18C6)* 0.094 0.107 - -
(Na:DB24C8)* 0.258 -0.012 -0.065 -
(Na:DB30C10)* 0.206 0.272 0.209 0.204
(K:DB30C10)* 0.023 0.040 0.015 0.048

(a) Hjz34 corresponds to the differences in chemical shifts between the complexed and
free crown ethers of the protons at the position 1, 2, 3 and 4 respectively as shown in
Figure 3.2.



In the (Naz:DBMCS)2+ solid complex however, the sodium cations are observed to be in
closer proximity to the oxygens closest the benzene rings: the Na*-O, bond lengths are
2.468 and 2.534 A compared 10 2.615 and 2.965 A for Na*-O, [70]. The same reasoning
could be applied in the case of the protons in position 2 of (Na:DB30C10)* which are
near Oy, since a significantly larger downfield shift is observed (0.272 ppm). However, a
direct comparison to the solid counterpart is again not possible since the formation of a
solid sodium-DB30C10 complex also exhibits 2:1 stoichiometry [87]. In this case, the
sodium-oxygen bond lengths increase in the order Na*-O, (2.413 A, Na*-0, (2.493 A)

and Na*-O; (2.531 A), which does not confirm the solution observations [87].

3.22 Conformational Analysis

All of the spectra shown in Figures 3.3 to 3.6, exhibit the same basic spectral
characteristics. The peaks in the aromatic region are characteristic of a 1,2-disubstituted
benzene and exhibit a typical 4-spin AA'BB’ pattern. Any observed differences in the
coupling pattern come from changes in the chemical shift. All of the spectra also exhibit
two 'H multiplets in the ethier region, again characteristic of a 4-spin A A’XX’ system for
the O-C(1)H,-C(2)H,-O segments of the crown ethers. In addition, B15C5 and
DB30C10 exhibit a third 4-spin AA’BB’ system in the ether region, for the C(3)-C(4)
fragment. It should be mentioned that lowering the temperature to approximately 283 K
did not affect the 'H spectra of both B15C5 and (Na:B15C5)* in acetone-dg, indicating a
very rapid conformational averaging. Keeping in mind the preferred gauche orientation
of the oxygen atoms in the fragments, the 'H spectra observed at ambient temperature

reflect the averaging due to the rapid rotamer conversion dipicted in Figure 3.7.
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Figure 3.7: Newman projections showing the rotamer conversion of the two rotational |
isomers of the crown ether OCH,CH,O fragment. ¢ is the dihedral angle subtended by
the oxygen atoms in two adjacent carbons.

The 'H-H coupling in the O-CH,-CH,-O fragments is characterized by two geminal
coupling constants, 2J 5, and 2Jgp’ assumed to be equivalent, and average values of two
vicinal coupling constants, 3J,5 = 3J /g’ and 3J,5* = 3T ,/p~. Values for these coupling
constants were obtained from spin simulations, as described in section 2.3.3, for the
4-spin systems. As an example, the simulated spectra for both fragments of B15CS5 in
CD;NOQ, are shown in Figure 3.8. The ether region of the *H spectrum of B15CS is
characteristic of the two separate 4-spin systems. The simulated spectra of the first order
C(1) - C(2) AA’XX’ fragment corresponds very well to the experimental one and this is a
good indication that there is no significant long-range 'H-H coupling. The simulated
spectra of the second order C(3) - C(4) AA’BB’ fragment also corresponds very well to
the experimental one. The geminal coupling constant is not affected by the rotamer
conversion and only average values for the vicinal coupling constants, which are
effectively Ji., and J ., can be determined. A summary of the coupling constants

obtained from spin simulations of several crown ether systems are shown in Table 3.3.
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Figure 3.8: !H Spin simulations for B15C5 in CD;NO,;. Top: O-C(1)H,-C(2)H,-O
fragment, bottom: O-C(3)H,-C(4)H,-O fragment. (A) Simulated spectrum, (B)
experimental spectrum,
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Table 3.3: Coupling Constants for the Protons in the Ether Fragments of Crown Ethers

and Crown Ether Complexes.

Cor (M:C)* Solvent Jgem" Jrans® Jois®
B15C5 CD;NO, -9.5(-10.0) 6.6(6.5) 1.9(2.8)
B15C5 CD4CN -10.2(-10.1) 6.7(6.4) 2.5(3.3)
B15C5 (CD3),CO | -9.8° 6.5 2.9
B15C5¢ CD;0D - 5.75 3.1
(Li:B15CS)* CD;NO, -10.2¢-10.1) 6.2(6.2) 4.3(3.2)
(Na:B15C5)* CD,NO, -10.3(-10.0) 6.7(6.4) 3.0(2.2)
(Na:B15C5)* CD,CN ~10.0(-10.0) 6.4(6.3) 2.9(2.4)
(Na:B15C5)* (CD;),CO | -10.0¢-10.0) 6.6(6.4) 2.7(2.6)
(Na:B15CS5)** CD;0D - 6.8 2.1
DB18C6 CD;NO, -9.8 7.0 1.1
DB18C6¢ (CD,),CO - 5.8 3.5
(Na:DB18C6)* CD;NO, -10.0 6.0 3.0
DB24C8 CD;NO, -9.6 6.6 2.2
(Na:DB24C8)* CD3;NO, -10.1 6.7 2.8
DB30C10 CD;NO, -10.4(-10.0) 6.8(6.0) 2.6(2.9)
DB30C104 (CD,),CO - - 6.2(6.0) 3.1(3.3)
(Na:DB30C10)* CD3;NO, -10.0(-10.0) 6.3(6.4) 3.1(2.9)
(K:DB30C10)* CD;NO, -9.9 6.7 2.2

1,4 dioxane® - 6.1 2.7

(@) Jgem = Jaa’ = Jgp’ Jg; = Jup = J4’p’ and Juans = Ja’p = Jop’; number in brackets
corresponds tc the coupling constants of the 0-C(3)H,-C(4)H,-O fragment, (b) The
difference in chemical shifts for the protons on C(3) and C(4) for B15CS5 in (CD4),CO

was too small to get accurate results in the simulation. (¢) from reference 92. (d) from
reference 91.
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A geminal coupling constant, reflecting the geminal H-C-H angle, of approximately -10
Hz is obtained for all the systems shown in Table 3.3. Based on the geminal Karplus
correlation, at first approximation (not taking into account the electronegative
substituents), this corresponds to a geminal H-C-H angle approximately equal to llb"
[117].

It is through the vicinal coupling constants however, that specific conformational
information may be obtained. Vicinal coupling constants obtained by Lockhart et al. for
B15CS in CD50D [92] and by Live and Chan for DB18C6 and DB30C10 in (CD5),CO
and CDCl; [91], correspond very closely those determined in this work. Furthermore,
the coupling constants of the O-CH,-CH,-O fragments of other unusual crown ethers
also are similar [92,93]. The smallest crown ether, 1,4-dioxane (6C2), can only exist in a
gauche conformation and in solution this compound also exhibits the rotamer conversion
shown in Figure 3.7 [91,118]. Since values for the average vicinal coupling constants for
1,4-dioxane correspond very closely to those of many other crown ether systems, this is
an initial indication that the conformations of the O-CH,-CH,-O fragments of the studied
crown ethers and the complexes in solution must be gauche as well (see Table 3.3). In
order to determine exact values of the dihedral angle between the oxygens subtended on

two adjacent carbons, ¢ shown in Figure 3.7, a method based on the Karplus vicinal
| correlation, shown in equation 16, has been appled. The original Karplus vicinal
correlation relates the 'H-'H vicinal coupling constants, 3J, to the dihedral angle

subtended by the protons on different carbons in a C-C bond [23,119,120-122].
31=Acos?p+Bcostp+C (16)

Since this relationship does not account for electronegative substituents, bond angles and

bond lengths, the three constants A, B and C may differ considerably from compound to
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compound and its use is therefore rather limited [23]. The R value method, where R =
Jeans / Jois» fOr determining dihedral angles was originally developed by Lambert {121}
for six-membered rings and a quantitative relationship between ¢ and R, shown in

equation 17, was developed by Buys [122].

o =cos’! [3/ (2 +4R)12 an

This relationship is based on the Karplus correlation shown in equation 16, assuming that
the parameters B and C are small with respect to A and therefore can be neglected, and
as well assuming that there are only gauche dihedral angles. R is independent of the
electronegativity of the oxygen substituents in the ether fragments and can be used as a
criterion of conformational change free from electronegativity effects [92]. This method
has been successfully used by Lockhart et al. [92] and Kleinpeter et al. [93] for crown
ethers with rings having more than 6 members. The values for the dihedral angles of the
segments shown in Figure 3.7 for the crown ethers in this study have been calculated
using equation 17 and are shown in Table 3.4. The observed dihedral angles, all
corresponding approximately to 60°, do in fact agree with the previously stated gauche
preference of C-C bonds in crown ethers. These results also generaily agree with the
dihedral angles obtained for other crown ethers [92,93] and crown ether complexes [92]
in solution which ranged from 55-64°. Although Lockhart et al. [92] and Live and Chan
[91] observed a slight increase in dihedral angle upon complexation of the crown ethers,
we do not observe such a trend using the R method. A more direct approach to
determine a trend in ¢ is to examine directly the values for J; which are the same in the
two rotamers shown in Figure 3.7 (J4 = Jag = Jaop'). As the crown ethers are
complexed, a general increase in J; is observed (see Table 3.3). Based on the Karplus

vicinal correlation in the region 0° < dihedral angle < 80° [117], this corresponds to a
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Table 3.4: R Values and Corresponding Dihedral Angles, 9, of the Oxygen Atoms in the
O-C(1)H;-C(2)H,-O Fragments in Various Crown Ethers (C) and Their Alkali Metal
Complexes (M:C)™.

C Solvent R* (%) {M:O)* R o)
B15C5 - CD3NO, 3.5(2.3) 64(59) | (Na:O)* | 2.2(2.9) 58(62)
(Li:C)* 1.4(1.9) 51(55)
B15C5 CD,CN 2.7(1.9) 61(55) | (Na:C)* | 2.2(2.6) 58(61)
B15C5 (CD,),CO 22 58 (Na:C)* | 2.4(2.5) 59(60)
B15Cs® CD,0OD 1.9 55 (Na:C)* | 3.2 63
DB18C6 CD,NO, 6.4 71 (Na:C)y* | 2.0 57
DB18C6° (CD5;),CO 1.7 54
DB24C8 CD;NO, 3.0 62 Na:O)r | 24 59
DB30C10 | CD;NO, 2.6(2.0) 61(57) | (Na:O)* | 2.1(2.2) 57(58)
(K:C)* 3.0 62
DB30C10° | (CD;),CO 34 64

(2) number in brackets corresponds to the R value for the O-C(3)H,~C(4)H,-O fragment

- where applicable. (b) from reference 92. (c) calculated from the J values reported in
reference 91.

a decrease in the dihedral angle described by J; and therefore also corresponds to a
decrease in ¢ (see Figure 3.7).

The overall solution gauche orientations of the oxygen atoms in the ether
fragments of B15CS agree with what is observed for this crown ether as a solid {79].
This is illustrated in Figures 3.9a and 3.9b which show diagrams of space filling models
for solid B15C5 and solid B15CS5 complexed to sodium, built from crystal structure
coordinates using the ALCHEMY software [77,79]. The sodium cation, which is not
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shown in Figure 3.9b, sits on top of the macrocyclic B15CS5 ring and is coordinated to all
five oxygen atoms (the inter-atomic distances vary from 2.4 to 2.6 A {77]). The crystal
structures for B15CS show that this crown ether exhibits only gauche O-C-C-O dihedral
angles, ¢, which vary from 66-72° [79], and there is a slight decrease in dihedral angle
upon complexation to sodium, 57-61° [77]. A decrease in ¢ upon complexation of
B15C5 is also observed in solution. Although all the oxygen atoms have gauche
orientations in both cases, the oxygen atom farthest from the benzene ring has a different
relative orientadon. The crystal structure of complexed DB18C6 [85] show that the
corresponding C-C dihedral angles are also gauche, vary from 66-69° and are in
agreement with the present NMR studies, whereas the uncomplexed solid DB18C6
exhibits much larger dihedral angles: 77° (gauche) and 105° (trans). DB24C8 forms 2:1
caton:ligand solid complexes with sodium, exhibiting both trans (117°) and gauche (60
and 61°) conformations of the O-CH,-CH,-O fragments [70]. Solid DB30CI10,
(K:DB30C10)*, (Rb:DB30C10)* [86] and (Na,:DB30C10)>* [87] exhibit gauche
dihedral angles only. Save a few exceptions, the overall conformations of the crown

ethers and their complexes in solution agree with the corresponding solid structures.
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Figure 3.9a: Space filling model of B15C5 constructed from the crystal swucture
coordinates [79].
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Figure 3.9b: Space filling model of B15C5 complexed to sodium constructed from the
crystal structure coordinates [77].
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3.3 BC NMR

Although 13C chemical shifts are known to be sensitive to conformations, there is
an insufficient understanding of the 13C chemical shift to establish the details of small
structural changes on the basis of the spectral positions of the !3C resonances alone
[91,110,123]. Nevertheless in order to completely characterize the crown ethers and
their respective complexes in CD3NO, by NMR, 13C spectra were obtained and are
shown in Figures 3.10 to 3.13. The assignment of the 1*C resonances was done using
heteronuclear chemical shift correlation described is section 3.4. The aromatic carbons,
whose chemical shifts do not vary appreciably, were not rigorously experimentally
assigned. The a carbon (see Figure 3.2) can be easily assigned: it is the most downfield,
at 145-150 ppm, since it is next to the oxygen which deshields it and it is the "shortest”
peak since the o carbon is quaternary. The P carbon is located at approximately 115
ppm and the y carbon at 122 ppm (this is an empirical assignment based on 2 collection
of results obtained for substituted benzenes [123]). The 13C chemical shifts of the ether
carbons of all the systems studied are between 67 and 71 ppm and are shown in Table
3.5. There is a small difference in the 13C chemical shifts of DB18C6 and DB30C10 in
CD3;NO, compared to those reported by Live and Chan [91] for the same crown ethers in
CDCl;. However, they have also observed a general upfield shift upon complexation.
As do the 'H results, the 13C chemical shifts indicate similar interactions of both sodium
and lithium where B15C5 is concerned. However, there is a significant difference
between the chemical shift of carbon 1 in (Li:B15C5)* which is shifted one ppm more
upfield upon complexation in CD3NO, than that of (Na:B15C5)*. This might be a
reflection of the different positions of the cations within the cavity of B15C5. The
chemical shifts of (Na:DB24C8)*, DB30C10, (Na:DB30C10)* and (K:DB30C10)* are

similar to those previously reported [68,66,108].
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Figure 3.10: '3C proton decoupled NMR spectra of (A) B15CS, (B) (Na:B15C5)*
(resonances marked with a * are those of the BPh," counteranion) and (C) (Li:B15C5)*.
Recorded at ambient temperature in CD;NO, (s).
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Figure 3.11: 13C proton decoupled NMR spectra of (A) DBISC6 and (B)
(Na:DB18C6)*. Recorded at ambient temperature in CD3NO, (s).
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Figur¢ 3.12: 13C proton decoupled NMR spectra of (A) DB24C8 and (B)
(Na:DB24C8)*. Recorded at ambient temperature in CD;NO, (s).
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Figure 3.13: B3¢ proton decoupled NMR spectra of (A) DB30C10, (B) (Na:DB30C10)*
and (C) (K:DB30C10)*. Recorded at ambient temperature in CD;NO, (s).
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Table 3.5: 13C Chemical Shifts of the Ether Carbons for the Various Crown Ethers (C)
and Crown Ether Complexes (M:C)*.2

Cor (M:C)* Solvent C’ C, C; C,
15C5 CD,NO, | 71.193 - - ) -
(Li:15C5)* CD,NO, | 69.227 - - -
(Na:15C5)* cp,No, .| 69.778 - - -
B15C5 CD;NO, 69.632 70.184 71.540 70.942
B15C5 CD,CN 69.589 70.050 71.442 70.900
B15C5 (CD,),CO 69.818 70.262 71.856 71.325
(Li:B15CS5)* CD;NO, 67.447 68.786 69.702 69.475
(Na:B15C5)* CD;NO, 68.454 69.115 69.973 69.482
(Na:B15C5)* CD4CN 68.262 68.676 69.440 68.876
(Na:B15C5)* (CD5),CO 68.072 68.575 69.288 68.725
DB18C6 CD;NO, 68.493 70.381 - -
DB18C6° CDCly 69.39 70.19 - -
(NaDB18C6)* | CD,NO, | 67.886 | 69.949 - -
DB24C8 cDNO, | 70003 | 70757 | 71.859 -
{Na:DB24CRB)* CD;NO, 69.763 68.187 68.857 -
DB30C10 CD;NO, 69.724 70.572 71.609 71.418
DB30C10° CDCl, 69.50 70.30 71.06 70.89
(Na:DB30C10)* | CD3;NO, 68.011 69.897 69.897 70.587
(K:DB30C10)* CD;NO, 69.205 69.205 69.205 69.205
(K:DB30C10)** CDCl, 69.40 69.07 68.84 68.80

(a) recorded at ambient temperature using NaBPh, and NaPF; for the sodium complexes,
LiClO, for the lithium complex and KPFy for the potassium complex. () Cia34
corresponds to the chemical shifts of the carbons at the position 1, 2, 3 and 4 respectively

as shown in Figure 3.2; chemical shift + 0.007 ppm. (c) £ 0.02 ppm from reference 91;
at~320 K.
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However, whereas we observe only one peak for (K:DB30C10)* in CD;NO,, reflecting
the symmetry of this complex compared to (Na:DB30C10)*, others have observed two
peaks in (CD3),CO [66] and 4 peaks in CDCl, [91]. An unusual effect is observed in the
case of (Na:DB24C8)*: the carbons of this complexed crown ether do not follow the
usual trend and the chemical shift of the carbon at position 1 is located downfield
relative to the other carbons in this molecule. The 'H studies also indicated unusual
behavior at position 1 which was attributed to a shorter Na-O, bond length compared to
the other Na-O bond lengths in the sodium-DB24C8 complex, The '3C results probably

also reflect the relative position of the sodium cation in the same manner.
3.4 Heteronuclear Chemical Shift Correlation

The development of sophisticated multiple pulse sequences and 2-dimensional
techniques in NMR, has provided today’s chemist with several possibilities for peak
assignments and compound structural elucidation {38,56,124,125]. Cne of the
techniques that enjoys widespread use for assigning *C resonances is heteronuclear
chemical shift correlation (HETCOR). It is a 2-dimensional technique which labels the
13C resonances, conventionally in the second dimension (f, domain), to the protons, in
the first dimension (f; domain), which are attached to them via the 'H - !3C couplings.
The standard HETCOR pulse sequence is shown in Figure 3.14 [38]. Polarization
transfer from the high-y protons to the low-y carbons is accomplished with the proton
pulses, the 180° 3C pulse at the midpoint of the evolution time ¢, which is incremented
dunng the experiment, is designed to suppress the effects of the !H - 13C couplings in the
f; domain and A, and A, are fixed deiays related to the 'H - 13C coupling constants
(38,125]). In general, the A; and A, delays are optimized as (2 Joy)™! and (3 Ugy)”!

respectively; since the Joy of directly attached protons is 100-200 Hz, 4, is normally
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Preparation Evolution : : Detection

Po180°, L 90%
BC : Acquire
50, [ L 90% [ :
iy : : Decouple
— PD-»! 4 wo A : & t, —»

Figure 3.14: The standard pulse sequence for 'H - 13C chemical shift correlation.

2.5-5 ms and A, is about 2 ms [38,125). The value of ¢; is incremented during an
experiment resulting in a series of spectra in which Fourier transform with respect to t,
gives the resulting 2-dimenaional spectrum. The details of our HETCOR experiments
are described in section 2.2.3,

This technique was used in order to assign the >C resonances of the spectra
shown in Figures 3.10 to 3.13. Values for 'H - 13C coupling constants were determined
for B15C5 in CD3;NO, from a fully coupled spectrum; the Joy values varied from 143 to
146 Hz. It was assumed that the Joy; values for the carbons in all the other crown ethers
and their complexes were approximately the same and a standard value of 140 Hz was
used for all HETCOR experiments. The results obtained are represented by the 2D

contour plots shown in Figures 3.15 t0 3.18.
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Figure 3.15: HETCOR contour plot of (A) B15C5 and (B) (Na:B15C5)* in CD;NO, at
ambient temperature.
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Figure 3.16: HETCOR contour plot of (A) DB18C6 and (B) (Na:DB18C6)* in CD;NO,
at ambient temperature,
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Figure 3.17: HETCOR contour plot of (A) DB24C8 and (B) (Na:DB24C8)* in CD;NO,
at ambient temperature.
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Figure 3.18: HETCOR contour plot of (A) DB30CI10 and (B) (Na:DB30C10)* in
CD3;NO, at ambient temperature.
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This method proved to be very successful in the assignment of the crown ether
13C resonances. The assignment of the protons in positions 1 and 2 was based on the
ring current anisotropy of the aromatic substituent and from the correlations shown in
Figures 3.15 - 3.18, the 13C assignments of those two positions followed. However,
since the 'H chemical shifts values of the protons in positions 3 and 4 of B15C5 and
DB30C10 were so close, long-range heteronuclear chemical shift correlation
experiments were performed in order to unambiguously assign the positions of those
protons. In the past five years, several techniques for long-range heteronuclear chemical
shift correlation have been developed, the simplest based on optimization for long-range
couplings of the standard pulse sequence shown in Figure 3.14 [125]. Since information
transfer in 2-D heteronuclear chemical shift correlation, is accomplished through the 'H -
13C couplings, a knowledge of the sizes of the long-range couplings, Jeoey, is required.
Values of coupling constants for these long-range interactions could not be determined
from a fully coupled '*C spectrum of B15C5 since the long-range information consisted
of several couplings. The assignments for the protons on C(1) and C(2) for B15C5 and
DB30C10 have been unambiguously determined, and we thus wish to observe a
long-range coupling between either C(2) and the protons on C(3) or C(3) and the protons
on C(2). The first long-range HETCOR experiments consisted of using trial values for
Jecy equal to 9 and 12 Hz, selected on the basis of several published results for
long-range coupling constants [125). The HETCOR contour plots, resulting from a
concentrated sample of B15CS in CD;NO,, are shown in Figure 3.19. Clearly, the
selection of Jooy has a large influence on the final appearance of the contour plots.
Since the pulse sequence is optimized for the long-range interactions, it is difficult to
predict the appearance or absence of direct one bond C-H interactions [125] and as a
consequence, only three of the four direct C-H interactions, also varying in contour

intensity, are observed in Figure 3.19(B).
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Figure 3.19: Long-range HETCOR contour plot of B15C5 (approximately 200 mg in 1
mL of solvent) in CD;NO, at ambient temperature. (A) Jocy = 9 and (B) Joey = 12. The
contours marked with a * correspond to the long-range C-C-H interactions only . The
contour marked with an arrow is that of interest (see discussion).
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Figure 3.20: Long-range HETCOR contour plot of DB30C10 in CD3NO, at ambient
temperature. The contours marked with a * comespond to the long-range C-C-H
interactions only. The contour marked with an arrow is that of interest (see discussion).

The following long-range couplings are observed: (a) between C(1) and the protons on
C(2), (b) between C(2) and the protons on C(1), (c) an overall long-range coupling
between C(2) and the protons on C(3) and C(4) which cannot be distinguished, (d)
between C(4) and the protons on C(3) (this is presumably mixed in with the direct
C(4)-H coupling), (e} between C(3) and the protons on C(4) (this can only be observed in
Figure 3.19(A)) and most importantly (f) a long-range coupling is observed between
C(3) and the protons on C(2) which is clearly seen in both Figure 3.19A and 3.19B. Itis
also clear that there is no long-range interaction between C(4) and the protons on C(2)

and this provides conclusive evidence for the assignment. Furthermore, the same
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experiment was done with DB30C10 (Jecn = 12 H2) which also clearly revealed a
long-range interaction between C(3) and the protons on C(2) (see Figure 3.20).

Although previous studies have involved 1H and 13C NMR of crown ethers in
solution [91,92,110], this is the first mention of unambiguous 1H and 13C ether
assignments by determining long-range couplings using the heteronuclear chemical shift
correlation technique. The assignment also agrees with that by Live and Chan in 1976
[91] for DB18C6 and DB30C10, who used off-resonance heteronuclear decoupling to

assign their 13C spectra.

70



Chapter 4

Structures, Thermodynamics, Kinetics and

Mechanisms: »Na NMR Study of Sodium Complexes

4.1 Introduction

Sodium is the 6th most abundant element on earth, present in the rocks, oceans,
upper atmosphere and many organisms; this element is indeed essential to life [24].
Sodium cations are of great biological importance, for instance, the active transport of
both sodium and potassium across cellular membranes, by interaction with natural
jonophores, is an essential function in human bodies and accompanies various
phenomena such as the firing of the nerve, muscular contractions, brain activity and salt
and water transport in the kidneys [24,126]. It is not thus surprising that many studies of
cation - macrocycle complexes have implicated the sodium cation where #3Na NMR has
been a choice technique with regards to such investigations. As a NMR nucleus, BNa

has 2 high natural abundance and a high gyromagnetic ratio (see Table 1.1 on page 7
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which makes it easily observed and a good probe for the characterization of

Na*-macrocycle complexes as viewed through the cation, The usval ZNa chemical shift

range spans about 40 ppm and macrocyclic complexes of sodium have been observed 1o

fall between O and -20 ppm. In this chapter, important insight into the interactions of the

sodium cation with benzo-15-crown-5 (B15C5) and 15-crown-5 (15C5) will be shown

with the use of 2Na NMR.

4.2 Complexes in Solution

Table 4.1 lists the solvents used in this study along with some relevant properties.

Except for PY, these nonaqueous solvents all have similar dielectric constants but the

donor numbers span a relatively large range.

Table 4.1: Solvent Properties at 298 K.

Solvent DN* e N (mP)° p (g/mL)¢ Scor®
NM 2.7 35.9f 6.14 1.131 -1.374
AN 14.1 35.9 3.41 0.776 -0.775
DMF 26.6 36.7 8.02 0.944 -0.415
PY 33.1 12.9 8.84 0.978 -0.452

(2) donor number; reference 32. (b) dielectric constant; reference 50. (c) viscosity;

reference 50. (d) density; reference 50. (¢) magnetic susceptibility correction; 8, . 8

+ 8o (see section 2.2). (f) at 303 K.
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The Gutmann donor number of a solvent [32] is essentially a measure of its electron
donating ability (Lewis basicity), where the quantitative value assigned is the positive
enthalpy for the dissociation of the donor solvent molecule—antimony(V)-chloride
adduct in dichloroethane. As will be shown, it is this property of a solvent which largely
governs many aspects of the cation-macrocycle interaction,

The overall equilibrium associated with the formation of the 1:1 sodium-B15C5

(or 15C5) complex is shown in equation 18:

Kp
(Na*)s + (B15CS)g = (Na:B15C5)% (18)

where each separate entity is solvated to some extent. Since information on the
coordination sphere of the sodium cation can be obtained by ZNa NMR, the above
equilibrium can be monitored by this technique, as shown in Figures 4.1a, 4.1b, 4.2a and
4.2b, where the ZNa chemical shift (8) and longitudinal relaxation rate (T,!) are plotted
as a function of p = [Cy / [Nalp (C = B15C5 or 15C5). These plots are equivalent to
titration curves where the concentration of metal caton is kept constant but the
concentration of ligand is varied. As can be seen, the relationships displayed between
the chemical shifts and p (Figures 4.1a and 4.2a) parallel that of the longitudinal
relaxation rates (Figure 4.1b and 4.2b) and essentially the same structural and
thermodynamic information can be obtained from both 2Na parameters. The overall
relationships observed for 8 and T,™! as a function of p are governed primarily by two
factors: 1) the magnitude of Kp, for the formation of (Na:C)* and 2) the possibility for
the formation of a second complex, (C:Na:C)* referred to as a "sandwich” complex.

As expected, the relationships between & and p, shown in Figure 4.1a, and T;!

and p, shown in Figure 2a, for both 15C5 and B15CS in NM, are very similar.
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Figure 4.12: 2Na chemical shift (3) as a function of p = [Cly / [NaBPhslt in
nitromethane at 301.5 K. C=B15C5 (@) and C = 15C5 (OQ). [NaBPh,Jt = 80.0 mM.

74



600

T
(Hz)

400

200

3.0

Figure 4.1b: 2Na longitudinal relaxation rates (TyY) as a function of p = [Cly /
[NaBPh,]y at 301.5 K in nitromethane. C = B15C5 (@) and C = 15C5 (O). [NaBPhly
= 80.0 mM.
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These results, agree very well with those observed by Lin and Popov for the same
systems [88]. At p = 0 there is no crown ether present and the sodium is completely
solvated. The linearity of the plots in the region 0 < p < 1 in Figures 4.1a and 4.1b is an
indication that the formations of the 1:1 Na:B15C5)* and (Na:15C5)* complexes in NM
are quantitative where the formation constants (equation 18) are high: log K, > 4 [88].
Also, in this region, there is the presence of sodium in two possible sites: solvated,
(Na*)g (site A), and complexed, (Na:C)*g (site B), where there is actually a chemical
exchange of sodium in these two sites. This kinetic aspect will be discussed in section
4.3. In the conditions of Figures 4.1a and 4.1b, the chemical exchange is fast on the
chemical shift timescale and only one average Lorentzian signal is observed; the

chemical shift observed (3,;,) is a weighted average of the two sites:
Sobs = PASA + PBSB (19)

where P, and Py are the populations of sodium in both sites while 8, and dp are the
comresponding chemical shifts. The longitudinal relaxation rate can be substituted for the
chewical shift in equation 19.

Since the Kg, for complex formation is high, all the sodium present is complexed
at p 2 1 in Figure 4.1a and 4.1b, but as well in this case, there is further formation of a
sandwich complex as indicated by the variation of the chemical shift at p > 1: log K =

0.8 £ 0.3 for the formation of (Na:B15C5,)* in NM [88].

Kp2
Na:O)*s + (C)g = (C:Na:C)* (20)

The reversal in chemical shift at p = 1 is indicative of the formation of a sandwich

complex where this has also been observed for other alkali metal cation-crown ether
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complexes: (Li:12C4p)* [102,127), (Na:15C5,)* [88] and (Cs:18C6,)* [128,129]. The
formation of 1:2 cation-crown ether complexes usually occurs in low donicity solvents
when the diameter of the cation is greater than that of the ligand cavity. In this present
case, the diameter of Na* (2.04 A) is probably only slightly larger than the cavity of
15C5 / B15C5 (1.7-2.2 A) [14,16] since the formation of the sodium-B15C5 sandwich
complex is only observed in NM (compare with Figure 4.2a). The significant difference
observed in the T, values of (Na:15C5)* and (Na:B15C5)*, at p = 1 in Figure 4.1b,
reflects the overall higher symmetry about sodium in the former complex.

Figures 4.2a and 4.2b show the ¥Na chemical shift and longitudinal relaxation
rate as a function of p = [B15CS]y / [NaBPh,]y in AN, DMF and PY. The linearity of
the relationship observed in AN reflects the high degree of formation of (Na:B15C5)* in
this solvent: log Kg, > 4 [88]. However, the curved relationships observed in PY and
DMF are indicative of a substantially lower extent of the reaction shown in equation 18,
which thus results in a lower value for Kg;. Based on this equilibrium, it is possible to
derive a relationship for the observed chemical shift or longitudinal relaxation rate which
is a function of [Naly, [B15CS); and Kg (see Appendix 2). Nonlinear SAS®
regressions of both the chemical shift and longitudinal relaxation rate data in PY, gave
log Kg; = 2.9 + 0.3 in both cases, &y, = -1.9 + 0.2 (this represents the chemical shift of
(Na:B15C5)*) and T, = 265 + 18 (this represents the longitudinal relaxation rate of
(Na:B15C5)*). This agrees well with values previously reported by Lin and Popov [88]:
log Kpy =2.6+ 0.1 and 8y, =-2.4+ 0.3. In DMF, log Kp; was determined to be 1.2 £
0.4 from both the § and T, data; 8y, = -5.9 + 0.6 ppm and T; "L}, = 273 + 84. This also
agrees well with that determined again by Lin and Popov; log Kp; = 1.6 £ 0.1 and &y, =
-6.0 + 0.3 ppm [88]. The lower values for Kg; in DMF and PY as compared to AN and

NM is a reflection of the higher donor numbers of the two former solvents (see Table

4.1).
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Figure 4.2a: 23Na chemical shift (5) as a function of p = [B15C5]y / [NaBPh,]y at 301.5
K in PY (@), DMF (4) and AN (®). For PY and DMF, [NaBPh,lt = 20.0 mM and for
AN,[NaBPhlr = 80.0 mM. For PY and DMF, the data points are experimental and the

curves are calculated based on a model for the formation of the 1:1 complex (see
Appendix 2).
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Figure 4.2b: 2Na longitudinal relaxation rates (T, as a function of [Cly / [NaBPh,ly
(p) at 301.5 K in PY (@), DMF (A) and AN (M). For PY and DMF, [NaBPh,]p = 20.0
mM and for AN, [NaBPhylr = 80.0 mM. For PY and DMF, the data points are

experimental and the curves are calculated based on a model for the formation of the 1:1
complex (see Appendix 2).
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DMF and PY effectively compete with B15C5 for sedium coordination sites resulting in
the formation of a weaker complex in these two solvents. This also explains the fact that
the formation of sandwich complexes is not observed in these two solvents.

A summary of the resuits shown in Figures 4.1a, 4.1b, 4.2a and 4.2b can be found
in Table 4.2. The trend followed for the ZNa chemical shift of (Na)*s (at p = 0) is
directly related to the DN of the solvent as discussed in section 1.2.2. Since the chemical
shift values for (Na:B15C5)* are not identical in all four solvents, this indicates the
direct participation of the solvent in the first coordinaton sphere of the complexed
sodium cation in at least some of the solvents. Looking at equations 8 and 10 shown
earlier, one can determine that the measured quadrupolar relaxation rate should be
directly proportional to the solvent viscosity if the electric field gradient is independent
of the solvent; thus a constant value for the reduced T;™! (T,"! /m) is expected. As can be
seen in Table 4.2, this is not the case which again indicates a different immediate
environment of the sodium cation in each of the solvents.

The results for (Na:B15C5)* can be compared with other ZNa NMR results in a
similar study by Detellier and co-workers for (Na:DB30C10)* [103]. This sodium
complex also exhibits different chemical shifts and reduced longitudinal relaxation rates
indicating the participation of at least one solvent molecule, as well as the ether oxygens
of the ligand, in the first coordination sphere of the sodium cation. The behavior of both
(Na:B15C5)* and (Na:DB30C10)* is in contrast to that of (Na:DB24C8)* [66] and
(K:DB30C10)* [68], where the respective ZNa and 3K NMR studies show that the
solvent is completely expelled from the cation coordination sphere. DB24C8 and
DB30C10 can form three-dimensional cavities precisely adapted to Na* and K*
respectively, whereas the large DB30C10 and smaller B15C5 do not perfectly adapt
themselves to Na*. The values for the formation constants themselves can also give

insight into the degree of "adaptability" of the ligand towards the cation.
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Table 4.2: Na NMR Characteristics of (Na)*s and (Na:B15C5)"s.

Solvent 8s Tis? 3¢ Tic! | Ticl/n log K¢
ppm Hz PPmM Hz Hz /mP

NM® -14.48 26 -3.75 662 108 > 4b
+0.01 +1 +005 | %6 +1

AN? -7.29 21 -3.71 157 46 > 4b
+0.01 +1 +0.01 +6 +2

DMF® -4.55 86 -5.94 2734 34 1.2
+0.01 +1 +0.1 + 84 +5 +04

PY® 1.20 48 -1.94 2654 30 2.9
+0.01 1 +0.1 + 10 +1 +0.3

NM2e - - -5.30 365 59 >4

1 0.02 t4 t1

(2) [NaBPhyly = 80.0 mM and T = 301.5 K+ 0.5 K. (b) reference 88. (c) [NaBPh]y =
20.0 mM and T = 301.5 £ 0.5 K. (d) limiting values from nonlinear regressions of the
data in Figures 4.2a and 4.2b. (e) characteristics of (Na:15C5)*.

Overall, the Kg; values for (K:DB30C10)* are larger than those for (Na:DB30C10)*
[66,68] and those for (Na:18C6)* larger than those for (Na:B15CS)* [88]. The crown
ether 18C6 thus displays a marked selectivity over B15CS in the complexation of the

sodium cation.

In the complexation equilibria, the possibility of ion-pairing must be considered:

(Na)'s + (X)s = (NatX')g (21)
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where X is the counteranion in the sodium salt. Others have shown that the presence of
ion-pairing, in related studies, can have profound effects on experimental observations
[130-132]). With relevance to these types of studies, the extent of ion-pairing, K;p, can be
quantitatively determined from alkali metal NMR experiments by observing the desired
alkali metal chemical shift as a function of the concentration of alkali metal salt
[30,133). Throughout this work the counteranion associated with the sodium complexes
is tetraphenylborate (BPh;?). As can be seen in Table 4.3, there is little or no variation in
the BNa chemical shift of (Na*)s in NM as a function of [NaBPhyly. This is a good
indication that ion-pairing, as shown in equation 21, between the sodium cations and the
bulky tetraphenylborate anion is minimal in this solvent [134]). This is also the case in
AN and since the tendency for sodium ions to form contact ion-pairs is related to solvent
donicity [135] one could predict that ion-pairing between the Na* and BPh," ions would
be nonexistent in DMF and PY. Sodium perchlorate, NaClQ,, has limited solubility in
NM but again in the range of sodium concentration studied, ro ion-pairing effect is
observed. A relatively small ion-pairing effect is observed for sodium
hexafluorophosphate, NaPFg, also in NM. The chemical shifts of (Na:B15CS5)* do not
vary significantly as a function of [Na*}; and thus it is not likely that these three
counteranions are associated with the complexed sodium. Those sodium salts listed in
Table 4.3 are the only three used in this study. The data shown in Table 4.3 was
included in this thesis in order to illustrate and confirm the negligible role of ion-pairing
in any equilibria or mechanism which is presented here. These variations (or absence of)

in chemical shifts are also paralleled by the relaxation rates.
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Table 4.3: 22Na NMR Chemical Shifts of (Na)*g and (Na:B15C5)* in Niromethane and

Acetonitrile.
Counteranion [Nat)p s 5P
(solvent) mM 1001 ppm | +0.05 ppm

BPh," (NM) 80.0 -14.48 -3.75
599 -14.42 -3.74
40.0 -14.45 -3.75
20.0 -14.41 -3.71
8.0 -14.43 -3.74
4.0 -14.37 -3.67

BPh, (AN) 80.1 -7.29 -3.71¢
50.0 -71.29 -3.71
40.1 -7.29 -3.70
5.0 -7.25 -3.68

ClO, (NM) 10.0 -14.27 -3.73
5.0 -14.27 -3.64

PF," (NM) 20.6 -14.60 -3.83
10.3 -14.46 -3.82
5.0 -14.33 -3.74

(a) 3 is the ZNa chemical shift of (Na*)s. (b) 8¢ is the ZNa chemical shift of
(Na:B15C5)*. (c) in AN the error on 3¢ is £ 0.01.
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4.3 Two-Site Chemical Exchange

Since the interactions between alkali metal cations and macrocyclic ligands are dynamic
in nature, these systems can also be studied kinetically by alkali metal NMR. We have
already seen that the formation of these complexes in nonaqueous solution is usually
close to the diffusion control limit (see section 1.1) [18,19), and it is thus the dissociation
of the complex, responsible for the selectivity of interaction, which is of interest. The
corresponding values of the rate constants involved in the dissociation of alkali
metal-crown ether complexes often fall in the range where they can be measured by
alkali metal NMR (typically 102 - 10° s1), making this a choice technique for such
investigations.

Generally, two sites are considered when describing the chemical exchange of the

alkali metal cation;

ka
(M+)s = (M:C)+s (22)
kg

where (M*)g refers to the solvated metal cation (site A), (M:C)*g refers to the complexed
cation (site B) and k, and kg are the rate constants for the forward and reverse reactions
respectively. The lifetime of the cation is site A is T4 = 1 / k, and the lifetime of the
cation is site B is 75 = 1 / kg. The mean lifetime, 7, of M* in the two sites =P, / kg =Py
! kp = (kp + kp) where P, and Py are the respective populations of the cation in both
sites.

In the absence of chemical exchange the observed transverse relaxation rate has

quadrupolar relaxation and instrument inhomogeneity contributions:
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Tooes | = Wy = Tyl + Ty (23)

Since the Tz.obﬁ‘l is also related to the line-width of a Lorentzian peak, it may be
determined directly from the observed specttum. In extreme narrowing conditions, the
presence of chemical exchange markedly affects the transverse relaxation rate, Ty,
while not affecting the longitudinal relaxation rate, T,"!. As a result the lineshape of the
observed spectrum is altered and another contribution to the observed T,™! is introduced:
Tyex!. If the spectrum remains Lorentzian shaped, an increase in Ty ! will result in a
broadening of the line. Since in extreme narrowing conditions T, ! and T, are

equivalent:

Tlcx-l = TZ.ot:n;l - Tl.q‘1 - TZ.inhh1 (24)

Essentially then, the exchange contribution to the observed transverse relaxation, is the
difference between the observed transverse relaxation rate, which is measured directly
from the spectrum (equation 23), and the longitudinal relaxation rate, which is
independently measured. A graphical representation of this is shown in Figures 4.3 and
4.4 [136,137]. In these figures, both the transverse and longitudinal relaxation rates are
plotted as a function of p, where p = [Cly / [NaBPhy}y (C = 15CS in Figure 4.3 and
BI15CS in Figure 4.4). The experimental conditions are identical in both cases; the
[NaBPhy]r remains constant at 80.0 mM and as p increases the [C)r increases. The
behavior of T; as a function of p was described in section 4.2 (Figure 4.1b) and since
under ideal conditions in the absence of chemical exchange the two relaxation rates
should be equivalent, the instument inhomogeneity contribution to the observed
transverse relaxation can be determined when p > 1.0 (in the absence of chemical

exchange); it is about 30 and 10 Hz in Figures 4.3 and 4.4 respectively.
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800

Figure 4.3: 2Na transverse (i = 2;@® ) and longitudinal (i = 1; Q) relaxation rates as a
function of the rato p = [15CS5)y / [NaBPhy}r in nitomethane. T = 301.5 £ 0.5 K;
[NaBPh,] = 80.0 mM. The data points are experimental and the T, curve has been

calculated based on equation 25 from the determined k, value: (k, = 1.45 + 0.05) x 10°
Mgt
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Figure 4.4: 2Na transverse (i = 2; @) and longitudinal (i = 1; Q) relaxation rates as a
function of the ratio p = (B15CS5]t / [NaBPh,]y in nitromethane. T = 301.5 £ 0.5 K;
[NaBPh,] = 8.01 mM. The data points are experimental and the T, curve has been
calculated based on equation 25 from the determined k, and k_; values: k, = (1.09
0.04) x 10° Mt st and k; = (1.1 £0.1) x 102571,
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As well, the lower value of Tl'l (365 Hz) for (Na:15C5)* (p = 1.0 in Figure 4.3) as
compared to the value of T, (660 Hz) for (Na:B15C5)* {p = 1.0 in Figure 4.4) reflects
the greater symmetry around sodium in (Na:15C5)*. As can be seen, in the region where
the sodium cation can occupy the two different sites (0 < p < 1), the linewidth of the 2Na
NMR spectrumn, as denoted by the transverse relaxation rate, has been broadened due to
the presence of chemical exchange. This behavior is characteristic of a system
undergoing "moderately rapid" exchange (the lineshapes remain Lorentzian shaped) and

it can be shown that in these conditions [138,139]:
Toe! =424 Py (vy - vp)? (k4 +kp)! (25)

where v, and vg are the chemical shifts, expressed in Hz, of the two respective sodium
sites. Equation 25 is valid when ky , kg > Tpx™), Top™l, 2 {(v4 - vp)| and 4n2 (v, - vg)? »
(Toa™ - Tap )% The second condition can be verified in the cases shown in Figures 4.3
and 4.4: 42 (v, - vp)? is at least two orders of magnitude greater than (T, - Tog™1)? for
sodium with 15C5 and B15C5. Therefore, quantitative values of (ks + kg), describing
the dynamic activity in solution, may be relatively easily obtained from the exchange
contribution to Tz‘,bs'l. Figure 4.5 illustrates this exchange contribution by showing a
plot of T, ! as a function of p for (Na:B15C5)* in NM obtained from the data in Figure
4.4. The parabolic shape of the curve with a maximum at p = 0.5 is in agreement with -
equation 25 and indicates that the (k, + kg) is constant throughout the range 0 < p < 1.
Since the equilibrium constant for the formation of (Na:B15C5)* > 10* [88], one can
equate p with Pg (P4 = 1 - p) and the product P,Pp has a maximum value of 0.5. The
kinetic behavior of Na* with 15C5 (Figure 4.3) and B15CS (Figure 4.4) under identical
conditions is similar except that there is a greater contribution of Toex! tO Typs™ in the

case of B15C5 which indicates a lower overall rate of exchange, (ky, + kg).
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Figure 4.5: Ty, as a function of p = [B15CS)p / [NaBPhyly. T = 3015 £ 0.5 XK.
[NaBPh,] = 80.0 mM. The data points are calculated from the data shown in Figure 4.4
and the solid line is calculated based on equation 25 from the determined k, and k,
values: ky =(1.09£0.04) x IC Ml sland k; =(1.1£0.1) x 102 5L,

Table 4.4 contains values for the sum of the two pseudo-first order rate constants, (k, +
kg), calculated with equation 25, as well as determined from complete lineshape

analyses (see section 2.3.1).
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Table 4.4: Kinetic Data for Sodium Chemical Exchange in Nitromethane?®.

C=15C5
va=-11422 13Hz
vp=-424 £ 1 Hz

C =B15Cs5
vp=-1155+25 Hz
Vg = <298+ 1 Hz

Pa(p) | Toe’ (kp +kg)® (ka +kp)°®
(Hz) (x10°sY) (x10%s)
0.18 198 + 14 13.3+14 13.3+0.7
0.20 224+ 16 145+ 1.6 13.6%0.7
0.33 347 %28 13.0% 1.6 12.3+0.6
0.51 442 £33 11.5+1.2 11.8+06
0.52 472+ 42 107+ 1.4 11.5+ 0.6
0.64 421 £ 46 11.1£1.6 114+ 06
0.70 373 +31 114+ 1.4 11.0%0.6
0.22 385+ 26 124420 9.9+0.5
0.30 592 %45 102+ 1.7 8.7+04
0.40 743 £43 9.4+1.1 8.7+0.4
0.50 856 £45 8.5+0.9 9.1+£0.5
0.60 839 +43 8.3+0.9 9.0+£0.5
0.70 693 + 43 8.8+ 1.0 8.6+ 0.4
0.80 476 + 41 9.7+14 8.9%0.5
0.90 253 +44 11.1£2.5 8.3+04

(a) [NaBPh,ly = 80.0 mM and T = 301.5 £ 0.5 K. (b) calculated using equation 25. (c)

determined from complete lineshape analyses (method 1; see section 2.3.1).
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As they should be, the results obtained for (k, + kg) by both methods are identical within
experimental error. The (k, + kp) values for 15C5 are greater than the (k, + kg) values
for B15CS reflecting the greater overall rate of exchange of sodium with 15C5 in
otherwise identical conditions. The observation that (k, + kg) is independent of p with
both crown ethers, is significant and will be discussed later.

As the rate of exchange decreases on the NMR chemical shift timescale, there are
spectacular changes in the lineshape as it ceases to be Lorentzian. This is illustrated in
Figure 4.6 for a series of solutions containing equal populations of sodium in solvated
(NM) and complexed to B15CS forms. For spectra which are non-Lorentzian, full
lineshape analyses must be performed in order to extract a value for (k4 + kg) [46]. As
the sodium concentration decreases from 80.0 to 4.0 mM, the (kp + kg) also decreases
from (9.1 £ 0.5) x 10% to (7.0 £ 0.4) x 102 5°1. 'The observed dependence of the exchange
rate by the concentration of sodium cations is indicative about the specific mechanism by

which the exchange takes place.
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(MmM) L(xlossﬂ)
80.0 9,1%0.5
40.0__/L 3.9+0.2
Z.0.0 A logi O-l
8.0‘_J\JL___ 0.88+0.04
4.0 __AJL__‘ 0.70*0.04
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Figure 4.6: 2Na NMR spectra of solutions containing equal populations of (Na*)g and
(Na:B15C5)* (p = [BSCS}y / [NaBPh,]r = 0.50) in nitromethane at T = 301.5 + 0.5 K.

From top to bottom, the [NaBPh]r and sum of the pseudo-first order rate constants, (ka
+ kg), vary as shown.
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4.4 Mechanistic Interpretation of the Chemical Exchange

The sum of the two pseudo-first order rate constants (k, + kg), can be interpreted
in a meaningful way only if the corresponding mechanism of exchange is known, and,
for this purpose, models have to be designed and tested. Two simple mechanisms for the
two-site chemical exchange (equation 22), initially postulated by Shchori et al
[140,141], have been successful in accounting for the kinetic data obtained in several

-rclatcd NMR studies (see Appendix 3) [17,19,128,130-132,136,137,140-164]. The first
mechanism is referred to as dissociative exchange and is comprised of the following two

equations:

k.y
M:Cy* = M*+C (262)
ky
k1
M +C = MOt (26b)
ky

As it is shown, the chemical exchange of sodium in its solvated and complexed sites is
accomplished by the dissociation of the complex to give the free cation and free ligand
or by the association of the free cation and free ligand to give the complex (equation
26a). This mechanism is propagated with the interaction of different species in solution
(equation 26b). In this case, the rates for the appearance of the solvated and complexed

sodium can be expressed as:

d[M*]/dt = k; [M:C*] = kg [M:C*] 27)
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dIM:C*)/dt = k, [MT][C] = k, [M*1] (28)

and therefore:

(ka +kp) = k [C +k, (29)

Since equilibrium constants for the formation of these complexes are typically very high,

[M:C*]p = [Cly, equadon 30 may be derived from equation 29:

kA + kB = k-l (1'9)-1 (30)

where again p = [Cly / [M*]r. The chemical exchange may also proceed via a second

mechanism referred to as associative exchange:

ky
M™ + M:O)* = M*+M":C)* (31)

where the chemical exchange of sodium by this mechanism is achieved with the
interaction of another sodium cation where in the transition state one can visualize the
simultaneous binding of two cations, wholly or partially bound on opposite faces of the
ligand. Equation 31 is the sum of equations 26a and 26b where the exchange is
accomplished in one step. In this case, the rates for the appearance of the solvated and

complexed sodium can be expressed as:

d[M*] /dt = ky [M*]IM:CH = kg [M:C*] (32)
dIM:C*] /dt = k, [MAI[M:CY] = k, [M*] (33)
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and therefore:
(kp +kg) = kg [M*] +ky [M:C'] = k, M*)p (34)

At this stage we can obtain qualitative information about the chemical exchange of
sodium between its solvated‘ (NM) and its complexed (B15CS and 15C5) states. If the
exchange proceeded via the dissociative pathway (equation 26) then there should be a
variation of (k, + kg) as a function of p (equation 30). From the results shown in Table
4.4, we can conclude that this is not so.

If these two mechanisms for the chemical exchange are the only ones considered

then:
(ka +kp) =k 1 (1-p)! + ky[M*)p (35)

where the overall (k, + kg), measured by NMR, comes from dissociative and associative
contributions to the exchange. The relative simplicity and linear form of equation 35
provides a convenient mechanistic test for determining the exchange mechanism. This
does not preclude, however, the possibility of other mechanisms which could be
implicated in the chemical exchange, such as the possible participation of the
counteranion. Highly coordinating counteranions such as SCN-, have been shown to
influence the pathway for exchange [132] as well as to influence the magnitude of the
observed rates [130,131]. Since the counteranions used in this study (BPhy", C1O, and
PFy") are relatively non-coordinating, a counteranion effect is not anticipated (this will be
confirmed later). In the case of a solvated crown ether (C), coexisting in solution with

the complex (M:C)*, an associative mechanism for the ligand exchange should also be

considered [166]:
C'+ MO = C+ (M:CHy* (36)
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However, this particular chemical exchange cannot be studied by the present method,
BNa NMR, since the cation occupies only one site in solution. In this case, 13C NMR
might prove to be useful if the rates involved can be measured on the 13C chemical shift
timescale.

If the two mechanisms described in equations 26 and 31 are the only ones
responsible for the chemical exchange of the sodium cation between the solvated and
complexed sites, then from equation 35 the relationship between (ka + kyg) and (1-p)! at
a constant [M*]y, or (k, + kp) and [Na*]y at a constant ratio of p, should be linear.
Figure 4.7 shows plots of (k, + kg) as a function of (1-p)! for (Na:15C5)* at various
concentrations of NaBPh, in NM. The linearity of the plots is an indication that equation
35 is valid where the slope and intercept values are related respectively to the
dissociative and associative contributions of the overall exchange. The observed lines
are horizontal which confirms the absence of the dissociative pathway for the chemical
exchange. The values of kj, which are proportional to [Na*]r, can be obtained from the
Y-intercepts. Figure 4.8 shows the same plot for (Na:B15C5)* again at various
concentrations of NaBPh, in NM. Again the relationships between (k, + kg) and (1-p)-!
are linear and near horizontal. At the lower sodium concentrations (20.0, 8.0 and 4.0
mM) there is evidence for a measurable residual contribution of dissociative exchange.
The rate constant for complex dissociation in the dissociative exchange mechanism
(equation 26) can be determined from the slope of these lines: k; = (1.1 £0.2) x 102 5!
at 301.5 £ 0.5 K. At the higher sodium concentrations (80.0 and 40.0 mM), the errors
preclude any useful determination of k ;.

Plots of (k, + kp), this time as a function of [Na*}; at constant p, shown in
Figures 4.9 and 4.10, confirm that the preferred exchange mechanism is via the

associative pathway for (Na:15C5)* and (Na:B15C5)* in NM.
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Figure 4.7: (k, + kp) a function of (1-p)! for various concentrations of NaBPh, in NM
at 301.5% 0.5 K; p = [15C5]y / [NaBPhy)y: 50.1 mM (@); 40.0 mM (m); 20.0 mM (A );
8.0 mM (@).
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Figure 4.8: (k, + kg) as a function of (1-p)’! for various concentrations of NaBPh, in
NM at 301.5 + 0.5 K; p = [B15CS])y / [NaBPhyly: 80.0 mM (@ ); 40.0 mM (m ); 20.0
mM (A); 8.0 mM (@); 4.0 mM (W).

98



The plots are linear, extrapolate to the crigin and k, is obtained from their slopzs: ky =
(1.45 £ 0.05) x 10° M!s! for (Na:15C5)* and k, = (1.09 £ 0.04) x 10° M1s! for
(Na:B15CS)* at 301.5 in NM.

The activation parameters for title associative exchange of (Na:15CS5)* and
(Na:B15C5)* in NM were determined from a temperature study for p = 0.50 at
[NaBPhyly = 60.0 mM. The Eyring equation relates the determined rate constants with

the activation parameters as shown {46}

k = (k5T / h) exp(-AG* / RT) (37
k = (kpT/ h) exp(-(AH" - TAS") / RT) (38)

where ky Boltzmann’s constant, & is Planck's constant and AH", AS® and AG® are the
enthalpy, entropy and free energy of activation respectively. The Eyring plots shown in
Figure 4.11 are linear in the temperature range studied (six temperatives, 253.0 € T <
301.5 K) and the activation parameters for the associative exchange of (Na:15C5)* and
(Na:B15C5)* in NM are given in Table 4.6: AH* =21 + 2 and 28 + 3 kJ.mol"! and AS® =
-76 + 2 and -57 £ 3 J.mol'LK"! respectively. The slightly higher enthalpy of activation
in the case of BISCS, which is compensated by a less negative entropy of activation,
reflects the rigidity of this crown ether compared to the nonsubstituted 15C5. The highly
negative values of entropies of activation for both crowns reflects the associative nature
of the chemical exchange.

It was previously shown that in the complexation of sodium with B15CS in NM,
ion association between Na* and the three counteranions used in this study, BPhy, ClO,
and PFg, was minimal (see Table 4.3). A parsllel analysis can be done in relation to

kinetic aspects of the interaction again showing relatively little kinetic influence of these

counteranions.
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Figure 4.9: (k, + kg) as a function of [NaBPh,}y in niromethane at T =301.5+ 0.5 K.
p = [15C5]p / [NaBPhy]r = 0.57 in all cases. The data points are experimental and the
line is a result of a linear regression: (k, + kg) = (-0.2 £ 0.2) x 10® + (1.45 £ 0.05) x 103
[Na*]y, (see equation 35).
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Figure 4.10: (k, + kg) as a function of [NaBPh,]t at T = 301.5 + 0.5 K in nitromethzane.
p = [B15C5]; / [NaBPh,}y = 0.50 in all cases. The data points are experimental and the
line is a result of a linear regression: (k, +kg) =(-0.6+ 1.8) x 102 + (1.09 £ 0.04) x 10°
[Na*}y, (see equation 35).
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Figure 4.11: In(k,h / kgT) as a function of T"!. [NaBPh,} = 60.0 mM in nitromethane.
ko at each temperature was calculated assuming associative exchange only (equation 35
becomes (k + kg) =k;[Nat]r). (@): B15C5, p =0.50; (m): 15C5 p = 0.65.
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Table 4.5 shows the measured (k, + kp) for the exchange of sodium between (Na*)g and
(Na:B15C5)* in NM as a function of [NaX]r, where X" is the counteranion. Assuming
that the exchange of sodium is purely associative in these conditions, the corresponding
rate constant k,, which displays very litde change as the counteranion and its
concentration varies, is calculated from the corresponding (ka + kp): k, = 1.0 x 10°
M-lsl, The values of k, are slightly higher in the presence of the perchlorate anion.
Plots of (k4 + kp) as a functon of (1-p)! for the exchange of sodium in the presence of
the hexafluorophosphate anion in NM at 300.0 K are shown in Figure 4.12. As in the
case of NaBPh, at these relatively low salt concentrations, there is evidence for a
residual contribution of dissociative exchange. Analysis of the three linear plots yields
an average value of k, = (0.83 £ 0.08) x 10° M-1s! and k; = (1.7 & 0.5) x 102 5! at
300.0 K which is comparable to k, = (1.09 £ 0.04) x 10° Mstand k= (1.1 £0.1) x
10? s*! for NaBPh, at 301.5 K.

Although PF¢ is known to be a relatively non-coordinating counteranion
[144,145], the results shown in Table 4.3 indicate that there is a small ion-pairing effect
for this counteranion (the 2Na chemical shift displays a slight dependence on the

[NaPF¢ly). The ion-pairing equilibrium is represented by equation 39:

Kpp
Nat+X = Na* X" (39)

The chemical exchange of sodium can be thus effected by a third possible mechanism:

k+
Nat X +C = (NaO+t+ X" (40)
k
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Table 4.5: The Effect of the Counteranion (X°) on (kp + kg) for the Exchange of
Sodium Between (Na*); and (Na:B15C5)* in Nitromethane.

X [NaX)® (ka +kg) ko P
mM x 10251 x 103 M-1s7!

BPh, 80.0 91+4 1.1£0.1
BPh,- 59.9 63+3 1.1£0.1
BPh,- 40.0 3942 0.99+0.01
BPh, 30.0 2942 0.97 £0.01
BPh, 20.0 19+1 0.95 +0.01
BPh,- 8.0 8.8+0.5 1.1£0.1
BPh, 6.0 8.1+£0.5 1.3£0.1
BPh,- 4.0 7.0+0.5 1.8+ 0.1
Clo, 10.0 19.7£0.5 1.97 £0.05
Clo, 5.0 10.41+0.3 2.08 £ 0.06
PF¢ 20.6 22.6+0.5 1.10£0.02
PF, 10.3 11.7+£04 1.14+0.04
PF¢ 5.0 7.7+04 1.54 £0.08

(@) X"=BPhg, p=0.50, T=301.5K; X" =ClO,, p = 0.48, T=300.0K; X" = PFg, p=
0.52, T=300.0K. (b) assuming associative exchange only: (k, + kg) = ky[Na*lr.
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Figure 4.12: (k, + kg) as a function of (1-p)! in nitromethane at 300.0 + 0.5 K. p=
[B15CSly / [NaPFgly and [NaPFgly = 20.6 mM (@); 10.3 mM (®@); 5.0mM (M)

105



For PFg, one can assume that Kpp is very small, and, using the appropriate

approximations, equation 41 is obtained [130].

(ka +kp) = (k[Na'lyp)/ ((1-p) Kpp) (41)

The increase in (k, + kp) observed as a function of p, as well as & function of [Na],
shown in Figure 4.12, could therefore be due to slight ion-pairing effects rather than a
residual dissociative contribution. If this was the case however, the plots shown in
Figure 4.12 would not be linear. Since a value of Kp cannot be accurately determined,
and given the limited range of p values accessible, a full analysis could not be performed
giving enough precision on the rate constants.

Thus in NM, the exchange of sodium between its solvated and B15CS complexed
sites, proceeds almost exclusively via the associative exchange mechanism shown in
equation 31. In AN however, the behavior of sodium with the same ligand is completely
different. In this solvent at 300 K, no detectable broadening of the ZNa NMR signal is
observed for NaBPh, - B15CS ([NaBPh,)t = 10.0 mM), and only a lower limit of 3.8 x
10* 5! can be estimated for (k, + kg). This lower limit for (kp + kp) is calculated from
equation 23, knowing the chemical shifts of both sodium sites and assuming that reliable
Tz'ex‘l data can be obtained only when the exchange broadening is at least 20% of
Tmbs‘l [143]. At 258 K, the transverse relaxation rate is sufficiently different from the
longitudinal relaxation rate and a meaningful chemical exchange contribution, Toexs
can be measured. This is illustrated in Figure 4.13 which shows plots of the relaxation
rates as a function of p for Na*-B15C5 in AN. The corresponding variation of (kp + kg)
as a function of (1-p)! is shown in Figure 4.14. Figure 4.13 shows the experimental data
points and a set of curves calculated for various values of k_; (equations 25 and 35). Itis
worth noticing that the graph of T, as a function of p displays an inflection point,

resulting from the form of equation 25 when (k, + kg) =k, (1-p)"!. Since Kp; > 104, as
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shown by the linearity of T,™! with p, Py = 1 - P, = p. Under these conditions, T, = f
(p) is a cubic equation, The curves shown in Figure 4.13 were calculated without taking
into account any contribution from the associative exchange mechanism (ky = 0). This
can explain the slight discrepancy between the experimental data points and the curve
(C). The linear variation of (k, + kg) with (1-p)’}, shown in Figure 4.14, is diagnostic of
mainly dissociative exchange for sodium in AN since the line has a definite slope which
extrapolates near the origin: k; = (3.5 £ 0.1) x 10° s'!. Evidence for some residual
contribution of the associative exchange can also be found in the non-negligible value of
the Y-intercept, giving k, = (0.9 £ 0.3) x 10° M'ls’l. A summary of the kinetic results
obtained for (Na:15C5)* and (Na:B15C5)* in NM and AN from this work, as well as
other published resuits for closely related systems, are shown in Table 4.6.

The completely different mechanistic behavior in NM and AN maybe at first
surprising considering that these two solvents are characterized by many similar
properties; the dielectric constant for both is 35.9 at 303 and 298 K, the dipole moments
are 3.56 and 3.53 D and the solubility parameters (Hildebrand’s 8) are 26.0 and 24.8
MPal? all respectively [50]. These two solvents have however significantly different
donicity numbers (2.7 for NM and 14.1 for AN). While the contribution of the
dissociative exchange process (equation 26) to the overall exchange rate accounts for
only 9% in NM (B15C5, 301.5 K, [Na*]y = 20.0 mM, p = 0.50), it reaches 85% in AN
(258.0 K, identical conditions otherwise; see Table 4.6). The change of predominant
exchange mechanism observed comes mainly from an increase of the absolute value of
the dissociative exchange rate constant, k ,, seen in the solvent with the higher donicity
number (AN). It can be seen in Table 4.6 that for similar values of k, (B15C5 in AN at
258.0 K, in NM at 301.5 K}, the k_,’s differ by a factor of 30 in going from NM to AN.
A similar trend has been observed for (Na:DB18C6)* in NM and AN [145).
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Figure 4.13: 2Na transverse (i = 2; @ ) and longitudinal (i = 1; ) relaxation rates as a
function of p = [B15CS5]y / [NaBPhy]y in acetonitrile at T = 258.0 £ 0.5 K. [NaBPh,)y =
10.0 mM. The data points are experimental and the curves have been calculated from
different values of k ;: (A) 10.0 x 10% (B) 5.0 x 10; (C) 3.5 x 10%; (D) 3.0 x 10%; (E) 2.5
x 10% (F) 2.0 x 10° (see equations 25 and 35).

108



12.0-

8.0
kA+kB
(x10%s™)

4.0

1 | 1 | ) 1
0 1.0 2.0 3.0

(1-p )"

Figure 4.14: (k4 + kp) as a function of (1-p)! in acetonitrile at T = 258.0+0.5K. p =
[B15CS5]y / [NaBPhyly and [NaBPhyJp = 10.0 mM. The result of the linear regression is:
(kp +kg) =(3.5£0.1) x 103 (1-p)! + (9 * 3) x 102 (see equation 35).
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Table 4.6: footnotes

(a) NM = nitromethane; AN = acetonitrile; the counteranion is BPhy" in all cases. (b)
dissociative exchange rate constant (see equation 26) at 301.5 K. (c) associative
exchange rate constant (see equation 31) at 301.5 K. (d) activation parameters for the
associative exchange. () activation parameters for the dissociative exchange. (f) AG® is
given at 301.5 K unless otherwise indicated and calculated from k and k) determined at
this temperature (see equation 37). (g) not observed. (h) not determined because of
experimental errors, (i) not determined. (j) at 258.0 K. (k) from reference 143. (1) from
reference 145. (m) at 294.0 K. (n) from reference 144. (o) at 295.0 K.

Unfortunately a direct comparison with {Na:18C6)* is not possible since the difference
between the chemical shifts of the complexed and solvated sodium is only 121 Hz (at
79.346 MHz) in NM at 303.0 K, and the highest observable pseudo-first order rate
constant (k, + kg) is 3.4 x 10° s [143). This value corresponds to a lower limit of ~ 6 x
10° M5! at 303 K for k,, since the values obtained for T, and T,"! were almost the
same for [Na]p =5 mM [143].

The results shown in Table 4.6 give some preliminary indications of the influence
of the solvent on the exchange kinetics of alkali metal cation-crown ether systems. In
general, excluding the case of B15CS in AN, the free energy of activation for the
dissociative exchange, AG,;", at about 300 X is approximately 8 kJ.mol™! higher in NM
(59-62 kI.mol!) than in AN (~ 53 kl.mol), while all the measured AG,.", for the
associative exchange, are in the same range (41-47 kJ.mol'!}). This is an indication that
the solvent plays a crucial role in the dissociative process. For (Na:18C6)* [148]
Strasser and Popov have shown that there is a correlation between the donicity number
of a solvent and the free energy of activation in cases where the dissociative mechanism
predominates; as the donicity of the solvent increases the free energy of activation

decreases. Lincoln et al. [155] have found that the activation parameters are also

111



strongly dependent on the solvent. Since the free energies of activaton for the
associative exchange appear to be independent of the solvent (see Table 4.6 and
Appendix 3) the solvent would play a minor role in this exchange.  The major
controlling factor of the associative process is plausibly the conformational
rearrangements of the ligand; this will be discussed in more detail later. The
independence of solvent on the associative process was also observed for (K:18C6)*
[150], (Cs:DB21C7)*, (Cs:DB24C8)" and (Cs:DB30C10)* [152,153] where no
correlation between the free energies of activation and solvent donicity was observed. A
compiled list of kinetic results, obtained by alkali metal NMR, which have been
published to date for all alkali-ionophore systems is shown in Appendix 3.

Rate constants for the exchange kinetics of (Na:15C5)* and (Na:B15C5)* in NM
and AN were accessible by 2Na NMR for two main reasons: (1) there is an appreciable
difference in the chemical shifts of the two sites in both solvents (10.8 ppm in NM and
3.6 ppm in AN; see equation 22, Figure 4.1a and Figure 4.2a) and the exchange rates
themselves were in the moderate to slow region of the Na NMR chemical shift
timescale. Kinetic studies were attempted for (Na:B15C5)* in PY, but at [NaBPhly =
10 mM, no detectable broadening of the peak was observed even at 249 K indicating that
the exchange of sodium in this solvent is fast on the ZNa NMR chemical shift timescale.
This is not surprising considering the high donicity of the solvent (33.1) where a faster
observed rate of exchange than in AN is, a priori, expected based on the DN of the
solvent alone. The chemical shift difference between both sodium sites in PY is also
quite small (3.1 ppm). Based on the high donicity number of PY, one could also
speculate that the dominant exchange mechanism observed would be dissociative in this
solvent. Since the K, for the formation of (Na:B15C5)* in DMF is low, kinetic studies
in this solvent were not attempted, but once again a dissociative mechanism might be

predicted on the basis of the high donicity number (26.6) of this solvent.
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4.5. Role of the Solvent in the Chemical Exchange

In order to understand the exact role of the solvent in the chemical exchange of
sodium, kinetic studies, paralleling those discussed in the previous section, were done for
(Na:B15CS)* in binary solvent mixtures of AN-NM, DMF-NM and PY-NM. Except for
PY, all have similar dielectric constants, but differ in donicities increasing in the order

NM, AN, DMF and PY (see Table 4.1 on page 72).
4.5.1 Acetoniirile-Nitromethane Binary Solvent Mixtures

Figure 4.15 shows several ZNa NMR spectra for solutions containing (Na't)g and
(Na:B15C5)* (p = 0.50) obtained in binary solvent mixtures of AN-NM. The bottom
spectrum is that obtained in pure NM where two peaks for the two sodium sites can be
observed. Upon increasing the content of AN in the solvent mixture, there is a
coalescence of the two peaks indicating that the overall rate of exchange, and therefore
(ks + kg), increases. At T = 301.5 K, the rate of exchange in pure AN is too rapid to be
measured and there is no observable line broadening., Figure 4.16 shows the usual plots
of (ky + kg) as a function of (l—p)" for several AN-NM binary mixtures varying in
composition. As the content of AN in the solvent mixture increases, there is an increase
of the slope, indicative of an increase in the dissociative contribution to the exchange.
However, the intercept values, pertaining to the associative contribution, remain constant
within experimental error (see equation 35). The increase in slope value corresponds to
an increase in k_; whereas the constant values for the intercepts correspond to a constant
value of k,. Table 4.7 contains the resuits of the linear regressions of the plots shown in
Figure 4.16, as well as the calculated free energies of activation, for the dissociative and

the associative contributions of the exchange in several AN-NM solvent mixtures.
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Figure 4.15: 2Na spectra of samples containing equal populations of (Na*)g and
(Na:B15C5)* (p = 0.50). {NaBPhy}p = 20 mM and T = 301.5 K. From top to bottom,
mole fraction of AN (X 4y) and (ka + kp) in AN-NM binary mixtures vary as shown.
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Figure 4.16: (k, + kg) as a function of (1-p)? for several AN-NM binary solvent
mixtures. [NaBPh,Jr=20.0mM and T =301.5£0.5K. X n: (@) 0.40; (A) 0.30;
(3) 0.20; (O) 0.10; (A) 0.050; (m) 0.025; (@) 0.
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Table 4.7: Kinetic Parameters for the Dissociative and Associative Exchange of Sodium
with B15CS in Acetonitrile - Nitromethane Binary Solvent Mixtures®.

Xow | AN ] Ky AG, k, AG*,,

M | x102%5s! kJ.mol*! x 104 M- 1571 kJ.mol™!
0 0 1.1+£0.1 62.11+0.3 109+04 448+ 0.1
0.025 0.46 3.5+0.1 59.2+0.1 8.4+0.1 45.9+0.1
0.050 0.92 6.2+09 57.8+04 8.0+0.8 45.6x0.5
0.100 1.85 101 56.5+0.2 9.7+£09 45.1+£0.5
0.200 3.67 27+3 541103 10+35 4511
0.300 5.60 46+ 1 52.7%0.1 14+2 4104
0.400 7.50 895 51.1x0.2 1.5+48 508

(a) all values of k , k,, AG"; and AG",, are reported at 301.5+ 0.5 K,

The results shown in Table 4.7 indicate that an increase in the concentration of AN in the
solvent mixture results in an increase of the rate for dissociative exchange with a
corresponding decrease in the free energy of activation for this mechanism. This is not
surprising considering the observations obtained in the two neat solvents discussed in
section 4.4. This trend is expected based upon an increased solvating ability of the
global solvent . The increased coordinating ability of the solvent, as reflected by its
donicity number, facilitates the separation of the sodium from the crown ether in the
dissociation process, thereby increasing the overall rate of exchange. The decrease in
free energy of activation could be related to a decrease in enthalpy of activation in the
replacement of a sodium-ether oxygen bond by a sodium-solvent bond (in a solvent with
high donicity). Very little has been published concerning kinetic studies of alkali metal

cation-crown ether systems in binary solvent mixtures. Results obtained for (Na:18C6)*
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by Popov and his coworkers (counteranion BPh,") in solvent mixtures containing THF
(DN = 20.0) and PC (DN = 15.1), indicate that the dissociative mechanism is
predominant in a mixture of 0.8-0.2 mole % of THF-PC [148], as is the case in neat THF
[132]. Increasing the amount of lower donor solvent in the solution (0.4-0.6 mole % of
THF-PC) however, results in a mechanism for the exchange which is predominantly
associative as is the case in pure PC [148}. This trend agrees with the present studies
where the donicity of a solvent greatly influences the exchange mechanism and that
solvents with high donor values will favour the dissociative mechanism. It should be
mentioned that although the data obtained in this work so far indicates a model for the
dissociative exchange which can be rationalized based on the donicity of the solvent,
other published results indicate that this is not so. For example, the values of AG"y; and
AH*y; for the dissociative exchange of NaBPh,-18C6 in AN (DN = 14.1), PC (DN =
13.1), AC (DN = 17.0) and PY (DN = 33.1) do not decrease in this order [143]. This is
also the case for NaSCN-18C6 [155]. It is interesting to note that although the AG*g;
versus donicity trend is followed for (Na:DB18C6)* in NM (BPh, [145]), AN (BPhy"
[145]) and DMF (SCN- [140,141]), the AH"y; does not follow this trend. This shows that
the electron-donating ability of a solvent, as measured by its donicity number, is not the
only parameter involved in the dissociative exchange mechanism which is not a simple
process. It has been suggested that the conformational rearrangements leading to the
ransition state in the dissociative exchange are accompanied by partial desolvation of
the complexed cation, reorganization of the solvent cage around the complex and
solvation of the partially decomplexed crown ether [145].

Although properties of solvents in mixtures cannot usually be predicted from
their behavior in the neat state [32b,148], it is reasonable to assume that the donicity of
the global solvent increases as the concentration of AN in the AN-NM binary mixture

increases. The strong dependence of the free energy of activation on the concentration
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of AN for the dissociative exchange suggests that the AN molecules must be directly
implicated in this mechanism for sodium exchange. Figure 4.17 shows a plot of, AG"y;,
as a function of the mole fraction content of AN (X 4y) in the solvent mixture. The plot
shown in Figure 4.17 is not linear (this is also the case for AG"; as a function of the
concentration of AN in the solvent mixture), but since the donor properties of solvent
mixtures cannot be predicted from those of the neat solvents [32b], and there are
considerable differences in previous AG*; versus DN trends [143,148,1551, it is difficult
to predict the exact relationship between AG*y; and X,. The donor numbers of other
solvent mixtures have been inferred to on the basis of 22Na NMR chemical shifts. It was
shown that the donor numbers of several nitromethane binary mixtures increased in a
nonlinear fashion with increasing mole fraction contents of HMPA, PY, DMSO and AN
[31,167]. The same nonlinear observation was reported for DMSO-AN and PY-AN
solvent mixtures [31,168]. Based on these observations, it is possible that the
nonlinearity of the plot in Figure 4.17 is a reflection on the nonlinearity of the DN versus
solvent composition.

The results in Table 4.7 also indicate that the associative mechanism for the
chemical exchange is influenced very little, if at all, by increasing amounts of AN in the
global solvent (there is little variation in AG®,). Whereas it has been shown that there is
a direct implication of the solvent at the molecular level in the dissociative process, the
solvent plays a minor role in the associative exchange. The free energies of activation,
AG*,,, for many systems involving various combinations of macrocyclic ligands and
alkali-metal cations, in solvents varying in donicity from NM to PY, have values in the
order of 40-50 kJ.mol™! at ~ 300 K (see Appendix 3). This is a very strong indication
that the controlling factor of the associative exchange, which does not involve the

solvent, always has the same origin.
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Figure 4.17: AG®y as a function of mole fraction content of acetonitrile, X, in
AN-NM binary solvent mixtwures. T=301.5+0.5K.
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Variable temperature studies of the exchange processes in the various binary
mixtures has given access to the enthalpies and entropies of activation for both exchange
mechanisms. Some of the results are shown in Figures 4.18 and 4.19 which show our
usual plots of (k, + kg) as a function of (1-pyl. Figure 4.18 first illustrates the overall
decrease in (k, + kp) as the temperature decreases in 4.18a to 4.18d and secondly
illustrates the increase in k; as XaN is increased, in each of Figures 4.18a to 4.18d,
whereas the k; is unaffected. Figure 4.19 shows a different perspective of the same data,
as well as including data at T = 264.5 and 255.0 K. Figure 4.19 first illustrates again an
overall decrease in (k, + kg) this time as Xan is lowered in 4.19a t0 4.19d and secondly,
illustrates that a decrease in temperature, in each of Figures 4.19a to 4.19d, results in a
decrease in both k.)(slope) and k, (intercept). Table 4.8 contains the values of the rate
constants for both exchange mechanisms, k; and ky, calculated from linear regressions
of the plots shown in Figure 4.19. In these types of studies it is typical that only one
major mechanism is observed for a particular system and that although a residual second
mechanism may be observed, only the major contribution can be reliably characterized
(e.g. activation parameters). Figures 4.18 and 4.19 show that both mechanisms can be
observed for the exchange of sodium in the AN-NM binary solvents, but also this is a
rare case where both mechanisms can be somewhat characterized.

A summary of the activation parameters for the dissociative and associative
exchange determined from Eyring plots for each binary solvent mixture is shown in
Table 4.9. Unfortunately, reliable values for the activation parameters for the
dissociative exchange contribution could not be determined since the errors associated

with this determination were relatively large.
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Figure 4.18: (k, + kp) as a function of (1-p)’! for a series of solvent mixtures ranging in
Xan: (&) 0.300; (O) 0.200; (O) 0.100; (a) 0.050; (W) 0.025. Plotat T =(A) 301.5
K; (B) 293.0K; (C) 284.0K and (D) 274.0 K.
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Figure 4.19: (k, + k) as a function of (1-p)! for a series of temperatures: from top to
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122



Table 4.8: Rate Constants for the Dissociative, k,, and Asscciative, ky, Exchange as a
Function of Temperature for Various Acetonitrile - Nitromethane Binary Mixtures.

X an® T k. ks
K x 10251 x 104 M-1s!
0.0252 255.0 - 1.1+£0.2
264.5 - 20%0.2
274.0 - 3.0+0.2
284.0 0804 4157
293.0 20+04 57+04
301.5 35+01 8.410.1
0.0500 255.0 - 1.0+ 0.1
264.5 - 20+0.1
2740 - 3.1%+0.1
284.0 1.520.1 3.9+0.1
293.0 3.5+0.1 57+0.1
3015 62+09 8.0+0.8
0.200 255.0 0402 14+£03
264.5 1.6+0.1 1.9£0.1
274.0 3.6%02 3.0+0.2
284.0 101 34%+12
293.0 14+1 79+£09
301.5 27%3 T1.7x3.5
0.300 255.0 1.0£0.1 1401
264.5 27+0.06 2.1x06
274.0 5.9%+0.1 3.8+0.1
284.0 14%1 5.8+09
293.0 33+4 7.3+£3.0
301.5 46£1 142

(2) [NaBPhylp =20.0 mM.
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Table 4.9: Activation Parameters for the Dissociative and Associative Exchange of
Sodium with B15CS5 in Acetonitrile - Nitromethane Solvent Mixtures.

Xaw | AGY AR',, AS",, AG*
kJ.mol"! klmol! | JKlmol! kJ.mol
0 62.1+0.3 28+3 -57+3 448+ 0.1
0.0252 59.2+0.1 25%1 668 459+ 0.1
0.0500 57.8+04 24%2 -66% 8 456+ 0.5
0.100 565102 - - 45.1+0.5
0.200 54.1%+0.1 23%2 -75%8 451
0.300 52.7%0.1 28+2 -58+8 44.1+04
0.400 51.11+0.2 - - 508

(a) aaT=301.5+0.5K.

The results shown in Table 4.9 corroborate previous conclusions that the
associative exchange mechanism for sodium in its solvated and complexed to B15CS
sites is insensitive to the solvent since the activation parameters are affected very little
upon change in solvent composition. Again the highly negative values for the AS*, are
indicative of an associative type mechanism. Earlier, a conformational origin of the
associative mechanism was alluded to. If this hypothesis is combined with the solution
structural studies in chapter 3 of this thesis, a relatively simple scenario for the
associative chemnical exchange of sodium in its solvated and complexed to B15CS5 sites
can be devised. This is shown in Scheme 1. The evidence that was presented in chapter
3 indicated that the overall structures of B15CS and (Na:B15C5)* in solution are similar

those as solids determined by X-ray crystallography [77,79].
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Scheme 1: Scenario of the associative exchange mechanism of Na* in the Na*-B15C5
complex.
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More specifically, an overall preferred conformation of the complexed and free B15CS
in solution was shown, where the oxygens in a C-C bond are gauche with respect to each
other. Upon closer examination of the actual solid structures, shown in Figure 3.9, a
difference in relative orientation of the five oxygen atoms in B15CS free and complexed,
is observed: this specific information cannot be obtained in solution. In the scenario
shown in Scheme 1, the relative orientations of the five oxygen atoms in B15C5
complexed to the sodium cation were assumed to be identical to what is observed as a
solid. In this scheme, the benzene group of B15CS is ormitted for clarity and the crown
ether is represented by a thick line. Although all the oxygens are known to participate in
the electrostatic bonding of sedium in (Na:B15C5)* [77], the orientations of the oxygen
atoms, represented by lines which stem from the central one, relative to the plane of the
crown ether are denoted as shown. Whereas the solvent is still implicated in the
solvation-desolvation processes which must occur in this exchange mechanism, the
scenario shown in Scheme 1 implies that the exchange is controlled by conformational
reorientations. As far as the dissociative exchange mechanism is concerned the solvent

must play a governing role and one of the objects of this work is to characterize its

participation on a molecular level.
4.5.2 Dimethylformamide-Nitromethane Binary Solvent Mixtures

Figure 4.20 shows the ®Na NMR spectra of samples containing equal
populations of (Na*)s and (Na:B15C5)*g (p = 0.50) in DMF-NM binary mixtures. As
was the case for the AN-NM mixtures, as the content of higher donor solvent increases,
so does the observed (kp + kg). However, the concentrations of DMF (0.03 to 0.2 M) in

the DMF-NM solvent mixtures are very low compared to the concentration of AN in the

AN-NM mixtures (0.5 to § M).
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Figure 4.20: 2Na spectra of samples containing equal populations of solvated sodium
and sodium complexed with B15C5 (p = 0.50). [NaBPh,];=20.0mM and T = 301.5 +
0.5 K. From top to bottom the concentration of dimethylformamide in the DMF-NM
binary solvent mixtures and (k, + kg) vary as shown.
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Very little DMF, which is in the order of the [Na*]r (0.02 M), results in a considerable
increase in the overall exchange rate. This is not surprising considering that the donor
ability of DMF (DN = 26.6) is much higher than that of AN (DN = 14.1). Since the
relative concentrations of DMF in the solvent mixtures are very small, one can consider
that the macroscopic properties of the global solvent, such as magnetic susceptibility, are
as those of pure NM. We have seen that whereas in pure NM the formation constant of
(Na:B15CS)" is high, that in pure DMF is much lower. Figure 4.21 shows the chemical
shift as a function of p for the complexation of sodium with B15C5 in various DMF-NM
binary solvent mixtures. Since the chemical shift variations are linear in the solvent
mixtures containing mole fraction contents of DMF, Xpyr, equal to 0.0052 (0.107 M)
and 0.0150 (0.279 M), this indicates that in these conditions the formation constant of
B15CS is still high: log K, > 4. It is not until Xppp reaches 0.0250 (0.460 M) that the
presence of DMF causes an observable decrease in the extent of complex formation,
which is reflected by the appearance of a slight curvature in the variation. In this case, a
value of Ky, may be determined from a nonlinear regression of the data (see Appendix
2):log Kg =2.8+0.5

Plots of (k, + kg) as a function of (1-p)! for several DME-NM mixtures at 301.5
K, shown in Figure 4.22, again show an increase in the dissociative contribution (slope)
as the content of DMF in the solvent increases. The rate constants for the two exchange
mechanisms determined from linear regressions of the plots in Figure 4.22 are shown in
Table 4.10. As observed in the AN-NM case, there is a respective increase and decrease
of k| and AG®y; as the concentration of the minor component increases. There also
appears to be a slight increase in k, as the [DMF] increases. However, whereas this

increase is only approximately 2 fold in going from Xpme =010 0.0151 M, the observed

increase in k ; is 30 fold.
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Figure 4.21: %Na chemical shift as a function of p = [B15CS]r / [NaBPh,]y in various
dimethylformamide - nitromethane binary solvent mixtures at 301.5 + 0.5 K. Mole
fraction content of dimethylformamide, Xppr, is: (A ) 0.0052; (B ) 0.0150; (O )
0.0250 and (@) 1.0.
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Figure 4.22: (k, + kg) as a function of (1-p)! for several DMF-NM binary solvent
mixtures. [NaBPh,ly =20.0 mM and T =301.5 £ 0.5 K. Mole fraction of DMF (XpME):
(0) 0.015; (O) 0.0100; (A) 0.0052; (m) 0.0030; (@) O.
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Table 4.10: Kinetic Parameters for the Dissociative and Asscciative Exchange of
Sodium with B15C5 in Dimethylformamide - Nitromethane Binary Solvent Mixtures®.

Xpme | [DMF] k) AG'y ko AG"

M x 102571 kJ.mol! x 10° M-1s? kJ.mel"!
0 0 1.1£0.1 62.1%£03 1.09 £ 0.04 448+0.1
0.0030 | 0.056 491+0.6 58.3x03 1.5£0.1 4002
0.0052 | 0.107 71710 57.2+£03 20+0.1 433+£02
0.0100 | 0.193 1442 55.7+£03 25+0.1 427%0.2
0.0150 | 0.279 29%+1 539+03 24+0.1 428 +0.2

(a) all values of k., ky, AG*y; and AG®,, reported at 301.5+0.5K

At this point the kinetic resuits obtained for the DMF-NM binary solvent
mixtures do not yet offer any new perspectives about the direct implication of the solvent
molecules in the dissociative chemical exchange. The kinetic studies in binary mixtures
have clearly illustrated contributions of both exchange mechanisms which are in direct
competition with each other and it was concluded that it is not untl the rate for the
dissociative mechanism becomes appreciable, that this contribution is even observed. It
has also been surmised, that whereas the solvent has a minor influence on the associative
mechanism, it plays a crucial role in the dissociative exchange mechanism. The question
is then, how exactly does the solvent participate in the dissociative exchange at the

molecular level and can this participation be quantified?
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4.5.3 Coordination of Sodium by Dimethylformamide

By looking at the solution ZNa NMR chemical shifts and longitudinal relaxation
times, two parameters reflecting the immediate coordination environment of sodium, we
hope to gain insight into the actual participation of the solvent molecules themselves.
Since (Na:B15C5)* displays chemical shifts and reduced longitudinal relaxation rates
which are different in the four neat solvents (NM, AN, DMF and PY; see Table 4.2 on
page 81), it can be concluded that the solvent, along with the ligand, must be present in
the coordination sphere of the complexed cation in at least some of the solvents, It is
thus reasonable to assume that one or two solvent molecules may bond to the partially
exposed sodium cation. Table 4.11 shows a summary of the 2Na NMR characteristics
of the solvated and complexed sodium (B15C5) in several DMF-NM binary solvent
mixtures. As the concentration of DMF increases, the observed chemical shift of (Na)*g
increases from its value in pure NM, -14.41 ppm, to that in pure DMF, -4.55 ppm. This
variation of 8g as a function of DMF content is consistent with a solvent competition
between NM and DMF for the coordination sites of the sodium cation. This curved

relationship, shown in Figure 4.23, reflects the overall equilibrium shown in equation 42:
(Na+)xNM + yDM.F = (Na*)yDMF +xNM (42)

where y DMF molecules are replacing x NM molecules in a successive fashion. It is
reasonable to assume that x and y = 4 for solvent coordination of the sodium cation in
nonaqueous solvents [169,170] and therefore the equilibrium in equation 42 describes

four successive equilibria having an intrinsic equilibrium constant associated with each

step.
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Table 4.11: 2Na NMR Characteristics of (Na*)g and (Na:B15C5)*s in DMF-NM
Solvent Binary Mixtures?®,

XpMmF [DMF] 85 Tys! 8¢® Ty
M ppm Hz ppm Hz

0 - -14.41 26%1 -3.71 61012
0.0014 0.026 -12.39 1453 -3.58 540+ 15
0.0030 0.056 -11.62 224+4 -3.41 510+30
0.0052 0.107 -10.50 3169 -3.35 472+ 10
0.0070 0.132 -10.08 353+4 -3.29 446+ 13
0.0090 0.168 -9.56 383+8 -3.30 422+ 16
0.0100 0.188 -9.46 403 = 16 -3.21 41812
0.0150 0.279 -8.57 410+12 -3.17 376 £ 10
0.0025 0.460 -7.67 413+20 -3.11 337+13
0.0050 0913 -6.50 35514 - -
0.07¢ 1.27 -6.10 33010 - -
0.077 1.40 -5.99 300+ 11 -3.79 -
0.100 1.97 -5.60 265+3 -3.94 -
1.00¢ - -4.55 861 -5.9 273+ 84

(a) [NaBPhy]t = 20.0 mM at 301.5 £ 0.5 K. (b) the error on the chemical shift depends
on the linewidth of the line: typically 85 # 0.01 to 0.02 ppm (c) & £ 0.02 to 0.05 ppm

(d) characteristics determined from nonlinear regressions in Figures 4.2a and 4.2b.
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A model based on the application of the Hill formalism [171], widely used in
biochemical studies of phenomena such as cooperative oxygen bonding to hemoglobin,
is adequate in the mathematical treatment of this type of problem [172,173], since
preferential solvation of a tetracoordinated ion and binding of a ligand to one of four
sites in a biomolecule constitute one and the same problem. The Hill formalism was
previously successfully applied by Delville et al. [172] in a study of the preferential
solvation of the sodium cation in binary mixtures of THF with amines. This situation is
very similar to the present one and from a parallel mathematical treatment, it is possible
to find out if there is cooperativity in the successive steps of solvent displacement and to
obtain the intrinsic Kg for each step if there is no cooperativity. The relationship
between 85 and Xp)p observed can be directly translated to a Hill plot which is shown in
Figure 4.24 for both the AN-NM and DMF-NM binary mixtures. The Hill plot relates a
parameter Y, determined from the observed chemical shift and thus reflecting the
fraction of the Na* cation sites occupied by a ligand such as DMF or AN, with another
A, based on the composition of the solvent in the medium [172,173). The linearity of the
In (Y/1-Y) as a function of In (A) plots, where Y = (85 - Snm) / (OpME or AN - M)
(assuming additive chemical shifts for all intermediate species formed) and A = [DMF or
ANly / [NM]r, indicates that there is no cooperativity in the successive displacement of
NM by AN or DMF, Furthermore, the value of the intercept is equal to In (Kg) where Ks
is the intrinsic equilibrium constant for each step. Linear regressions for both binary
mixtures give the following linear equations: for AN-NM: y=(1.03£0.03)x + (231 ¢
0.05) and for DMF-NM; y = (0.83 + 0.01)x + (3.81 % 0.02) and from the values of the
intercepts, the K¢ values are obtained: Kg =10.0 £ 0.3 and 45 £ 2 for AN and DMF in
NM respectively. The higher K for DMF is expected since this solvent has a higher DN

and competes more effectively than AN for the sodium cation.
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Figure 4.23: The 2Na chemical shift: (@) and longitudinal relaxation rate: (M) of

(Na¥)g as a function [DMF]y in DMF-NM binary solvent mixtures. T = 301.5 and
[NaBPh4]T =20.0 mM.
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Figure 4.24: Hill plots involving (Na*)g in binary mixtures of () AN-NM and (@)
DMF-NM.
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Figure 4.23 also shows the variation and sensitivity of the longitudinal relaxation
rate as a function of the concentration of DMF, Although these results still reflect the
overall equilibrium shown in equation 42, the trend does not display a steady variation
exhibiting a maximum of ~ 400 Hz at [DMF]; = 0.35 M. The magnitude of the
relaxation rate reflects the overall symmetry about the sodium cation and any one point
on this curve reflects an average of the sodium species present in solution. Initially at
[DMF]t = 0, the sodium is surrounded by niromethane molecules in a symmetrical
coordinadon. This results in the relatively low value for the observed longitudinal
relaxation rate. In pure DMF, again a relatively low value for T;™! is observed since the
sodium is again in a symmetrical environment. In the region 0 > [DMF}y > 2, sodium
can be coordinated by various combinations of DMF and NM resulting in an
unsymmetrical sodium coordination sphere and thus in the observation of higher T,
values.

Figure 4.25 shows the variation of 8 and Tz,c'l for (Na:B15C5)* as a function of
the [DMF}t in DMF-NM binary solvent mixtres. The steady increase and decrease
respectively of these two 2Na NMR parameters indicates that the coordination sphere of
sodium in (Na:B15C5)* is changing. The variations may be explained if one considers
that a possible one molecule of NM in the first coordination sphere of sodium in

(Na:B15C5)* is replaced by one molecule of DMF, as shown equation 43,

Kes
(Na:B15C5)*p + DMF = (Na:B15CS)*pye+ NM (43)

or if it is assumed that the poorly donating NM is not involved in the first coordination

sphere of the complex then the equilibrium shown in equation 43 may be further

simplified:
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Figure 4.25: The chemical shift: ( @ ) and longitudinal relaxation rate: ( @ ) of
(Na:B15C5)* as a function of [DMF]y in DMF-NM binary solvent mixtures. T = 301.5
and [NaBPh,] = 20.0 mM. The points are experimental and the drawn curves are based
on 2 model involving the formation of (Na:B15C5:DMF)* (see equation 44 and text),
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Kes
(Na:B15CS)* + DMF = (Na:B15C5:DMF)* (44)

A model, based on the equilibrium shown in equation 44, was formulated and Kqg was
obtained from the data shown in Figure 4.25; this is shown in Appendix 4. Nonlinear
regressions from the chemical shift and longitudinal relaxation rate data have given log
Kcs = 1.04 and 0.61 respectively with an average log Kcg = (0.8 + 0.3). As the [DMFlp
increases so does therefore the concentration of a newly formed species which will be
referred to as (Na:B15C5:DMF)*. This complexed sodium species is different than the
previously referred to (Na:B15CS)*, by virtue of the direct implication of one DMF
molecule in the coordination sphere of sodium. The values of T; ! as a function of
[DMF]y steadily decrease from a value in pure NM, 610 Hz, towards that in pure DMF,
273 Hz. This is not a variation due to viscosity effects (see equations 8 and 10) since an
opposite trend would be expected as the concentration of the more viscous solvent
(DMF) increases. Moreover, the concentrations of DMF are very low, so that the change
in overall solvent viscosity is minimal [174]. The variation of 8, on the other hand, is
not in the direction expected: Figure 4.25 shows an increase from -3.71 ppm to a limiting
value of -2.98 * 0.04 ppm), determined from the nonlinear regression whereas one would
expect an opposite trend towards -5.9 ppm (see Table 4.2 on page 81). Since very
similar values of Kqg can be obtained from the data in both curves shown in Figure 4.25,
the chemical shift trend shown is real. This implies that the involvement of DMF at the
complexed caton site, as reflected by the observed chemical shift, is different in a
solvent medium containing low concentrations of DMF to one which is pure in DMF. In
the first case, there is only one DMF molecule in the first coordination sphere of sodium
in a bulk NM medium, and in the second case there is plausibly more than one molecule

in the first coordination sphere of the complexed sodium in a bulk DMF medium.
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Studies in binary mixtures of PY-NM have proven to be anomalous if one
considers only the donicity number of this solvent (DN=33.1). In binary solvent
mixtures where the [PY]; in the overall solvent is comparable to that of DMF, no
appreciable increase in the sum of the two pseudo-first order rate constant for chemical
exchange, (ks + kg), compared to that in pure NM was observed. There was also very
little variation in the ZNa parameters of (Na:B15C5)* upon increasing the PY content in
the overall solvent, reflecting the lack of participaton of PY in the coordination of
complexed sodium. On the basis of the high donor value of PY, one would expect a
kinetic effect even more dramatic than DMF. Since this is not the case, one can surmise
that other factors play a role in the kinetic and mechanistic participation of PY
molecules. Steric hindrance preventing the interaction of PY may be a consideration.
Unexpected behaviors in PY have also been reported where the formation constants of
cation-macrocycle complexes were found to be relatively large [128,175]. In these
cases, it has been postulated that since PY, being a nitrogen donor or a "soft base", does
not solvate strongly a "hard acid” such as the sodium cation [128,175] and as a result, the

Gutmann Donor Number does not work well in amine solvents.
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4.5.4 Mechanistic Interpretation of the Participation of Dimethylformamide

A summary of the kinetic results for the chemical exchange of sodium in (Na*)g
and (Na:B15C5)"s, obtained in AN-NM, DMF-NM and PY-NM binary solvent mixtures
can be represented by Figure 4.26. At these relatively low concentrations of AN or PY
in the solvent mixtures, there is no appreciable increase in the (k4 + kg) which remains
close in value to that in pure NM. On the other hand, the increase in (k, + kg) is linearly
related to an increase in the [DMF]y. Earlier, we observed that this increase comes
mainly from an increase in the dissociative exchange contribution (see Figure 4.22). We
have also speculated that as the [DMF]; increases, so does the concentration of
(Na:B15C5:DMF)* and it is plausible to consider that it is this new species which is
responsible for the observed increase in the dissociative contribution of (ka + kg). The
overall expression for (k4 + kg) shown in equation 35, has been very successful up until
now, in relating the observed kinetic data to mechanistic aspects of the actual chemical
exchange which has included contributions of two proposed mechanisms. In order to
represent the data obtained in the DMF-NM solvent mixtures shown in Figure 4.26,
another contribution to the (k, + kg) must be taken into account: a dissociative exchange

involving (Na:B15C5:DMF)+:

k"
(Na:DMF)" + B15C5 = (Na:B15C5:DMF)* (45)
ky"

For the two-site chemical exchange (equation 22) in binary solvent DMF-NM mixtures,

one must consider that the solvated metal cation (site A) can exist in two forms where

the total concentration of solvated cation, [M*Is.1, is equal to {Na*] + [Nat:DMF].
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Figure 4.26. (k, + kg) as a function of the concentration of the minor solvent
component, [S}y, in the S-NM binary mixtures. S is AN (A ); DMF (@); and PY ().
As well (@) in pure NM. T =301.5, [NaBPh,}t = 20.0 mM and p = 0.50.
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The complexed metal cation (site B) also has two possible forms where [M*:Cly =
[Na*:B15C5] + [Na*:B15CS5:DMF]. The total concentration of sodium cation, [Na*]y, is
equal to {M*lsy + [M"Cly and it is straightforward to derive the dissociative
contribution to (k, + kp) from the reaction shown in equation 45. The rates for the

appearance (M*)g and (M:C)* can be, for this mechanism, expressed as:

d[M+]S.T /dt = kB [M+,C]T = k~l. [Na*:B15C5:DMF] 46)
d[M*:Cly/dt = ky M*)st = k," [Nam:DMF] [B15C5] 47

and therefore:
(k4 + kp) =k ,"[Na*:B15C5:DMF] ([Na*}/((M*151M*,Cl1)) (48)

The linear variation of (k, + kg) as a function of [DMF]; shown in Figure 4.25, is
obtained for samples containing equal populations of (M*)g and (M:C)* (p = 0.5). At
these low concentrations of DMF (0 - 0.28 M), we have determined that log K for the
formation of [M*,C] is sill > 4. This was shown in Figure 4.21 which illustrates that at
the highest [DMF] in the kinetic studies (0.28 M), the relationship between & and p is
still linear reflecting the high extent of complex formation. Therefore for p = 0.5,

[M*]s 1 = [M*,Clt = 0.5[Na*]; and therefore equation 48 is reduced to:

(k4 + kg) =k [Na*:B15CS:DMF] (4 / [Na*]y) (49)

The [Na*:B15C5:DMF] can be related to K¢ (see equation 44) and thus:

(ka +kp) = k ;" (Keg [Na*:B15C5] [DMFIp)(4 / [Na*]y) (50)

143



where [DMF]g is the concentration of free DMF. The following assumptions can be
made since Kcg was determined to be relatively low (log Kcog = 0.8 + 0.3): 1)
[Na*:B15C5] ~ [M*C]y (that is, [Na":B15C5:DMF] is negligible compared to
[Na:B15C5]* = 0.5 [Na*]p at these low DMF concentrations) and 2) [DMF]¢ = [DMFly
(again a very small amount of [Na*:B15C5:DMF] is formed) and thus:

(kp + kp) =2 k" Keg [DMFly (51)

Combining the contribution of this mechanism with the contributions of the other two
usual mechanisms (equations 26 and 31), the following overall relationship between the

(k + kg) and [DMF]y is obtained for p = 0.5:

(kp+kp) =2k, +ky [Na*Jp + 2k ,* Kcs [DMFl (52)

A plot of (k, + kg) as a function of [DMF]y should therefore be linear where the k," for
the dissociative exchange of sodium in (Na*)g and (Nat:B15C5:DMF)* can be
determined from the slope of this line since a value for Kqg is known. A linear
regression of this plot shown in Figure 4.26 gives k;," = (2 £ 1) x 10° 5! and an
intercept value = (2.6 * 0.5) x 10° s! which corresponds very well with a value
calculated from the previously reported values of k ; and k; in pure NM: k| = (1.1 £ 0.1)
x 10% 57, ky = (1.09 £ 0.04) x 105 MIs'! and therefore (2 k ; + k, [Na*]p) = (2.4 £0.1) x
103 s,

The DMF-NM binary solvent mixtures is an excellent system for the study of the
specific role of the solvent in the kinetic interactions between sodium cations and

B15C5. Based on the Na NMR results, we have surmised the implication of one
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molecule of DMF in the coordination sphere of complexed sodium and from this a
kinetic model has been proposed. In pure nitromethane, which is a poorly donating
solvent, the associative mechanism overshadows the presence of the dissociative
mechanism where the rate of dissociation of (Na:B15CS)*, k_; (see equation 26), in this
solvent is relatively slow: k_; = (1.1 £ 0.1) x 10? s’ Upon the addition of small amounts
of DMF, a highly donating solvent, in concentrations comparable to that of sodium, a
phenomenal increase is observed in the overall exchange rate. This reflects the very
favourable coordination of DMF to sodium, already coordinated to BISCS5 and
surrounded by the abundant nitromethane solvent molecules.  Coordination of the
sodium cation by the one molecule of DMF, results in an increased lability of the sodium
complex. ‘This is reflected by the rate constant for the dissociation of

(Na:B15C5:DMF)*, lc_1' (see equation 45) which was determined to be (2 X 1) X 10° s,
An increase in over one order in magnitude in the dissociative rate constant has resulted
from the participation of one molecule of high donor solvent.  This has facilitated
complex dissociation and this dissociative contribution now offers a significant
competiticn to the associative exchange, where the rate constant for this mechanism does

not depend on the solvent medium, and can be observed.
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Chapter 5

Kinetics and Mechanisms:

’Li NMR Study of (Li:B15C5)-

5.1 Imtroduction

The abundance of lithium in the earth’s crust, as well as its biological
importance, is relatively small compared to that of sodium. This element, in the form of
lithium carbonate, has however been successfully apolied in the treatment of
manic-depressive disorders. The molecular basis for the biological action of lithium
cations is unknown, although it has been postulated that Li* competes with biological
cations such as Na*, K*, Mg?* and/or Ca?* for binding sites [176-178]. Recent studies
by Pettegrew et al. [177] and Espanol and Mota de Freitas [178}, have provided insight
into the possible biological role of lithium as a therapeutic drug. In 7Li NMR studies
conducted on human erythrocytes in relevant in vivo conditions (310 K, 0.2 - 2.5 mM

Li*), the intra- and extra- cellular lithium cations were differentiated by the use of a shift
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reagent,. The cellular uptake of the lithium cations, even in the presence of the
physiologically relevant above cations, is a clear indication that lithium plays a
significant role where the transport of cations across cell membranes is concerned
[177,178]. The noninvasive use of 'Li NMR to study intra-cellular lithium shows great
promise as a tool for the investigation of the bioinorganic chemistry of lithium [178].

It was previously stated that the selectivity of alkali metal cation complexation to
macrocyclic ligands is largely dependent on the size ratio of the metal cation and ligand
cavity. In the previous chapter, the interaction of sodium with B15CS was investigated
by ZNa NMR, where structural, kinetic and mechanistic information was obtained
thereby well characterizing (Na:B15C5)*. A parallel study of (Li:B15C5)*, implicating
the smaller lithium cation, could give fundamental insight into the influence of the metal
cation to ligand size ratio where both structures and kinetics with crown ethers are
concerned. Another justification for studying the kinetic interaction of crown ethers with
lithium cations was alluded to by Eyring and coworkers [179], involving possible
applications in lithium batteries. It was recently demonstrated that the addition of crown
cthers to a solid electrolyte containing a lithium salt enhanced the charge transfer [180].

The quadrupole moment of the ’Li nucleus is relatively low compared to that of
#Na (see Table 1.1 on page 7) resulting in spectral linewidths which are relatively
narrow compared to the other NMR active alkali nuclei (13Cs and SLi also have low
quadrupole moments and are also characterized by narrow linewidths). For example, the
measured Na linewidth at half-height of NaCl in water (0.1 M) at 300 K is 10 Hz
whereas that of 7Li for LiCl under identical conditions is 0.5 Hz. As well, relaxation
mechanisms other than quadrupolar relaxation can influence this nucleus [28,181]. The
chemical shift span of Li NMR varies from -10 to § ppm (referred to LiCl in water) and
macrocyclic lithium complexes have been observed to fall between -3 and 3 ppm

[102,146,147,161,182,183].
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Alkali metal NMR of crown ether complexes has been largely dominated by 2Na
NMR in the study of sodium complexes and “Li has not been a very popular choice
despite its high sensitivity as a NMR nucleus. As a matter of fact it is the most sensitive
of the NMR active alkali metal nuclei. Results using ’Li NMR and concerning alkali
metal macrocyclic complexes were first published in 1974 by Popov and coworkers
[182]. In this first study, it was shown that the "Li chemical shift of Li* complexed with
the cryptand C211 was independent of the solvent illustrating the complete encasing of
the lithium cation which forms an "exclusive"” complex with this ligand. Kinetic studies
with this system were possible since the 'Li NMR (23.3 Mz) spectrum of a solution
containing both lithium sites displayed two peaks indicating a slow rate of exchange on
the ’Li NMR chemical shift timescale [146,147). It is interesting to note that at 23.3
MHz the lithium exchange between (Li*)g and Li* complexed to C222 and C221 was
fast on that 'Li NMR chemical shift timescale and only one population average
unbroadened resonance is observed [146,183] but a study at 69.591 MHz reported 12
years later for the same systems [147], displayed spectra which.wcre broadened or
contained two resonances thus allowing for kinetic studies. 7Li NMR was also used in
dynamic studies of the lithiumn cation with 16C4 derivatives [161].

In this chapter, the use of ’Li NMR as a structural, thermodynamic, kinetic and
mechanistic probe for (Li:15C5)* and (Li:B15C5)* will be illustrated and results will be
compared to those obtained by 2Na NMR for the corresponding sodium complexes.
Furthermore, the application of 2D Li EXSY (EXchange SpectroscopY) to also obtain
exchange rates, will be shown. Finally, a study combining the two cations and the two

alkali NMR nuclei will be presented and insight into the selectivity of B15CS will be

presented.
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5.2 Lithium Chemical Exchange

Figure 5.1 shows the variation of the Li chemical shift as a function of p ([Cly/
[LiClO4ly) for both 15C5 and B15CS in NM. The results obtained for 15C5 in NM
([LiClO4]y = 0.02 M) agree with those of Smetana and Popov for the same system at
23.3 MHz [127). Inidally at p = O, the observed chemical shift, -0.62 ppm, is
characteristic of (Li*)g in NM. Upon the addition of the individual crown ethers, there is
complexation of lithium and an upfield shift is observed. The linearity of the plots in the
region 0 < p < 1 shown in Figure 5.1 is a clear indication that the formation of both
(Li:15C5)* and (Li:B15C5)* in NM is quantitative and the Ky cannot be precisely
determined by this technique. Smetana and Popov have reported a lower limit for the
formation constant of (Li:15C5)* in NM at 300 K, where log Kg > 4 [127]. Whereas log
KE > 4 was also reported for the formation of (Na:B15C5)* in NM {88}, the formation of
a sandwich complex is observed with B15C5 and Na* where the formation of one is not
obvious with Li* in the same solvent. A plateau for the chemical shift is reached at p =
1.0 indicating that all the lithium is complexed and no further interaction of this cation is
observed. The chemical shift of (Li:B15CS5)* is approximately 0.15 ppm further
downfield that of (Li:15C5)*. This probably reflects the ring current magnetic anisotropy
of the aromatic substituent in B15C5 which has an effect on the 7Li chemical shift. In
the region of lithium concentrations studied, (1 - 11 mM) the chemical shift of LiClOy,
(Li:15C5)* and (Li:B15C5)* in NM varied minimally (maximumn variation of 0.1 ppm),
indicating a negligible amount of ion-pairing. Although NaClQ, exhibited a limited
solubility in NM, we also observed minimal ion-pairing with this salt (see Table 4.3 on
page 83).

In kinetic studies involving lithium complexes, the same two-site exchange for

the cation and mechanistic approach, described in sections 4.3 and 4.4, can be applied.
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Figure 5.1: 7Li chemical shift as a function of [Clt / [LiClO4}y in nitromethane at 300.0
K. C=15C5 (m) [LiClO4]r = 10.0 mM; B15C5 (@) [LiClO4]T = 10.6 mM.
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Figure 5.2: Li transverse (i =2; @ ) and longitudinal (/ = 1; W ) relaxation rates as a
function of the ratio p = (B15C5]y / [LiClO,)y in nitromethane. T = 300.0 £ 0.5 K and
[LiClO4)y = 10.6 mM. The data points are experimental and the T, curve has been
calculated using an average value of k, (k; = 2.00 x 10° M'ls!) determined from

calculated values of (k, + kp) for each data point (equation 25) assuming associative
exchange only.

151



In the experimental conditions corresponding to the plots in Figure 5.1, T = 300.0 K and
[LiCIO4ly = 10.6 mM, only one Li resonance is observed which is characteristic of the
population average of (Li*)g and (Li:B15CS)™. The lines are broadened however, and
the relationship between the Li longitudinal and transverse relaxation rates, shown in
Figure 5.2, is characteristic of moderately rapid exchange of !ithium between the two
sites, The two sites are again characterized by solvated (site A) and complexed (site B)
alkali metal cation. The general appearance of this figure can be compared with the
analogous sodium case shown in Figure 4.4, The transverse relaxation rate is affected by
chemical exchange resulting in a broadening of the line, whereas the longitudinal
relaxation rate is not. It is noteworthy that the values for the relaxation rates of (Li%)g (p
=0) and (Li*)¢ {(p = 1.0) are both approximately 2 Hz. This is in contrast with the 22Na
study: when B15C5 was complexed to Na* in NM, a large relative increase in both the
transverse and longitudinal relaxation rates (see Figure 4.4 and Table 4.2) was observed
due to a decreased relative symmetry around the sodium cation. The low values of the
7Li relaxation rates, compared to that of ZNa, are a result of the low quadrupole moment
of the lithium cation,

As is also the case with sodium, decreasing the concentration of alkali metal
cation salt results in spectacular changes in the NMR spectra which are illustrated in
Figures 5.3 and 5.4. At 300 K, (Figure 5.3) a coalescence is observed at approximately 2
mM but lowering the temperature to 263 X (Figure 5.4) also lowers the overall rate of
exchange and a coalescence is observed at a higher concentration of lithium (~ 11 mM),
In section 4.4, two possible mechanisms were postulated for a two-site chemical

exchange: dissociative (equation 26) and associative (equation 31).
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Figure 5.3: Li spectra of solutions containing equal populations (p = 0.50) of (Li*)g
and (Li:B15C5)* in niromethane at 300.0 + 0.5 K. From top to bottom the [LiClO,]y
and (ky + kg), determined from lineshape analyses, vary as shown.
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Figure 5.4: "Li spectra of solutions containing equal populations (p = 0.50) of (Li*)g
and (Li:B15C5)* in nitomethane at 263.0 £ 0.5 K. From top to bottom the [LiClO,)r
and (k + kg), determined from lineshape analyses, vary as shown.
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The "Li NMR kinetic analysis parallels that of 2Na NMR. From Figures 5.3 and 5.4 it
is evident there is a relatively large contribution of the associative exchange mechanism
in the overall chemical exchange since there is a proportional variation of (ka + kg} with
[LiClO4)r at both temperatures. Further analysis using the mechanistic test equation
(equation 35) and plotting (k, + kp) as a function of [Li*]y, shown in Figures 5.5 and
5.6, reveals that the associative pathway for chemical exchange is preferred with both
15C5 and B15CS. The plots shown in Figures 5.5 and 5.6 clearly indicate that within
experimental error there is no measurable contribution of the dissociative exchange
mechanism since the lines all extrapolate very close to the origin. The values of the
corresponding associative rate constants, k,, shown in Table 5.1, come directly from the
slope measurements . The activation parameters for the associative exchange of lithium
in (Li*)g and (Li:15CS)* or (Li:B15C5)*, also shown in Table 5.1, have been determined
with variable temperature studies. The corresponding Eyring plots are shown in Figure
5.7. For comparison, Table 5.1 also includes results obtained by 2Na NMR for the
sodium cation with the same crown ethers and solvent at similar temperatures. The
associative nature of the lithium exchange is reflected in the enwopies of activation
which are stll largely negative. The free energies of activation for each system are
overall very comparable, again suggesting that the origin of the associative exchange has
a common basis. A discussion of the nature of the associative mechanism, as it pertains
to sodium, was given in chapter 4 where the energy barrier for chemical exchange by this
mechanism was postulated to be conformational in nature (see Scheme 1). If this is the
case and since it was observed that the solution conformations of both (Li:B15C5)* and
(Na:B15C5)* in NM are very similar (see sectivon 3.2.2), a priori one would expect the
activation parameters for the associative exchange to be very close for both B15C5

complexes of lithium and sodium.
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Figure §.5: (k, + kg) as a function of [LiClOs)r in NM. p = [15CS])y / [LiClO4)y =
0.53 in all cases. The data points are experimental and the lines are results of linear
regressions: (@) at 300.0K; (ky +kg) = (-1.2+0.3) x 10% + (1.9£0.1) x 108 [Li]y and
(M) at263.0K; (ks +kg) = (-4£1)x 10% + (6.2 + 0.4) x 10° [Lijq-
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Figure 5.6: (kA + kp) as a function of [LiClOy}t in NM. p = [B15CSjr / [LiClO4)r =
0.51 in all cases. The data points are experimental and the lines are results of linear
regressions: (@) at 300.0 K; (k, + kg) = (9% 6) x 10% + (1.88 i‘0.08) x 10° {Lily and
(M) at263.0K; (kp +kg) = (2% 1) x 102+ (2.6 £0.2) x 10° [Lily.
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Figure 5.7: In(kyh / k5T) as a function of T-1. For 15CS (M), the [LiCIO,}r = 5.0 mM
and p = 0.53; for B15CS5 (@), the [LiClO,]; = 10.6 mM 2nd p = 0.53.
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Table 5.1: Rate Constants, ky, and Activation Parameters for the Associative Exchange

of (M:C)* in Nitromethane.

M:0)* ky AG*,, AH*, AS*,
x 10° M-15°1 kJ.mol1 kJ.mol! J.mol.K!
(Li:15C5)* 19%1 37.4+0.1 211 543
(Li:B15C5)*® 1.88 £ 0.08 432+0.1 32+1 361
(Na:15C5)*® 1.45+0.05 44.1+0.1 21 %1 76+2
(Na:B15C5)*t | 1.09+0.04 44.8+0.1 28+3 -57%3
(Na:B15C5)* | 1.97+0.05 43.1+0.1 - -

(a) Counteranion is ClO, and T = 300.0 £ 0.5 K. (b) counteranion is BPhy and T =
301.5 £ 0.5 K. (c) counteranion is C1O,  and T = 300.0 & 0.5 K; assuming associative
exchange only (see Table 4.5).

The k, values and fre: energies of activation of (LiCl04:B15CS5) and (NaClO4:B15C3),
shown in Table 5.1, are identical within experimental error. This strongly supports the
proposed scenario for 2ssociative exchange, illustrated in Scheme 1, since a mechanism
which would be influenced by other factors such as cation solvation / desolvation would
result in activation parameters significantly different for different cations. Moreover, the
enthalpy of activation is independent of the cation involved: AH" ¢ of (LiClO,:B15C5) is
the same as that of (NaBPh,:B15C5) as well as AH", of (LiClO4:15C5) is the same as
that of (NaBPh,:15C5) within experimental error. That the free energy of activation is
slightly lower with (LiClQO,:15C5) compared to (NaBPh,:15C5) and (LiClO4:B15C5)
compared to (NaBPh,:B15C5) may be due to a small counteranion effect. The

coordinating power of the counteranion has been observed to affect the resulting free
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energy of activation for the associative exchange of (Na:DB24C8)* in NM where a
counteranion with a high coordinating power, such as thiocyanate, resulted in 2 lower
free energy of activation {130]. The higher free enthalpies of activation for cation

exchange with B15C5 compared to 15CS is plausibly a reflection of the higher rigidity of
B15CS.

5.3 Kinetics by 2D ’Li NMR Exchange Spectroscopy
The investigation of exchange processes by 2-dimensional NMR spectroscopy

was first demonstrated by Jeener, Ernst and coworkers in 1979 [57). The pulse sequence

for this technique, referred to as exchange spectroscopy (EXSY), is shown in Figure 5.8.

Preparation :  Evolution : Mixing : Detection
90°, 90°, 90°,
—— PD —»: —e - - > t, —»

Figure 5.8: Basic scheme for 2-dimensional exchange spectroscopy.
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This 2D technique is characterized by four periods of time: the preparation, evolution
and detection periods, as in a normal 2D experiment (see for example heteronuclear
correlation in Figure 3.14), as well as a mixing period which is of central importance for
obtaining rate information. After the preparation period and the first 90° pulse, which
converts z-magnetization to y-magnetization, the various components of the created
transverse spin magnetization are frequency labeled by letting them precess at their
characteristic resonance frequencies during the evolution period of length ;. The
exchange process takes place during the mixing period of fixed length ¢, after a second
90° pulse which restores the y component of the magnetization along the z-axis. A final
third 90° pulse rotates the longitudinal magnetization into the xy-plane for detection
during t,. As is usual in any 2D experiment the pulse sequence shown in Figure 5.8 is
repeated for a number of equally spaced values of the evolution time t;. Free precession
of the spins during t; forms the first time domain while the signal acquisition time, t,,
constitutes the second time domain. Fourier transformation in both dimensions results in
a 2D spectrum containing the normal 1D spectrum along the diagonal and cross-peaks
off the diagonal due to the occurrence of magnetization transfer during the mixing time.
An increase in #, results in increased information transfer which is reflected by the
increased volumes of the spectral cross-peaks. The relationship between the volumes of
the cross peaks and ¢, can give access to the rate constant of a process, as will be shown
later, and therefore to obtain quantitative information about exchange rates it is usual to
perform several 2D experiments each of them with different mixing times.

The use of two-dimensional EXSY for qualitative and quantitative kinetic
investigations has been limited compared to the conventional one-dimensional lineshape
analysis approach. This method works best when the sites undergoing chernical
exchange are not coupled to each other since spin-spin coupling may also result in the

appearance of cross-peaks masking the chemical exchange. Another drawback of this
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method is that the acquisition of data necessary for quantitative interpretation can be
very time consuming, as it usually the case with any 2D technique. Two-dimensional
EXSY has been recently applied in various situations with various NMR nuclei such as
H [184], BC [185], 1F [186), !"%Sn [187] and Na (188] (for a more complete
description of the various applications of 2D EXSY see reference 189). We believe this
to be the first application of 2-dimensional 7Li NMR EXSY.

In order to apply this NMR method, chemical exchange must be slow on the
NMR timescale so that each nuclear site involved in the chemical exchange must have
resonances which are well separated. As can be seen in Figure 5.4, there is the
possibility for fulfilling this condition in the present studies. In order to demonstrate 7Li
2D EXSY, we have selected a system in which the specific experimental conditions

allow the application of this technique. The corresponding 1D spectrum of the system in

question is shown in Figure 5.9.

-0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 ~1.6 ~1.8 PPM

Figure 5.9: 7Li spectrum of a solution containing (Li*)g (P, = 0.40) and (Li:B15CS)*
(Pg = 0.60) in nitromethane at 250.0 £ 0.5 K. [LiClO,]r = 2.6 mM.
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As we have previously seen, the lineshape of the NMR spectrum, and therefore the
observed (k, + kg), is mainly affected by two experimental variables: the temperature
and the total concentration of metal salt. For the system (Li:B15C5)* in NM, two
separate resonances are observed at 250.0 K and a [LiClO4]y equal to 2.6 mM for a
solution containing both solvated (in this case P, = 0.40) and complexed (in this case Py
= 0.60) lithium cations. Several 2D EXSY experiments were done with this solution
where the mixing time, ¢,,, was varied between 0.005 and 0.10 s. The stacked plots for
three of these experiments (t,, = 0.007, 0.02 and 0.05 s) and the corresponding contour
plots are shown in Figures 5.10 and 5.11 respectively where it can be seen that as the ¢,
increases so does the volume of the cross-peaks.

A quantitative interpretation of the results obtained is straightforward and is

based on the following equations for a non-coupled two-site exchange [57]:

apa(t,) = Ppe o™ [cosh(Dt,,) - (8/D) sinh(Dt,,)] (53)
agg(ty,) = Pge %™ [cosh(Dt,,) + (3/D) sinh(Dz,)] (54)
ang(t,) = aga(t,) = —P,Pg (R/D) e sinh(Dr, ) (55)
where
a=1/2 (Rpys + Rgp) (56)
8= 1/2 (RAA + RBB) (57)
D = (& + P5PgR )72 (58)
RAA=R1A+ PBk (59)
Rpp=Rjp +Ppk (60)
R.=-k (61)

163



A _":\__/\_% A§A
5’% 5‘%
_______.______———a————————‘———‘———““"“m_'“_“ =— B

IM‘ TBI

L

{
| L L]
-0.2 -0.8 -1.4 -2.0
F1 (PPM)

Figure 5.10: Stacked 2D EXSY plots of a solution containing (Li*)g (P, = 0.40) and
(Li:B15C5)* (Pg = 0.60) in nitromethane at 250.0 0.5 K and [LiClO }r = 2.6 mM. ¢

(A)0.007 5, (B) 0.02 sand (C) 0.05 s
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Figure 5.11: Contour 2D EXSY plots of a solution containing (Li*)s (P, = 0.40) and
(Li:B15C5)* (Pg = 0.60) in nitromethane at 250.0 £ 0.5 K and [LiClOsly =2.6 mM. ¢, =
(A) 0.007 s, (B) 0.02 s and (C) 0.05 s.
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The values for a,,, app and a,g = ap, correspond respectively to the normalized
volume integrations (i.e. the sum of all volume integrations of any one spectrum is taken
to be equal to 1.0) of the peaks at sites A, B and the cross peaks. The populations of the
two sites are represented by P, (equal to 0.40 in this case) and Py (equal to 0.60 in this
case) with longitudinal relaxation rates R, (T;54™)) and R,g (Tyg'!) respectively. The
longitudinal relaxation rates of lithium in both sites have been determined independently
in the desired experimental conditions by the inversion-recovery method; R, = 0.94
0.03 s and Ryg = 3.02 + 0.12 s\, In this analysis the value for the rate constant k, is
equivalent to (k, + kg) in the conventional 1D analysis. The above equations clearly
show the relationship between the experimentally determined peak volumes and the
desired rate constant, k, for the chemical exchange. The relationship between a,g and 1,
is shown in Figure 5.12, where a nonlinear increase in cross-peak volumes is observed as
the mixing time increases. The experimental data agree well with the result of the
nonlinear regression represented by the drawn curve (there is a slight discrepancy when
4, is large). Error estimates for the cross-peak volumes, shown in Figure 5.12, comes
from the knowledge that the volumes of two cross-peaks in each individual experiment
should be the same. Perhaps the errors reported have been underestimated in which case
the data points at the larger mixing times would fall on the theoretical curve.

A comparison of the rate results obtained by conventional lineshape analysis and
2D EXSY is shown in Table 5.2. By the conventional 1D approach, the preferred
exchange mechanism for Li* with B15C5 in NM was determined to be exclusively
assoctative and therefore the rate constant for this process can be simply calculated: k, =
(ka + kg) / [LiClO4)y . Since the results obtained by both methods are identical within
experimental errors, the reliability of the application of 2D 7Li EXSY for kinetic

investigations of lithium cations complexed with the crown ether B15C5 is confirmed.
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Figure 5.12: The normalized cross-peak volume, a5 determined from 2D 7Li spectra,
as a function of the mixing time, 1,. The data points are experimental and the drawn
curve is a result of a nonlinear regression based on equations 53-61.
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Table 5.2: A Comparison of the Rate Constants Obtained with One- and
Two-Dimensional 7Li NMR.

Method k or (ky + kp)* ko?
s x 10* M-1s7!
1D-lineshape 47%2 1.84 + 0.08
2D-EXSY 49+ 14 1.9+ 0.6

(@) T =2500+ 0.5 K; p = [BI5CS]y / [LiCIO4)r = 0.6; [LiCIOy]r = 2.6 mM. (b)
associative exchange: k; = (k4 + k) / [LiClO] .

5.4 Competition between Na* and Li* for Benzo-15-crown-5

So far we have demonstrated that the associations of lithium and sodium cations
individually with 15C5 and B15C5 in NM exhibit many similar structural and kinetic
characteristics. The NMR studies have provided some insight into the solution structures
of the complexes. Linear variations in the respective 2Na and 7Li chemical shifts as the
concentration of the ligand increased (see Figures 4.l1a and 5.1) have indicated a
formation of highly stable (Na:15C5)*, (Na:B15C5)*, (Li:15C5)* and (Li:B15C5)*
complexes in nitromethane where log Kg > 4. Whereas 'H NMR studies indicate that
the specific solution conformational status of B15CS5 in both (Na:B15C5)* and
(Li:B15C5)* in NM is similar, 2Na and 'Li NMR studies indicate that there is a
difference in the positions of both cations within the cavity of B15C5. The 23Na and Li
chemical shift data in NM indicates a stronger tendency for the formation of sandwich
complexes with Na¥. This observaticn is expected since Na* is larger than Li* and in all

probability, the solution sodium cation sits above the ring plane of the ligand as is

168



observed in solid (Na:B15CS)* [77]. The smaller lithium cation on the other hand,
probably sits directly within the cavity of this crown ether.

Previous alkali metal NMR investigations by Popov and coworkers have
provided insight into the selectivities of the formatons of alkali metal-crown ether
complexes based upon cation and ligand cavity sizes [88,102]. One such Li NMR study
of the interactions of lithium cations with 12C4, 15C5 and 18C6 has indicated a
formation of lithium complexes, in various solvents, which are generally more stable
with 15C5 [102]. On the other hand, a similar ZNa NMR study has indicated sodium
complexes more stable with 18C6 compared to 15C5 and B15C5 [88]. Although an
actual value of Kg for both (Li:B15C5)* (K;) and (Na:B15C5)* (Ky,) in NM could not
be determined by alkali metal NMR, based on our observations and the preceding
statements one could a priori predict a preference of lithium over sodium in the
complexation of B15C5. In order to obtain specific qualitative and quantitative
information about the competition of these two cations for B15CS5, solutions containing
Li*, Na* and B15CS were studied concurrently by Li and 2Na NMR.

Upon the addition of B15CS5 to a solution containing both lithium and sodium
cations, a competition between the following two equilibria, each characterized by K;

and Ky, respectively, is set up:

Lit+B15C5 = (Li:B15C5)* (62)
Na* + B15CS = (Na:B15C5)* (63)

where in the low donicity solvent NM with the non-coordinating ClO," counteranion,
competition involving the solvent and/or counteranion in cation coordination can be
neglected. As in the individual cases, the lithium equilibrium shown in equation 62 can

be followed by 7Li NMR and the sodium equilibrium shown in equation 63, by 2Na
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NMR. A system such as this can be represented by the following overall equilibrium:

k¢
Lit + (Na:B15C5)* = Na* + (Li:B15C5)* (64)
ky

where k¢ and ki, are the rate constants for the forward and reverse reactions respectively.
The overall equilibrium constant, K., = ke/ ky,, is equivalent to the ratio Ky ; / Ky,

In order to investigate the equilibrium shown in equation 64, B15CS was added
in varying amounts to nitromethane solutions containing equal concentrations of NaClQO,
and LiClO,. A plot of the "Li chemical shift as a function of pp = [B 15C5ir / (Na't)y +
[Li*]7) is shown in Figure 5.13. In the absence of sodium, the Li chemical shift shown
in Figure 5.13 would decrease linearly until pp = 0.5 at which point a plateau would be
observed. This would indicate the quantitative formation of (Li:B15C5)* where log Kyi;
> 4. The added presence of sodium in the system decreases the efficiency of the
formation of (Li:B15C5)* and results in a nonlinear relationship of the observed 7Li
chemical shift. A 7Li chemical shift of -0.62 ppm at pp = 0 confirms that lithium is in its
solvated state (in NM) and when there is excess ligand a plateau is reached at -1.15 ppm
indicating that all the lithium present is complexed to B15CS. In this situation, the
chemical exchange is "moderately fast” (see section 4.3) on the 7Li NMR timescale and

the chemical shift observed is representative of a weighted population average of lithium

in its two sites.
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Figure 5.13: 7Li chemical shift as a function of pr = [B15C5]y / ((Nalr + [Lily) in
nitromethane. The total concentration of metal cation, [M*]y = [Na*] + [Lit]y = 10.1
mM, ([Na*]y = [Li*]) and T = 300.0 + 0.5 K. The data points are experimental and the
curve is theoretical based on a determined value for log K¢q = 2.0 (equation 64).
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The relative populations of the solvated (site A) and complexed (site B) lithium sites can
be determined from the chemical shift (see equation 19). Since the data observed in
Figure 5.13 are also representative of the equilibrium shown in equation 64, a value for
K,q is determined from a nonlinear regression (see Appendix 5): log K, = 2.0 £ 0.3.
This indicates that B15CS binds preferentially to lithium cations in the presence of
sodium.

On the other hand, the status of sodium in the system can be monitored by ZNa
NMR. Figure 5.14 shows the 2Na chemical shift again as a function of pp. Atpr=0,a
BNa chemical shift of -14.0 ppm is indicative of solvated sodium (in NM) and in the
presence of excess ligand all the sodium is complexed to B15C5 resulting in the
observed plateau at -3.7 ppm. In the absence of lithium and at this low [Nat]; (5 mM),
the chemical exchange is expected to be slow on the ZNa NMR chemical shift timescale
(see Figure 4.6) and non-Lorentzian spectra would be observed in the region 0 < pr <
0.5. The presence of lithium greatly hinders the formation of (Na:B15C5)* since the
chemical shift does not significantly change until pr is approximately 0.4. When both
sodium sites are prescnt however, chemical exchange is still slow on the 2Na chemical
shift timescale and the spectra observed are non-Lorentzian. Although the data in Figure
5.14 is stll representative of the equilibrium in equation 64, a separate determination of
K.q is not possible since chemical exchange is slow and we do not observe one
population averaged signal. The curve drawn in this figure was calculated using the
value for log Keq = 2.0 determined with the 7Li NMR data and a broken line simply
denotes that the ZNa chemical shift was not actually measured. A knowledge of the
relative populations of the two sodium sites is still possible since P, or Py can be
determined from a complete lineshape analysis. This is accomplished by introducing Py

as a variable in the nonlinear regre: ions of the lineshape analysis (see Appendix 1).
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Figure 5.14;: BNa chemical shift as a function of pr = [B15CS]y / ((Na*]ly + [Li*]y) in
nitromethane. The concentration of the total metal, [M*]; = [Na*] + [Li*}y = 10.1 mM,
([Ma*] = [Li*]) and T = 300.0 + 0.5 K. The data points are experimental and the curve is
theoratical based on a determined value for log Keq = 2.0. The middle portion of the
curve is drawn as a broken line since in these conditions the spectra observed were
non-Lorentzian due to slow chemical exchange.
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Since

Keq = ([Li:B15C5%}/[Li"]) % ((Na*] / [Na:B15C5*]) (65)

and therefore;

Keq= (Pg/Pp)Li X (Ps/PplNa (66)

this provides another method for determining a value for Keq The relative populatiens
of lithium in sites A and B can be determined from the ’Li chemical shift data and those
of sodium from the 2Na lineshape analyses. Data for each sample is acquired by the
NMR of two different nuclei, and as a result several values of Keq can be calculated. An
average value of K, where log K, = 1.7 £ 0.2, was determined by this approach. This
value agrees, within experimental errors, to that previously determined where log Keq =
2.0 = 0.3 (the average of the two is 1.9 + 0.2). Again we can conclude that in
nitromethane B15CS5 displays selectivity of lithium over sodium.

We have also demonstrated that the well characterized kinetic activities of
lithium and sodium individually with B15CS in NM are the same. That is, in both cases
the associative mechanism (equation 31) is preferred for chemical exchange of the
cations in the two sites. When one cation is put into the presence of the other, two
questions may be asked about the kinetic influence of the added cation on the one
studied: does the overall exchange mechanism change and/or are the actual rates of
exchange affected? One could visualize a possible synergistic effect where the presence
of one cation could actually lower the energy barrier for the chemical exchange of

another cation.

In the cation mixture study described above, the chemical exchange of the
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lithium cations in its two sites can be studied since the population averaged 'Li NMR
lines are broadened due to the moderate rate of chemical exchange. It is reasonable to
assume that the associative mechanism for lithium chemical exchange, which is

preferred over dissociative exchange, is still in effect for lithium when sodium is present.

That is:

Kopi
Li** + (Li:B15C5)* = Li* + (Li":B15C5)* (67)

where kj; is the associative rate constant for this specific exchange in the presence of
sodium. One may also envisage a second path for lithium exchange involving the

sodium cation, which could have an impact on the behaviour of lithium;

k¢
Li* + (Na:B15C5)* = Na*+ (Li:B15C5)* (68)
ky

These two associative mechanisms account for the exchange of lithium in its two sites,

and the following relationship for the observed (k, + kg) can be obtained (see Appendix
6):

(kA + kB)Li = kZLi[Li+]T + kb[Na"']T [(Keq -1 (NAO)NB +1 } (69)
where (ko + kg)y; refers to that parameter measured for the lithium exchange by "Li

NMR lineshape analysis and (A/A,)y, is @ parameter based on the “Na NMR chemical

shifts reflecting the relative populations of the sodium species in solution (see Appendix
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6). Since a value for K, is known (log Keq = 1.9 £ 0.2) a plot of (ks + kg)y; as a
function of (A/A,)n, should be linear where a value of kyy; and ky, could be determined
from the intercept and the siope respectively. This plot, constructed from our
observations and shown in Figure 5.15, is indeed linear and a resulting value for ko is
shown in Table 5.3.

The same approach can be used in the kinetic observation of sodium in the
presence of lithium where the chemical exchange is slow on the Na NMR chemical

shift imescale. The usual individual sodium associative mechanism is considered:

kZNa
Na** + (Na:B15C5)* = Nat+ (Na“:B15CS)* (70)

where koy, is the associative rate constant for this specific exchange in the presence of
lithium. The second path involving the lithium cations shown in equation 68, is also
considered for the associative exchange of sodium. In this case the following

relationship for the (k, + kp)y, is obtained (see Appendix 6):

(Ka +kp)na = kona[Na'Tp + kLi*lp {1 + (1-Keo /K ))A/AL)) (71)

where (kp + kg)y, refers to that parameter measured for the sodium exchange by 2Na
NMR lineshape analysis and (A/A,); is a parameter based on the 7Li NMR chemical
shifts reflecting the relative populations of the lithium species in solution (see Appendix
6). A plot of (k, + kg)n, as a function of (A/A,)L; should be linear where a value for k;

and kay, could be determined from the slope and intercept respectively. This plot is

shown in Figure 5.16,
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Figure 5.15: (k, + kg)i; as a function of (A/A)y, [Na*lp = [Li*]y = 5.0 mM in
nitromethane at 300.0£0.5K.
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Figure 5.16: (k, + kp)y, as a function of (A/A);. [Na*]y = [Li*]y = 5.0 mM in
nitromethane at 300.0 £ 0.5 K.
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Table 5.3: Rate Parameters for the Associative Exchange of (Li:B15CS)* and
(Na:B15C5)* in NM; Individuatly (ind) or in Cation Mixtures (mix).*

Cation® k, AG*

x 10° Mg kJ.mol"!
Li* (ind) 1.88 £ 0.08 43210.1
Li* (mix) 20+03 43004
Na* (ind) 2.03£0.06° 43,0+ 0.1
Na* (mix) 20x04 43.0+0.5

(a) at 300.0 £ 0.5 K. (b) Counteranion is ClO, in each case. (c) average value taken
from data in Table 4.5.

A summary of the rate constants and free energies of activation for the associative
exchange of the sodium and lithium cations with B15CS5 determined in the cation
mixtures as well as for the individual cations, is shown in Table 5.3. The rate constants
for the associative exchange, k;, determined in the cation mixtures agree very well with
the values determined in the studies involving individually both cations. There is thus no
synergistic effect of one cation on the other. Again the preference of lithium over
sodium can be concluded when comparing the rate constants for the forward, k;, and
reverse, ky, reactions in equation 68: k; = (2.1 £ 0.1) x 10% s'! (determined from a
nonlinear regression of the data in Figure 5.16) and k, = (1.1 % 0.1) x 10* s (from
Figure 5.15). One can again determine a value for Keq = k¢ / kg, where log Keq=232
0.1. This separate determination of Keq is in excellent agreement with previous

determinations (average log Keq=1910.2).
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SUMMARY AND CONCLUSIONS

In the third chapter of this thesis, the structural aspects of crown ethers and alkali
metal cation-crown ether complexes were studied in solution. The 'H NMR spectra of
B15C5, DB18C6, DB24C8 and DB30C10 as well as their respective alkali metal
complexes, exhibited spectral patterns reflecting both a rapid conversion between two
separate conformers and the 'H-'H spin coupling of the 4-spin systems in the crown
ethers. From spin simulations, the coupling of the protons in the separate 0-CH,-CH,-O
fragments could be fully characterized by three coupling constants: Jgems Jais and Jopns
Subsequently, it was possible, based on a modified Karplus correlation, to obtain values
for the dihedral angle, ¢, between the two oxygen atoms in the ether fragments, An
average value of ¢ equal to approximately 60° was obtained for all the systems studied
and no trends were detected differentiating between crown ethers which were complexed
and those which were not. A dihedral angle of 60° corresponds to a gauche orientation
of the oxygen atoms which is also generally observed in the solid counterparts.

The proton spectra were partially assigned with heteronuclear chemical shift
correlation (HETCOR) experiments which also served to assign the *C resonances.
Long-range HETCOR experiments provided data for the unambiguous assignment of
resonances close in value to each other.

In chapters 4 and 5, insight into sodium and lithium complexes of 15C5 and
BI5C5 in solution was obtained by ZNa and "Li NMR. The extent of complex
formation was significantly reduced in solvents which could compete with the ligand for
cation coordination. This was the case for the formation of (Na:B15C5)* in
dimethylformamide (DN = 26.6) and pyridine (DN = 33.1), whereas in nitromethane
(DN =2.7) and acetonitrile (DN = 14.1), a quantitative formation of lithium and sodium

complexes was observed. A study in nitromethane solutions containing mixtures of both
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sodium and lithium cations indicated that B15C5 displays a selectivity for the
complexation of lithium.

The main focus of the work presented in this thesis, lies in the kinetic and
mechanistic behaviors of alkali metal cation - crown ether complexes. The ZNa and 7Li
dynamic NMR results which were obtained for (Na:15C5)*, (Na:B15CS)*, (Li:15C5)*
and (Li:B15C5)™, with the counteranions BPh,", ClO,” and PFg, could be accounted for
by two possible mechanistic contributions to the chemical exchange of the cation. The
dissociative exchange could only be observed in acetonitrile which has a higher donor
value than niromethane. Studies in binary solvent mixtures have indicated a direct
implication of the solvent at the molecular level which governs this mechanism. The
associative exchange however, was observed to be independent of the nature of the
solvent as well as the cation or the crown ether; indeed the activation parameters for
many systems implicating the associative mechanism were very consistent, indicating a
common origin in all cases. Conformational rearrangements were postulated to be the
governing factor for cation exchange by this mechanism.

Although it was generally known before the studies presented in this thesis, that
the solvent played an important role in the kinetic interactions of alkali metal cations
with macrocyclic ligands, the results obtained in this work provide information about the
specific molecular role of the solvent. Until now, solvent effects had been treated and
rationalized on a "global" level but the kinetic studies in binary solvent mixtures,
presented in this work, have for the first time provided insight into the direct solvent
participation in the coordination sphere of the cation. The DMF-NM solvent mixtures
provided an excellent medium for this since very small amounts of DMF, which were in
the order of the sodium concentrations, gave rise to large increases in the overall rate of
exchange and corresponding (k, + kg) for the chemical exchange of sodium in the

solvated and complexed to B15C5 sites. This was related to an increase in the
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dissociative contribution of the overall exchange. The Na NMR chemical shifts and
longitudinal relaxation rates provided a direct line to the complexed sodium cation
coordination sphere which could be characterized by the participation of one DMF
molecule. As a result the lability of (Na:B15C5)* was increased.

In the study of lithium exchange, 2D - "Li exchange spectroscopy (EXSY) was
for the first time applied. The rate constants obtained by this method for the exchauge of
lithivm in the two sites (Li)*s and (Li:B15CS)* in nitromethane were comparable to
those obtained by conventional 1D approaches. Although there was no advaniage for
using "Li EXSY in our case we have demonstrated that it can be successfully applied.
This method may prove very useful in future studies of slow processes involving

transport of lithium cations across membranes.
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APPENDIX 1: SAS Program for Full Lineshape Analysis.

This program was used in order to determined the sum of the two pseudo-first order rate

constants, (k, + kg), in the two-site (A and B) exchange of sodium and lithium.

19.
20.

21,
22,
23.
24,
25.
26.

DATA TWO;
CMS FILEDEF TWO DISK INPAR DATA A;
INFILE TWO;
INPUT VA VB RA RB PA PB;

PROC PRINT;

DATA ONE;
CMS FILEDEF ONE DISK XXX NMR A;
INFILE ONE;
INPUT X Y;

IF _N_=1 THEN SET TWO;
PI=3.14159;

PROC NLIN METHOD=DUD;
PARMS CO=1E4 KAB=1E3;
BOUNDS 1<CO<1E6, 0<KAB<5ES;
TAU=1/KAB;
DV=(VA-VB);
DELV=0.5*(VA+VB)-X;
P=TAU*(RA*RB-4*P[**2*DELV**2+P[¥**2*DY*%72)
+PA*RA+PB*RB;
Q=TAU*(2*PI*DELV-PI*DV*(PA-PB));
R=2*PI*DELV*(1+TAU*(TA+TB))+(PI*DV*TAU*(RB-RA))
+PI*DV*(PA-PB);
YCAL=CO*(P*(1+TAU*(PB*RA+PA*RB))+Q*R)/(P**2+R**2);
MODEL Y=CO*(P*(1+TAU*(PB*RA+PA*RB))+Q*R)/(P**2+R**2);
OUTPUT QUT=PUT PARMS=CO PARMS=KAB;
ID YCAL;

PROC PLOT DATA=PUT;
PLOT Y*X="0’ YCAL*X="+'/OVERLAY;
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NOTES:

— in lines 1-4, the main frame file INPAR DATA A is set for SAS recognition; this file
contains the initial parameters corresponding to the particular analysis: VA and VB, RA
and RB, and PA and PB are the frequencies in Hz, transverse relaxation rates and
populations of sites A and B respectively.

— in lines 6-9, the main frame file XXX NMR A is set for SAS recognition; this file
contains the frequency in Hz (X) and arbitrary intensities (Y) of the NMR spectrum.

— in lines 12-14 the nonlinear regression (PROC NLIN) is initialized; there are two
variable parameters: CO is an arbitrary intensity factor, and KAB is the desired ky + kg.
Each of these are given reasonable initial values and boundaries. PB can be added as a
variable parameter and therefore lines 4, 13, 14 and 23 must be altered and the following

line is inserted between lines 14 and 15:

14b. PA=1-PB;

— lines 15-22 contain the equations describing the lineshape (see reference 46).
— lines 23-26 are concerned with the output and plot of the experimental data points as
well as the ones calculated from the nonlinear regression.

— to obtain a graphics plot (see Figure 2.5), line 25 can be replaced by:

25a. % INCLUDE QMS;
25b. GPLOT;
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APPENDIX 2: Formation Constant (Kg,) of the 1:1 Complex.

The following equations were used in determining the Kg, for the formation of
(Na:B15C5)* in DMF and PY from 2Na chemical shift (5,,) or longitudinal relaxation
rate (T,?) as a function of [B15CS)y / [Na*}y (p) data (Figures 4.1 and 4.2). This

analysis is appropriate for determining Kg, of any M*-C complex in the absence of other

competing reactions.
K
Mg + (O = (M:O)*g
A B
M) = M]+M:C; [Cly = [C)+[M:CL; p = [Cly/ Mp
Kp = [M:CH/(IMIICD = (Mly - [M]) / (MI([Clt - M]r + IM])
X= KFI; Y= KFI[C]T - KFI[M]T +1; Z= '[M]T

[M] = (-Y + (Y2 - 4XZ)1?) / (2X); derived from a quadratic equation for [M]

Sobs = (IM]/[M]1) 85 + (IM:CV[M]1) 85; Sops = (34 - 8p) ((M1/ M) + 85

— 8gps: 84 and 8p can be replaced by Ty oo !, Ty 47! and T 5! respectively.
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APPENDIX 3: Master Table of Published Kinetic Results of Alkali Metal-Macrocyclic
Complexes Obtained by Alkali Metal NMR[21],

Alkali Counter- Rate b
Ligand Nucleus  anion Solvent Mech? constant

L. 15CS Li Clo, NM | (L9£0.1) x10°

2 B15CS Li 1o, NM I (1.88 £ 0.08) x 10°

3 OMI6CH i Cloy NM 1 67 .

) c211 i I H,0 I 3.9 £2.0)x 10°

5 call L clo; PY 1 (0,12 £ 0.24) x 10°

6. c21t i Cloy DMSO 1 (2.32£0.54) x 10}

7. C21l Li Cl0, DMF 1 (1.30 £0.33) x 10*

5. Call Li Clo, FOR I (7.4 £2.9) % 10°

Y, c221 Li Cloy PY I (123 £0.20) x 10°

0. €221 Li ClOy AN 1 680+ 42

1. C221 Li ClO, PC I 892 £ 50

12, C222 i Cloy AN I 420+ 14

13, Q222 Li Clo, PC I 507 £31

14, C222 Li Clo; AC I 794 £42

15,  15C5 2BNa BPhy NM Il (1.45 +£0.05) x 10°

16. BI15CS BN BPh,’ NM I (1.09 £ 0.04) x 10°

17.  BISCS BNa BPh,’ NM I (1.1 £0.1)x 102

18.  BI5CS BNa BPhy AN I (35201 x10°

19. BISCS BNa BPh," AN IH (09+0.3) x 10°

20, 18C6 BNa Br MA 1 4.3 x 10°

21, 18C6 BNa BPh, THF I 536

22, 18C6 BNa SCN- THF Il 9.16 £0.12) x 10*

23,  18C6 LNa SCN- MeOH I (3.65 £ 0.07) x 10?

24, 18C6 BN BPh,’ PC i (1.30 £ 0.07) x 10°

25, 18C6 BNa BPh, ?%Fmgori I (3.56 £ 0.09) x 10°
{0.6/0.

26.  18C6 BNa BPh,’ THF{)PC I 9.15£0.13) x 102
(0.8/0.2)

27.  18Cé6 BNa BPh, %I-I%PGC If (5.00£0.23) x 10*
(0.4/0.6)

28, 18C6 BNa SCN- AC 1 434 x 10°

29, 18C6 BNa SCN- MeQH I 7.2 % 10

30.  18C6 BNa SCN- PY [ 1.03x1

3. 18C6 TNa BPh," AN I (3.8+0.5 %10

32 IBCE BNa BPhy AN II (26+04)x 1

33, 18C6 BNa BPh,’ PC [ (1.6+0.2)x 10

34, 18C6 BNa BPhy PC I (6.9£0.3)x1

35.  18C6 BNa BPh, AC I (1.48 £0.02) x 10*

36  18C6 BNa BPh,’ PY I (5.3+0.2) x 102

37.  18Cé BNa BPh, PY I (20£0.3)x 10

38, DBISCS BNa BF,’ AN 1 4%10?

v,  DBISCé BNa BPh, AN l 4x10°

4). DBISC6 BNa BPh, NM i 2x 102

41. DBIBC6 BNa BPh, NM I 3Ix 108

42,  DBISBCG ZNa PFg NM I 2x 162

43, DBI8BCS BNa PF¢ NM if 4% 10

43,  DBISC6 BNa SCN- DMF | 1 % 10%

15,  DBI8C6 BNg SCN- DME I 1.5 % 10¢
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26.

ot it et ps et
DRUREEERNGRESPES

Temp.
K

300

7
298
298
298
298
298
298
298
298
298
298
298
301.5
301.5
3015

AG®
kJ.mol™!

374202
432+£02

19
86308
9535
824104
83704
§7.0£08
74904
56.90+0.04
56.8+£04
58.2810.04
57.53+0.08
56.32 1 0.08
44,1+0.1
44.8%0.1
62.1£03
454104
38408
41
63.1+04
44,66+ 0.04
46.96+0.08
43.82+0.17
52701

56.08+0.08
16.9%0.1

40.8

45.3

50.1
53.2+04
42,6+ 0.4
554+0.3
40.2£0.1
49.81+0.1
58.1x0.1
40.0+£04
53

53

60

48

60

47

43

50

AR®
kJ.moal?

211
322104

865
80+ 14
65%2
6512
573
54%2
287206
26203
11,6205
150104
202+038
211
2813

23

471
122
38+1
17%2
39i1

40404
362

36.7
53.6
50.5
32x2

546
3521
4%t
494
402
40%2
373

51
53
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AS®
Jmol'L.K!

-54%3
361

212
-52+39
-58t6
656
9518
-62t4
-101+£2
-109%2
-157+2
-143+2
-121£3
-76 %2
-57%3

-54
=525
-113+4
-30t4
917
474

-53+2
-35+6

-14.0
27.8
1.4
-65%8

-5+20
-16%3
21+2
-30% 10
44+8
-44+ 8
-78%8

21
12

Reference

142
142
161

146
146
146
146
146
146
147
147
147
147
147
137
136
136
137
137
158
132
132
148
148
148

143
148

155
155
155
143
143
143
143
143
143
143
145
145
145
145
145
145
140
141



Ligand

DBI18C6
DC18C6
{cis-anti-cis}
DC18C6
(cis-syn-cis)
DC18C6
(cis-anti-cis)
DC18C6
(cis-trans)
DA18C6
DAISC6
DAI18C6
DAMDBI18C6
DNDB18C§
DB24C8
DB24C8
DB24C8
DB24C8
DB24C8
DB24C8
C211

C211

Cz211

Cc221

ca22

Enniatin B
Valinomycin
Nonactin
Monensin
Mcnensin
18C6

18C6

18C6

18C6&

18C6
DB18C6
DB18C6
18C6
DCI8C6
(cis-syn-cis)
DAI18C6

Alkali

Nucleus

TNa
BNa

BNa

2Na

Counter-

anion

ClOs
SCN-
SCN-
SCN-
Mon”
Mon-
ASFG.
A SFQ'

ASF{

I-
SCN-
BPh,’

BPh,"

Solvent

MeOH

MeQH
MeOH

THF

THF

THF

DMF

DMF
NM(>10*M)
NM(<103M)
NM(>103M)
NM(<10*M)
NM

0
DMF
DMSO
MCOH/H:O
(25/75)
EDA
PY
THF
H,0

A

PC

AC
MeOH
DMF
PY
McOH
MeQH
MeQH
MeQH
MeOH
AC
AC/1,4DO
(80720)
1,3D0
MeOH
MeOH
MeOH
MeOH
PY

PC
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Mech.*

Pt ettt et

b et bt $t g Pt et Prut bt 3 P gl (el i pd

— p—
—d— —

— vt It —t

—
—

Rate
constant®

1.4 %104
(4.0£0.2) x 10°

(2.2202)x 106
52x10%
> 9.6 % 102

(234 £ 0.09) x 103
(1.74 £ 0.05) x 10°
(9.8 £0.4) x 107
1.9% 105

20x10°

(29.8 +0.2) x 10°

1

(3.5+0.2)x 10°

67

(45+1.0)x 10°
(13+2)x10°
47.6+05
12.1+0.2
34.0+07

36.4

1655
1.14 £ 0.09
2.03+0.27
147.4+2.6
848+ 1.6
19.4+0.5
878+6
1800+ 50
(2.88 £0.03) x 108
93.5+£0.5
>3.1x102
>1.2x10°
> 1.0x10°
B4

+
(4.1+0.9)x 105
(57£1.1)x 10°

(1.65 £ 0.04) % 10
(6827 x10°
(68£2.7)x10°
610

> 108
(9.5+02)x 10°
(1.120.1)x 104

(231 0.23)x 107



Temp.
K

298.2
298.2
298.2
298.2
298.2
298.2
294
294
294
298
298
298
298

298
298
298
239
223
298
298

283

AG*
k!.mol?!

50
41.06 £ 0.04

36.88 £ 0.04
46.0
< 55

53.74+£0.13
49,721 0.08
33.70+£0.04

41.0+0.4
41.1+04

49,02 +0.04
400£0.8
456%0.8
45

<37
50.3x£0.1
499+0.2

27.3%0.1

AR
kJ.mot™!

~00o

BSRXS3IAFRS
OOV ERWWYLA~IWYL
HH+HHFHFHFEHFHF HHHH
COO0OO0000 ¢
) bt = B Uy =] OO OO OO OO o htl

33£2
33f2

21304

191

Lmol K

-10
-109+3

98+ 5
46

-162£2
-161£2
104

32410
37£10

126207
358112
174+12
6.5%3.8

-32%3
-53+3
-34%3
2+3
-13.8+2.1
153+14
6112
-319+04
-253%0.5
3.3£0.5

-66.2
-S11+25
-17+8
50+8

63+4

-13+12
-33+3

602
-59+8

1943

Reference

141
149

149
141
17

149
149
149
141
141
144
144
145
145
130
130
157
157
157
163

160
160
160

156
156
156
156
156
156

17
17
165
162
150
150

150
150
150
150
150
128
129

153



DB21C7
DB21C7
DB24C8
DB24C3
DB30C10
DB30C10
DB30C10
DB30Ci0
C221
caz2l
c221
Cc221

C22B

SCN
SCN-
SCN:
SCN-
SCN-
SCN-
SCN:
SCN-
SCN-
SCN-
SCN-
SCN*
BPh,
BPh,’

3 b
oo O

HH~NHH" HH

SriERY
0 rms Hr s e

1l
1l
|
1l

1
il
Il

St i ek o et

-11%10
44+6
2l+6
97%10
-90%2
266
696
36%3

754
9343
-83+1
6914
6338

(9.4 3)x 10°
(2.7£0.4) % 10°
(7.4+1.0) % 107
(5.6+2.0)x 104
(1701 x 105
“42+£0.3)x 10
(5.4 £0.2) x 10¢
7.6+0.2) x 108
(3.90 £0.06) x 102
(2.17 £0.05) % 10°
(32901 x 1®
(4.49£0.17) x 10¢
(9.0 0.9) x 106
344 + 35

152
152
152
152
151
151
151
151
153
153
" 153
153
154
129

(a) Mechanism I: dissociative exchange (equation 26); Mechanism II; associative

exchange (cquation 31). (b) In mechanism I units for k: s*'; in mechanism IT units for k:



APPENDIX 4: Equilibrium Constant (K¢g) for the Formation of a Sodium Complex
Implicating one Molecule of DMF.

The following model has bzen developed to account for the 2Na chemical shift (8¢ gp,)
and Idngitudinal relaxation rate (T c gpsl) a5 a function of [DMF]; data in DMF-NM

solvent mixtures (Figure 4.25).

Kes
(Na:B15CS)* + DMF = (Na:B15C5:DMF)*

A B
Kes = [Na:C:DMF]/ ([Na:C)[DMF])
[Nalp = [Na:C] + [Na:C:tyMF]
METHOD 1: Assume that [DMF] ={[DMF];
8c.obs = ([Na:Cl84 + [Na:C:DMF18g) / [Nay

dcobs = (84 + Kcs[DMF]Sg) / (1 + Kg[DMF))
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METHOD 2: Full Model

Kes = [Na:C:DMF]/ (([Na]y - [Na:C:DMF]) ( [DMF)t - [Na:C:DMF]))

[Na:C:DMF] = Z[Na]T, Z= (SC.ObS - SA)/(B‘B - SA)

Bc,obs = (((3p - 84) / [Nalr) (Kes[Naly - ZKes[Naly) ((DMF]p - Z{Nalp)} + 8,

- nonlinear regressions using both models gave results which were identical within

experimental errors, therefore the assumption that {[DMF]; = [DMF]y is valid under our

experimental conditions,
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APPENDIX 5: Equilibrium Constant (ch) for Li*-Na* Competition.
The following equations describe the competition between Li* and Na* for complexation
with B15C5 in NM. The determination of K¢q comes from nonlinear regressions of Li

chemical shift as a function of py data (Figure 5.13).

Keq

Li* + (Na:B15C5)* = Na* + (Li:B15CS)*
A B

[Na)y = [Na:C] + [Na]; [Li]p = [Li:C] + [Li]; [Mly = [Na]p + [Lilm
[Cly =[LiCl + Na:Cl;  pp={Clp/Mlp

Keq = (Na][Li:C]) / (fLil[Na:C]) = ({Na]-[Cly + [Li:C]) {Li:C) / (([Li]y - [Li:C))
([Cly - [Li:CD)

X=Kgq-I; Y=-[Nalp+[Cly-KefLilp KegCls  Z = Koo[LilglCly
[Li:C] = (-Y -(Y2-4XZ)1?) / (2X); derived from a quadratic equation for [Li:C]

8y = (([Lilp -[Li:C)) 84 + [Li:C] 8g) / [Lily
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APPENDIX 6: Kinetic Anzlysis for Li*-Na* Competition.

The following equations are based on a model describing the observed k, + kp in the
presencc of the 2 competing Li* and Na* cations. In addition to the individual
associative pathways for chemical exchange (see equation 68), another associative

pathway is postulated:
ke
Lit+ (Na:C)* = Na*+ (Li.C)*
ky,
Keq = ke/ky = ((Na][Li:Cl) / ([Li}[Na:C])

[Najp = [Na] +[Na:C]; [Lilp = [Li] + [Li:C]

1) for lithium exchange:

(kA + kB)Li = kZLIU"I]T + kb[Na] + kf[Na:C]

OobsNa = (([Na]y - [Na:Cl)/ [Naly) 6, + ((Na:C}/ [Na]y) 85

(8obsNa-84) / (B - 84) = [Na:C]/[Nalp = (A7 AN,

(kA + kB) = kle[Li]T 4 kb[Na]T((Keq - 1)(A / Ao)Na + l)
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2) for sodium exchange:

(ka +kpdna = konaINalp + ky[Li:C] + kgfLi]

(Babs,Li=84) / Bg - 84) = [Li:C)/ [Lily = (A/A)y

(ka +kplna = Kona[Naly + kelLily {1+ ((1-Ke) /1 Kog) (A7 A1)
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CLAIMS TO ORIGINAL RESEARCH

—  The conformations of the ether fragments of B15C5, DB18C6, DB24C8 and
DB30C10 in nitromethane-ds, and acetonitrile-d; were determined by 'H NMK at 300
MHz. Coupling constants reflecting the 'H-H coupling were determined from spin
simulations and values for the dihedral angles of the oxygens in the ether fragments were

determined.

— The assignment of the !3C resonances of several crown ether-sodium and lithium
complexes was done by 'H-13C heteronuclear chemical shift correlation (HETCOR) and
the partial assignment of the !H resonances was done with long-range HETCOR

experiments,

— The BNa and "Li NMR kinetic results were accounted for by two main exchange
mechanisms:  associative and dissociative exchange. The rate constants for this
chemical exchange were determined by calculating the exchange contribution to the
ransverse relaxation rate in cases of "moderately fast" chemical exchange (Lorentzian

lineshape). In cases where slow exchange was exhibited, full lineshape analyses were

performed.

— The chemical exchange of sodium in its solvated and complexed to 15C5 and B15C5
states was determined to proceed via an associative pathway in nitromethane. The
kinetic behavior of lithium with the same crown ethers in the same solvent paralleled
that of sodium. This mechanism was shown to be highly independent of the nature of the
solvent, cation or crown ether. It was postulated that the associative exchange is

governed by conformational rearrangements. Based on the solution structural results for
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B15CS and (Na:B15CS5)* in comparison with the known crystal structures [77,79], a

scheme was proposed for the associative mechanism in the case of Na-B15C5.

— The chemical exchange of sodium in its solvated and complexed to B15C5 states was
determined to proceed via a dissociative pathway in acetonitrile. This change in
predominant exchange mechanism was attributed to a change in the donor properties of
the solvent. With studies in binary solvent mixtures, a model was proposed for the direct
participation of the solvent on a molecular level, for this mechanism. This was the first

such qualitative and quantitative description of the solvent effect.

-~ A competition study between the lithium and sodium cations with B15C5 in
nitromethane by 7Li and BNa NMR, showed that B15CS exhibits a selectivity for
lithium complexation. In the associative exchange of the individual cations, it was

determined that there is no synergistic effect.

— The first application of 2D-"Li exchange spectroscopy was illustrated in the study of
lithium chemical exchange with B15CS in nitromethane. Quantitative results obtained

with this method agreed with the conventional 1D approach.
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