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ABSTRACT

PHYSICOCHEMICAL STUDIES OF POTASSIUM CATION
INTERACTIONS WITH NEUTRAL LIGANDS AND

WITH ANIONS
By
Emmanuel Schmidt

The kinetics of complexation of the potassium cation
with the ligand 18-crown-6 (18C6) were studied in five sol-
vents or solvent mixtures by potassium-39 nuclear magnetic
resonance. The salt used was potassium hexafluoroarsenate
or iodide. The solvent systems were acetone, methanol,
1,3-dioxolane, acetone-1l,4-dioxane (80-20% vol.) and acetone-
tetrahydrofuran (80-20% vol.). In solutions containing
equimolar amounts of solvated and complexed K+ ions, a
kinetic process 1s observed in which the potassiuﬁ cation
exchénges between the solvated and the complexed site. The
kinetic parameters were obtained from a quantitative analysis
of the line wildth of the apparent resonance of the sol-
vated catilon.

In 1,3-dioxolane and probably in other solvents too,

the cation exchange proceeds via the bimolecular exchange
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mechanism instead of the dissociative mechanism which other
workers found to be operative in water. The activation
energy for the bimolecular exchange strongly depends on

the solvent; it 1is 9.2 kcal mol-1 in acetone and methanol,

1

13.8 kcal mol ~ in the acetone-dioxane mixture and about

16 kecal mol_l In diloxolane. The differences 1n activation

entropies, which vary between -4 cal mol_l deg—l in acetone

and +15 cal mol > deg™ 1

in dioxolane, largely compensate
the differences in activation energies so that the ex-
change rates at 25°C vary by a factor of less than 50.
The results point to a "loose" transition state in which
bond breaking would occur prior to bond forming.

Carbon-13 NMR studles were performed on the free
ecryptand 221 (C221) in twenty solvents over a large tem-
perature range. It was shown that C221 interacts with
acceptor solvents such as water, formamide, nitromethane,
acetonitrile, methanol and dichloromethane. 1In these sol-
vents, as the temperature decreases, the conformation of the
cryptand molecule tends towards that found 1n the C221-K+
cryptate whereas 1in othér solvents such as acetone and di-
methylformamide (DMF) the C221 conformation does not change
with temperature. Hydrogen-bonding is likely to be res-
ponsible for the cryptand-solvent interaction.

The temperature independence of the potassium-39
chemlcal shift of the 0221~K+ cryptate 1in several solvents

indicates that, 1n solution, there is only one kind of
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complex formed. The relatively large paramagnetic shift,
which varies between 10 and 15 ppm, suggests that the K+
ion 1s tightly embedded in the cryptand cavity.
Potassium-=39 and carbon-13 NMR studies were also per-
formed on the potassium ion complexes with dibenzo-21-
crown-7 (DB21C7), dibenzo-24-crown-8 (DB24C8) and dibenzo-
27-crown-9 (DB27C9). Only the presence of 1l:1 complexes
was detected by both techniques. With DB24C8, the log-
arithm of the formation constants (measured by 13C) are
1.44+0.08, 3.46%0.17, 3.70¢0.16 and >4 in DMF, pyridine,
acetonitrile and nitromethane respectively. In nitro-
methane, the three aliphatlc carbon peaks coalesce at
K+/DBZN08 mole ratio of 1, indicating the formation of
a tridimensional "wrap-around" complex. In the other sol-
vents, where the complex 1s less stable, the coalescence
is not observed, indicating that a strong K+-solvent
interaction might prevent a complete stripping of the
cation solvation shell by the ligand. The DB24C8 1ligand
has the minimum size required to wrap around the K+ ion.
The 23Na, 39K, 133Cs and 205Tl chemical shifts of the
crown complexes with the corresponding monovalent cations
in various solvents were collected from the literature.
An analysis of these data 1n terms of the repulsive over-
lap effect provides detailed information about the ion
size-cavity éize relationship, the conformational properties

of crown molecules and the cation-solvent interactions.
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Potassium-39 chemical shifts in molten salts correlate
those in aqueous solutions of these salts but cover a

much larger range.
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CHAPTER I

HISTORICAL REVIEW




1. Introduction

The coordination chemistry of alkali metal cations

(M+), which for many years was thought to be non-existent,
has matured in the lastAfifteen years to become a coherent
discipline. Two major diécoveries prompted chemists to
develop the field very rapidly. The recognition of the
biological role of L1+, Na¥ and k%t cations (1-3) was soon
followed by the synthesis of macrocyclic polyethers, called
crowns (4), and of macrobicyclic ligands, called cryptands
(5=-7). Crowns and cryptands display strong and selective
complexive abllities towards alkall metal cations. The

recent and fascinating chemistry of these ions has evolved

from this property.

Syntheses of new multidentate macrocycles, some of
Which exhibit complicated topologies and fluctuating ring
S1zes (8), are reported almost weekly. The equilibrium
DxXoperties assoclated with the interactions of alkali
Cations with these macrocycles have been investigated by
Q& number of physicochemical techniques (9) and collected
1n several reviews (10-13). Some of the most useful tech-
NJlques are potentiometry, calorimetry and conductometry as

Well as electronic, vibrational and nuclear magnetic reson-

ance (NMR) spectroscopy.




In thls laboratory we probe directly the immediate
chemical environment of the alkali ions in solution by
using alkall metal NMR. This sensitive technique has proved
valuable for studylng lonic solvation and complexation re-
actions, particularly in nonaqueous solvents (9,14). Po-
tassium-39 NMR, however, has been used only sparingly in the
past due to the very low sensitivity of this nucleus, as
compared to those of the other alkall elements. However,
with the advent of superconducting magnets and the develop-
ment of Fourler transform NMR, high quality 39K NMR spectra
may be obtained even in dilute solutions.

In this dissertatlion we describe various aspects of
the kinetics and thermodynamics of complexation of the
potasslum cation with some crown ethers and cryptands in
nonaqueous solvents.

In the first part of this thesis we investigated by
35;K NMR the solvent dependence of the kinetics of complexa-
tion of the potassium cation with a crown ether molecule.

The second part 1s devoted to a 13C NMR study of the
S olvent and temperature dependences of the conformation
OFf a cryptand. Cryptands and their complexes, cryptates,
©xist as equilibrium mixtures of three conformations but
Nothing i1s known about the conformational equilibria in
Solution. Likewilise the ligand-solvent interactions have

Not been explored, except in water and methanol solu-

tions.



The third part of this work describes the extension of
the thermodynamic studles of potassium cation-crown ether

complexes initiated by Shih (15) in this group. In par-
ticular, we examined the possibility of measuring the
stabillity constants of complexes by 130 NMR. Some ex-
ploratory studles of alkali complexes with the so-called
"eclassical" or "conventional" ligands are also reported.
We selected 2,2'-bipyridine for this investigation.

The last part 1is devoted to some 39K NMR measurements
in low melting salts of eutectics. The object of this ex-
ploratory study was to investigate the influence of a
39

direct K+-anion interaction on the K resonance in the

absence of a solvent.
We will review separately each of the four topics

outlined above except the third one. The literature up

to early 1978 on potassium complexes has been covered in

the Ph.D. thesis of J. S. Shih (15).

2. Kinetic Properties of Alkalil Cation Complexes

Thus far, the kinetics of alkall cation complexes have
I*ecelved rather limited attention despite their importance
T or the understanding of ion transport processes in organic
Oxr biological membranes (1) and of catalytic phenomena (18).

Naturally occurring antibiotic macrocycles such as

Vvalinomycin, monactin (Figure 1) and enniatin, have been
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better characterized in terms of their complexation kin-
etics than their synthetic counterparts (10,19) although

most studles were performed only in methanol solutions be-
cause of problems of low solubllity and low complex stability
in water (16). -

Grell et al. (17) investigated the formation of the
M+-va11nomycin complexes in methanol, using an ultrasonic
absorption method. The data indicated that the uncomplexed
valinomycin undergoes some rapid conformational equilib-

ria, and the mechanism could be simply described as shown

below.
N K12 ka3 |
M (solvated) + L(solvated) 7 M (solvent)L L ML
ko1 k3o

(1)

A diffusion controlled bimolecular collision, between an
Open form of the ligand molecule and the solvated cation,
is followed by the rate-determining conformational change
Of the ligand leading to the compact final structure of
the M+-va11nomycin complex. Chock et al. (16) reported
©xtensive relaxation studies on complex formation of
nlacrocyélic (e.g., nonactin, monactin) and open chain

Ce.g., monensin) antibiotics with monovalent cations.

Their data indicated the existence of a ligand conforma-

T ional change prior to complexation:



K
12
Ll kz L2 (2)
21
L 23
L2 + M z ML2 (3)
K
32

The formation rates k23 approach the 1limits imposed for
diffusion controlled processes. Degani (20) used 23Na

NMR to monitor the kinetics of complexation of Na+ by the
open chain antibiotic, monensin, in methanol. The dominant

sodium exchange pathway was found to be the first order
dissocliative mechanism

k
3

2
+ +
Na + monensin <+ Na —monensin (4)

k32

The small activation entropy for complexation (AS;;3 =

=3.9 cal. mOl-ldeg-l) indicates a small conformational re-
arrangement of the monensin anion prior to complexation.
The kinetic parameters for the formation of some M+-
antibiotic complexes in MeOH are collected in Table 1.
The formation rates (k23) approach the limits imposed for
AQiffusion controlled processes. It is clear from Table 1
t hat alkall metal complexes show wide variations in the
Qissociation rates (k32). Indeed, for the cryptates, these

T ates may vary by as much as ten orders of magnitude (21).
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Here lies a major difficulty for doing kinetic studies of
the alkall complexes. 1In general, as seen in Table 1,
several techniques are needed to cover the large range of
exchange rates exhibited by a given macrocycle complexing
several alkall cations, even in a single solvent.

In a review published in 1978, Eyring (19) noted that
kinetic studies of alkall metal complexation are impeded
by such factors as high reaction rates, which render experi-
ments difficult, and lack of color ofAthe complexes which
makes the spectrophotometric measurements rarely possible.
However, in the sixties, Eigen and coworkers (22) had
developed a series of chemical relaxation techniques in
which a reaction mixture is perturbed by an external param-
eter (23). Some of these techniques are temperature-jump,
pressure-jump, sound absorption and electric field-jump
relaxation (for charged reaction partners). These methods
cover the microsecond to the nanosecond range, but most of
them require the detection of concentration changes by optic-
al or conductometric techniques and are difficult in prac-
tice (23). At the same time, dynamic NMR (DNMR) spectros-
copy was commonly thought to be limited to rate constants
less than 10)4 s"1 (24). By 1970, the whole range of chem-
ical exchange rates from the very slow reactions to the
diffusion controlled ones could be explored by a variety
of methods. Hence the necessity to use several delicate

- techniques, rather than the mere lack of these, may explain
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the rarity of kinetic studies of alkall complexes.

More interesting qualitative features can be drawn
from Table 1. A comparison of the values of Kf and k32
for different cations with one ligand (e.g., Val) indi-
cates that the cation selectivity of the biological
carriers arises mainly from differences in the dissociation
rates. Also the high values of the formation rates imply
that the substitution of the solvent molecules from the
inner solvation sphere of M+ i1s most likely accomplished by
.a stepwise process (22). These early findings by Diebler
et al. (22) which are also pertinent to the synthetic
multidentate macrocyclic compounds, were fully confirmed
by the recent work of Chock et al. (16).

The structures of some crown-ethers and cryptands are
illustrated in Figure 1. Kinetic studies on cryptate
formation were reported more extensively than those for
the crown ether complexes. The smaller decomplexation
rates of the cryptates fall in the range observable by a
number of techniques: .cyclic voltammetry (25), stopped-
flow conductometry (26-30), spectrophotometry (31), lu
NMR (32) and alkali metal NMR (33-38). By contrast the
rates of decomplexation of the crown complexes are usually
high and are measurable only by ultrasonic absorptlon
(39-42), temperature-jump (43,44) or dynamic NMR methods
(36,38,45-50).

Even dynamic NMR does not easily lend itself to kinetic
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measurements of macrocyclic complexes.

The major factor responsible for the scarcity of
kinetlic data for both crown complexes and cryptates is the
small lH or 13C NMR chemical shift of the ligand nuclei
between the complexed and the uncomplexed forms (0.1 - 0.5
ppm for both nuclei, see References 45, 51, 52). Crown
ethers containing benzene rings and those containing ester
functions and pyridine moities are noticeable exceptilons
(45,53). Even if high fields are used, the coalescence
temberatures are very low for the kinetically labile crown
complexes, and the temperature range where the kinetic
process occurs 1s narrow. This severely limits the accuracy
of the results (54). With a few exceptions mentioned
later (55),lthe Arrhenius activation energy (Ea) of de-
complexation cannot be obtained. We are usually limited
to the determination of the exchange rate and of the free
energy of activation for decomplexation, AGg, at the co-
alescence temperature Tc (32,54). In many cases T, falls
below the liquid range of common solvents, and the use
of the very low melting freons (CHCle/CHcH‘2 mixtures)
becomes necessary (49-52). This obviously precludes the
study of the solvent dependence of the complexation kin-
etics by TH or 13C NMR.

Before we describe in some detall the crown kinetics,
we mention briefly the characteristic features of the

better known cryptate kinetics whichhave been discussed
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by Lehn (6) and more recently by Cox et al. (30).

The effects of varying the cation, the anion, the
cavity size, the metal oxidation state and the solvent
upon the cryptate kinetics have been investigated (25-38).
From the data summarizeq in Tables 2-4, the following pic-

ture emerges.

- The catlon exchange between the free and the com-
plexed site proceeds via the association-dissociation
mechanism (M* + L Z ML) and not via the alternate bi-
molecular exchange. However, this 1s a very simplified
description of the mechanism since it does not take into
account the possible conformational changes of both the

free and the complexed cryptand.

6 1

-1
s ) are
10

- The assoclation rates in H,0 (v10° M
much lower than the diffusion controlled rates (V10
M-l s™1). This 1s in contrast with the high rates found
(in MeOH) for macrocyclic or open chain antibiotics com-
plexes with the alkali cations (16). The solvent effect
on the formation rates 1s very strong since cryptates also
form very rapidly in MeOH (Table 2), particularly in view
of the relative rigidity of the ligands (30).

- Within a given solvent, varlations 1n stability
constants, whether resulting from changes in cation or
ligand, are essentially reflected in the dissociation
rates. For 221 and 222 cryptates the restriction due to

the solvent may be 1lifted (30).
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- The transition state for complex formation lies
very close to the reactants. Apparently only a small
amount of desolvation of the cation has occurred on forma-
tion of the transition state.

- The dissociation rates increase sharply with the
donor ability of the solvent (thils rule has a few excep-
tions (34)).

- The dissociation of the cryptates is acid catalyzed
(26,29).

These geﬁeral features were mostly found from rate
data. Very few activation parameters have been reported,
particularly in nonaqueous solvents (see Table 4 and
Reference 57).

Kinetic studies of crown ether complexes have been
rather éparse. They require a great deal of effort since
none of the classical optical techniques are applicable.

Alkalil metal NMR seems to offer a more general approach
than lH or 13C NMR to the investigation of the complexation
kinetics (46). It can yield exchange rates in a large
temperature range so that the activation energies may be

23Na and

obtained. When a quadrupolar nucleus, e.g.,
39K, 1s placed in an environment which does not have cubic
symmetry, the line width of the NMR signal increases due
to the asymmetry of the electric field at the nucleus
(34). 1In general the lines are broader for the crown

complexes than for the cryptates, sometimes by one order
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of magnitude or more (47,58). This indicates that the
‘electric fileld produced by the planar structure of the
former 1s less symmetrical than that created by the tri-
dimensional cavity of the latter. A noticeable exception
to this behavior was found for the 2:1 (ligand:metal)
"sandwich" crown complexes, e.g., Na(15C5)2 (59), which
give quite narrow signals because the cation 1s surrounded
by a large number of binding sites not coplanar with it.
Both the number and the position of these sites are es-
sential in determining the alkalili metal NMR line width.
For example Kintzinger and Lehn (60), studying the sodium
cryptates, found that the 23Na quadrupole coupling constant
(which determines the line width, see Chapter III) de-
creases as more and more oxygen atoms are disposed around
the cation.

When the signals are relatively narrow, i.e., AV1/2 <
100 Hz, and if the cation exchange is slow, two separate
alkall resonances are observed in solutions containing an
excess of the salt. Only in this case can a complete line
shape analysis be performed to obtain the kinetic param-
eters. This method was used by Ceraso et al. (33,34) for

the Na'-C222 cryptates and by Cahen et al. (35) for the
L1+-0211 and Li-C221 cryptates in various solvents (Table
4). Mei et al. (36,37) also applied this technique to the
Cs+C222 and Cs+C222B cryptates in DMF and PC, respectively.

Unfortunately this technique fails for crown complexes
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133Cs which have a small quadrupole

except for nuclei like
moment (61) and glve narrow signals. Mei et al. (38)

found by 133Cs NMR small activation enthalpies (8 kecal.

' mol-l), but large negative activation entropies (=14 e.u.)
for the release of Cs® 1on from the crowns 18C6 and DC18C6
in PY and PC respectively (Table 5). For the nuclei with
large quadrupole moments, the line width of the bound

site 1s usually broad and sometimes undetectable. 1In the
last case only one apparent resonance is observed (46),

but in some cases the exchange kinetics may still be
deduced from the line shape analysis (62,63) with an ap-
proximate treatment (see detaills in Chapter III).

Ten years ago, Shchori et al. (46,47) studied by the
above technique the kinetics of complexation of the Na+
ion with DC18C6, DB18C6 and its derivatives in DME, DMF
and MeOH solutions using 23Na NMR (Table 5). They ob-
served that the cation exchange proceeds via the dissocia-
tive mechanism, the same as that which 1s favored for the
cryptates. Table 5 shows that the apparent activation
energy E; for the release of the Na® 1fon from DB18C6 and
its derivatives 1s nearly independent of the solvent.' TQe
much smaller value of E_, i.e., 8.3 kcal.mol'l, found for
DC18C6, compares well with the result of Meil et al. (38)
for the Cs+-DC18C6 complex in PC.

Shchori et al. (47) suggested that the energy barrier

for the release of the Na+ ion is determined by the energy
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required for a conformational rearrangement of the crown
(47). In this case, the greater flexibility of DC18C6

as compared to DB18C6 could account for the lower Ea as-
sociated with this crown (47). This hypothesis was sup-
ported by other studies.---In 1969, Wong et al. (55) reported
a 1H NMR kinetic study of the complexation of dimethyl-
DB18C6 with the fluorenyl sodium ion pair (Na+Fl') in

THF-d8 solutions. This 1s a special case in which the
fluorenyl ring currents cause large chemical shifts of the
ligand protons, thus making possible the measurement of the

activation energy E, for the exchange process, which the

authors assumed to be the bimolecular process shown below
- + -> - + \
F1"C*¥Na + C ¥ F1 CNa' + C* (5)

The value of E , 12.5 keal.mol™ Y, closely matches that
measured by Shchori for DB18C6 (Table 5). Similarly
Shporer and Luz (48) measured by 39k NMR an activation
energy of 12.6 keal.mol™ 1 for the release of the K' ion
from DB18C6 in MeOH solution. However, they could not
detect by 87Rb NMR any kinetic process for the Rb+-D518c6
complex, the decomplexation rates being much faster. The
results of Eyring et al. (42) were along the same lines.
Using an ultrasonic absorption method these authors ob-

served that in water the enthalpy of activation for a con-

formational rearrangement of 18C6 (vide infra) closely
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resembles that required for the dissociation of the K+'18C6
complex (see Table 5). According to these authors the
simplest conceilvable mechanism consistent with the relaxa-

tion data is the two-step process represented by the equa-

tions
k12
CRq e CR, (6)
kKoq
k
+ e3 +
M~ + CR, 2 MCR, (7)
k32

where CR1 and CR2 denote the unreactive and the reactive
form of the crown respectively. This mechanism involves

a fast ligand conformational change followed by a step-
wise substitution of the coordinated solvent molecules by
the CR2 conformer of the crown. It 1s identical to the
mechanism originally proposed by Chock for the complexa-
tion of various monovalent cations with DB30C10 (44). We
have already encountered this two-step process in the case
of antibiotic ionophores (16).

The above series of studies, except Wong's in THF-d48,
are restricted to four solvents with high and similar
donicities (34) so that the observed apparent constancy
of E, for DB18C6 and its derivatives may be coincidental,
as Shchorl et al. themselves (46) pointed out in their

original paper. The same comment applies to 18C6 and to



25

DC18C6 complexes. In order to ascertain if the energy
barrier to exchange 1s determined by the barrier for a con-
formational twilst of a crown molecule, it would be necessary
to have kinetic data for a single crown ether reacting with
more than two metal ions, in several solvents over a sub-
stantial temperature rangé (42).

The various mechanisms proposed for the formation of
crown complexes are worth being examined. Eyring et al.
(39-42) carried out ultrasonic absorption studies of the
conformational equilibrium of 18C6 and its complexation

+ +

with Lit, mat, x*, rot, cst, m*, ag’, NH} and ca®t 1ons

as well as of 15C5 and its complexation with Na+, K+, Rb+,

+

T1" and Ag+ ions in aqueous solutions (Table 5). The

equilibrium constants for the conformational change (Equa-

tion 5) are Ky = ky /kip = (2 ¢ 2) 10™2 for 18C6 and K

21 21

< 0.1 for 15C5. This means that most of the free crowns

are in the "reactive" CR, form and that the observed forma-
-

tion rates k23 = %23/1 + K21 are very close to the actual

ones k23. For a given cation, the values of k., are about

23
the same for both crowns (Table 5) and also for the much
larger and more flexible antibiotic macrocycles (Table 1).
In contrast k32 increases for all the cations in going from
18C6 to 15C5, due presumably to the smaller ring size and
the increased rigidity of 15C5 (41). As seen for the cryp-

tates the selectivity arises mainly from differences in the

decomplexation rates.
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Turning back to the formation rates, Liesegang et al.

(40) observed that for the crown complexes with the K+,

+
rbt and cs’ 1ons, the k 8

23
Mfl s"1 whereas for the EDTA and nitrilotriacetic acid
complexes they are in the order K+ < Rb+ < Cs+. In addition,

values level off at 4.3 x 10

for the crowns the k23 values are all about one order of
magnitude smaller than the corresponding specific solvent
exchange rate constants k_, (22). The first point sug-
gests a ligand dependence of the complexation kinetics due,
for example, to the presence of a second conformational
change. Since typically the rate determining step in

ligand substitution of an aquo ion is the rate of loss of
primary coordinated water from the ion, the second point

may indicate that binding the ligand to the ion will require
the loss of more than one inner layer water molecule.
Thus the kinetic evidence appears to suggest a mechanism
more complex than the elementary two-step process pre-
viously considered.

Several conformational processes (in small crowns)
with free energy barriers ranging from 6 to 10 kcal.mol"1
were reported by Krané (49,50,66,67) who used low tempera-
ture (v-100°C + -160°C) DNMR techniques in CHCle/CHFCI2
mixtures and 1n some other low melting solvents. The
blocking of the inversion of the ether linkages either
in the free ligand (50) or in the complex (49) provokes

at low temperature a split of the peaks corresponding



27

to different sets of ligand nuclei. The NMR relaxation
times T1 also yileld conformational information. Fedarko
(68) detected by this method segmental motion in the free
DC18C6 and DB18C6 molecules.

Many factors other than the donor abllity of the -
solvent and the rigidity of the crown may affect the kine-
tic parameters for crown complexes. Among these factors
are the dielectric constant of the solvent, the structure
of the anion and that of the cation, the solvation state
of the ion pair, the ligand solvation (H-bonding, etc.).

Since all the alkalil cations have the same "noble gas"
electronic structure, we must include in this discussion
some studies concerned with organic cation - crown ether
complexes (M:rg C). De Jong et al. (51,69,70), using a
DNMR method with the cation protons, found the activation
energy Ea for the release of t—BuNH;(PFg) from 18C6 in
CDC1; to be 18 * 1 kcal.mol Y. This high value 1is un-
expected since most reported values of Ea for alkall crown
complexes (M+C) fall in the range of 10-14 kcal.mol™1
(46-48,55). Indeed it resembles the E, values measured
for the cryptates (Table 4). No explanation was proposed
by the authors. Instead of the dissociative mechanism
which applies to most M+C complexes, the bimolecular pro-
cess (Equation 4) was found to be predominant. Both the
structure of the cation and the low polarity of the sol-

vent may be responsible for these facts. Recently
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Krane et al. (52) studied by 13C DNMR the ring size effect
on the decomplexation barrier of crown complexes with aryl

diazonium tetrafluoroborate salt in CHC1l,F. The preferred

2
host for thils salt is the crown ether 21C7 (AG§'= 11.1
keal.mol™1l at T = -52°C). For 18C6, AGg = 10.1 keal.mol™l
at Tc = -75°C. A comparison of these values with other

data obtained at 25°C is impossible since Asg is unknown.

Once again the chemical shift difference between the free
and the complexed form of the ligands 1s too small to
permit the measurement of the activation energy Ea' In
general the organic cations (51,71) as well as Ag+_and 1t
(40,41) complex much faster with 18C6 than do the alkali
cations (40,41). For these cations the association rates

in'CDCI3 or CD,Cl, (109 = 1010 v s-l) are characteristic

of a diffusion controlled process (51,71). Thus the or-
bitals of the metal lons appear to play as decisive a role
in the complexation kinetics as do dissimilarities in the
ligands (19).

In low dielectric media, the cation-anion interactions
may also affect the exchange rates. If the forward and
reverse reaction rates vary in a significantly different
extent, the resulting thermodynamic parameters will also
change. Consequently a different selectivity order can
be observed in a polar solvent and in a low polarity medium

such as THF or THP. For example Wong et al. (55) found the

stability sequence with dimethyl-DB18C6 in THF to be
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Na+ > K+ > ¢s¥ > 11¥ whereas botn Pedersen (4) and

Izatt et al. (10) found an affinity order in water of

K+ > Cs+ > Na+ > Li+ for DC18C6. The polarity of the sol-
vent, rather than the difference in the ligand molecules
was found to be responsible for this effect (55,72).

Ionic association can give either contact or solvent-sep-
arated ion pairs (73), and contact ion pairs can be ex-
ternally solvated or complexed (74). Furthermore, com-
plexation by the crowns induces the formation of another
kind of specles, namely the ligand-separated ion pairs
(74). Smid et al. (72,74) extensively studied the com-
plexation of alkall metal fluorenyl salts (Fl-M+) with various
small crowns (C) in THF and THP by electronic spectroscopy.
They obtained the equilibrium constants for the formation
of externally complexed 1lon pairs (Fl-M+C) and ligand-
separated ion pairs (Fl-CM+). In this particular case

where only contact ion pairs exist in the absence of crown

at 25°C, the following equilibria were considered

- -

F1I™M' + C > F1'M'C K, (8)
wt +c 2 1ot K, = K.K (9)
r1 M 2 F17ent K, (10)

-+ -
FIM'C + C 2 F17cM'c K, (11)
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The first type of ion pailr prevaills over the second one,
i.e., K; 2 K2, in the less polar solvent THP, as it does
for potassium salts in both solvents due probably to the
weaker specific solvation of K+ as compared to Na+ or Li+.
In general the formation of an F1~cut complex from Fl_M+C
is exothermic and so 1s the formation of Fl-SM+ from Fl-M+
where S 1s a cyclic ether solvent molecule (72). Therefore
a temperature decrease results in an increase in the con-
centration of both the solvent-separated and the ligand-
separated ion pairs. This also has a profound effect on the
selectivity order (72). Thé kinetic origin of the varia-
tions seen in the thermodynamlic parameters 1s unknown.

Considering the large number of specles present in such
systems, 1l.e., contact, solvent and ligand-separated ion
pairs, 1:1 and 2:1 (C:M+) complexes, solvated and com-
plexed lon pairs, ion triplets . . ., and the necessity of
taking into account the temperature dependence of the con-
centration of each specles, the treatment of data obtained
by any technique may be extremely complicated, as shown by
the work of Khazaell (75). Usually a single technique
cannot "see" all the species present. Electronic spectrds-
copy, whenever possible, and NMR spectroscopy of several
nuclel, as well as electrical conductance and electrochemical
techniques must all be used to assemble the puzzle.

The solvation state of the lon pairs and the kinetic

parameters may be altered by changing the solvent, the
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temperature and, last but not least, the anion. A strik-
ing example of the anion effect was recently reported by

23Na NMR the exchange

Lin and Popov (59). They studied by
of the Na+ ion between its solvated site and its 18C6
complex in THF and 1,3-dioxolane, using the salts NaBPhu,
NaCl0y and NaI. With NaBPhu the exchange 1s slow at 25°C
in both ethereal solvents, whereas 1t is fast with the
other salts. The coalescence temperature decreases by
about 60°C when BPh, 1s replaced by Cl0, or I . This
effect has not been fully rationalized yet, but it 1s most
likely related to the fact that, in THF at 25°C, NaBPhu

is a solvent-separated ion pair (76) whereas NaClOu is

a contact ion palr (76,77).

Cation-anion interactions can drastically affect the
rates of the decomplexation step even for cryptates. For
example Lehn et al. (32) observed that the coalescence
temperature of the 'H NMR peaks of C222 and T1C222% ge-
creases from +39°C to -6°C upon replacement of T1Cl by
T1NO3. Yee et al. (25) found a strong association between
the tripositive Eu3+ and Yb3+ cfyptates and small anions
F~ and OH . They could not decide if the cation-anion
interaction 1s direct or not, but the presence of signif-
icant concentrations of the OH™ and F  ions had a marked
accelerating effect on the dissociation. In their detailled
IR study of the nitrate lon structure in the system

+ -
Na .C221 NO3 (in DMSO-d6 solutions), Edgell et al. (72)
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detected two NO3 sites. One of them was attributed to the

solvent-separated ion pair. The second site was tenta-

3
would interact with the sodium cation through the strands

tively assigned to a "close ion pair" in which the NO

of the cryptand molecule having replaced one or more sol-
vent molecules.

Crystallographic studies of solid macrocyclic complexes
have shown that the cation is eilther coordinated to one
macroeyclic ligand only (79,80) or to the ligand plus (1)
one anion (81,82) or (ii) two anions (83) or (iii) a water
molecule which in turn 1s H-bonded to an anion (84,85) or
(iv) a second ligand molecule (86) or (v) two solvent mole-
cules and two anions alternatively (87). This list is not
exhaustive. X-ray crystallographic data, although very
useful, indicate rather than demonstrate the geometrical
structure of the ion pairs in solution (88).

In summary, the kinetlics are better understood for
cryptates than for crown complexes. Fast rates and ion
palring effects for the latter drastically increase the
complexity of the data collection and the data interpreta-
tion, respectively. For both systems the actual mechanisms
might be much more involved than the apparent ones. A
clear plcture of the mechanisms will not emerge before the

conformatioﬁal equilibria are fully understood.
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C. Conformation and Solvation of Cryptands and Cryptates

A recent compilation of thermodynamic data on macro-
cyclic complexes (10) reveals that most cryptates and crown
complexes are enthalpy stabilized and'entropy destabilized.
Only a few cryptates in water do not follow this rule (56).
In nonaqueous media the release of solvent molecules from
the cation and the free ligand upon complexation introduces
a favorable entropy term. On the other hand, the conforma-
tional contribution to the entropy of complexation is
negative since the number of conformations avallable to the
ligand decreases upon complex formation (89). This effect
is important enough to overcome the entropy increase as-
soclated with desolvatlion of the ion and the free ligand.

Cryptands exhibit interesting conformational properties.
Like the macrobicyclic diamines of Simmons and Park (90,
91), cryptands exist as equilibrium mixtures of three con-
formational isomers (6). These forms, which are denoted as
in-in, in-out, and out-out, depending on the respective
positions of the bridgehead nitrogen lone pairs inside or
outside the cryptand cavity (Figure 2), may interconvert
rapidly via’nitrogen inversion.

It has been shown (6,92) that in the solid state the
cryptand C222 i1s in the in-in form whether it is free or
complexed. In solution the situation 1is far from clear

for the free ligand but the in-in form 1s strongly favored
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out-out in-in out-in
Figure 2. Three possible forms of Cryptand 222.

in the complex since 1t allows both nitrogen to contribute
to the complex stability. The formation of cryptates
brings about an increase in the rigidity of the ligand
which results 1n the non-equivalence of the two protons of

certain CH2 groups of the non symmetrical ligands, e.g.,
€221 (93).

Crystal structures of C222.M+ with cations of increas-

ing sizes (M+ Na+ (94), K+ (95) and cst (96)) show a
progressive opening up of the C222 cavity with torsion of
the ligand around the N...N axis. For a given molecular
cavity the larger the cation size, the larger 1s the extent
of the overlap between the outer orbitals of the cation and
those of the ligand binding sites, and the larger.the down-
field shift observed by alkall metal NMR. For the tight
fitting inclusive ca222-cs” complex, Kauffmann et al. (97)
reported a.133Cs NMR chemical shift of +244 ppm (vs

aqueous Cs+). Conformational information may be obtained
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by lH NMR; however, except for the highly symmetrical
C222, the complexity of the patterns and superimposition
of the signals render the analysis difficult (93).

Knéchel et al. (98) found a relationship between the
donicity of the solvent and the chemical shift .of the
N-ng protons of C222. According to them the position of
the signal of the N-CH2 groups allows an estimation of the
conformation of the cryptand in solution. However their
data are restricted to only three solvents, CDC13, CD3OD
and_D2O, and this precludes a completely general interpre-
tation.

Ligand solvation and ligand conformation are intimately
related. For example, strong ligand-solvent interactions
may limit the number of conformations avallable to the
. 1ligand. It has been stated that the solvation of cryptands
and cryptates 1s small or at least does not change very
much from solvent to solvent when compared with the ionic
solvation (99). Indeed several authors even proposed that
cryptates might provide a new method for obtaining single-
ion enthalpies (AHt) and free energies (AGt) of transfer
(99-101). However in 1977 Abraham et al. (102) found by
direct calorimetric measurements that the enthalpj of
transfer of C222 from water to methanol, &AH(C222), is
+13.9 kcal.mol'l. This represents about three times (in
absolute values) the corresponding AHt for Na+ and K+

ions (-4.9 and -4.5 kcal.mol-l, respectively). The same
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authors showed that the extrathermodynamic assumption

[AHt (0222.M+) = 0] does not hold for enthalpies of trans-
fer 1n the H,0-MeOH system (103-105). The very large

VN;AHt (C222) 1s almost totally compensated by the entropy

1

of transfer [ﬁASt (C222) = 43 cal.mol” .deg_l] to give

M -
A8 (C222) = 1.1 keal.mol 1,

The large increase in entropy
indicates desolvation of C222 and/or an increase in the
number of conformations available to the ligand. Besides,
the substantial variation in &AGt (C222.M+) with the central
ion M* indicates that the central ion 1s not shielded from
the environment (103-105).

Water and methanol form strong hydrogen bonds with the
two amine nitrogens and, to a lesser extent, with the ether
oxygens of an uncomplexed cryptand. The hydrogen bonding
is, at best, considerably weaker in a cryptate in which the
ether oxygens and the two nitrogens are bonded to the metal
ion (106). Between dipolar aprgtic solvents S1
transfer activity coefficients lYS2 of C222'M+ with

M+ = Na+, K+, Tl+ and Ag+, are almost equal to that of the

and S2, the

cryptand, but due to H-bonding this equality does not hold

if sl is methanol (105).

D. Interaction of Conventional Ligands with the Alkali

Cations

In view of the rapid expansion of the coordination

chemistry of alkall and alkaline earth cations, recent
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studies of the alkall complexes with the non macrocyclic
ligands are rather sparse, although as a review article

by Poonia and Bajaj (13) shows, some attempts to study
such complexes have been made even in the pre-macrocycle
days (107). In most cases, however, such work was directed
towards the 1solation of new adducts of the alkall salts
with a variety of chelating or non chelating ligands and
anions (108). For example the first solid alkalil complex
of 2,2'-bipyridine (BP) seems to be (K-BP)+PhuB-, recently
isolated by Grillone and Nocilla (109). However, few
attempts have been made to study the exlistence and the
stability of such adducts in solutions, and particularly
in nonaqueous solutions.

In general alkall cations show a greater tendency to
complex with O-donor than with N-donor ligands (110);
alkall complexes of 1,10-phenanthroline have received the
most attention (107-112). By contrast, 2,2'-bipyridine does
not seem to exhibit much complexing ability towards these

cations (111,113).

E. Nuclear Magnetic Resonance in Molten Salts

Molten salts differ from conventional nonaqueous sol-
vents in two major respects; high melting point and strong
ionic character (114). The latter confers high electrical
and thermal conductlvity and promotes the solubilization

of ionic solutes, e.g., metal oxides. In general molten
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salts are better and more versatile solvents than water.
Although molten salts have been studled mostly by
electrochemical methods (115-120) it was felt as early as
1958 that NMR techniques might offer valuable information
with regard to identifying the specles present and determin-
ing the small structural changes or the changes 1in the
chemical bonding which accompany a variation in the composi-
tion of the melt. Due to the favorable properties of the
205Tl nucleus (spin 1/2, high sensitivity, large chemical
shift range), Rowland and Bromberg (121) followed by Hafner
and Nachtrieb (122,123) studied solid and molten thallium
salts. Except for T1(C10,),, the 20507 NMR shift on fusion
is in the paramagnetic direction, and the magnitude of the
shift 1s less than the difference between that of the melt
and that of an aqueous thallous solution. The direction
of the shift was accounted for by overlap effects due to
a decrease in the cation-anion distance (122). The authors
(122,123) showed that NMR provides a valuable means of
exploring deviations from purely Coulombic interactions
between ions. The dégree of covalency in the cation-
anion bond was found to increase with temperature. In
m1tx -mtx~ (Mt = alkali cation) mixtures, the 29971 shift
varles linearly with the mole fraction of M+X' added, and
the direction of the shift depends upon the radius of the
alkali cation (123). In 1973 Harold-Smith studied the

structure of the alkall nitrates by measuring the
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spin-lattice relaxation time T, of 23Na 1n NaNO, (121)

and of 7Li in LiNO3 and Li/KNO3 mixtures of various com-
positions (125). The quasi-lattice, random-flight model
(126,127), which assumes the existence of a pseudo lattice
for the liquid, was found to apply to molten NaNO3,
distance de-

3
creases whereas the electric field gradient at the lithium

Concerning the mixtures, the average Li+-NO

nucleus increases with increasing mole fraction of KNO

(125).
Alkali halides and nitrates are typical ionic salts

3

(128). At the other extreme are compounds such as
aluminum chloride which undergo only slight dissociation
into lons and in which more complex bonding forces oper-
ate (115,116). The first attempt to apply NMR methods to
the study of the chloroaluminates (AlCl3 - alkall halide
mixtures) seems to have been that of Anders and Plambeck
(129). These authors measured the 23Na, 27Al and 35Cl

line widths in the low melting ternary A1Cl_.-NaCl-KCl

3
system. The 27A1 line width increases with added AlCl3
but the 23Na line remains sharp (9 Hz). 1In addition there
23 27

was no detectable Na or Al chemical shift with changing
stoichliometry. The authors concluded that fused alkali

7
ionic, the entitles in the melt being primarily M+ and

chloroaluminates of A1201 stolichlometry are essentially

AlZCl;. The speciles present 1n chloroaluminate melts

(C17, A1C1), Al,Cl., A130110, Al,Cl¢,...) depend on the
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composition and are still under debate at the present
time (130). Recent developments 1in molten salt research
include 1H and 13C NMR studies of AlCl_-based fused salts

3
that are molten at or near room temperature (131,132).

~——

F. Potassium 39 Nuclear Magnetic Resonance

39 4o 41

Three potassium nuclei, K, K and K, possess a

magnetic moment.(133). Potassium-39 is the most sensi-
tive as well as the most abundant in nature (93.1%). How-

ever, the sensitivity of this nucleus 1s still about 200

23 4

times lower than that of the
2

Na nucleus, i.e., 5 x 10~
vs 9.3 x 10 with respect to 14 at constant field (61).
Consequently 39K NMR studies have been rather sparse even
after the development of the Fourlier Transform NMR tech-
niqﬁe and the avallabillity of high field superconducting

magnets. Apart from the sensitivity, the general features

or 39 23

K NMR are quite comparable to those of Na NMR which

have been described by several authors (61,34) and which

were recently reviewed (57). Several theories have been

23

proposed to calculate the Na chemical shifts and quad-

rupolar coupling constants and to relate these two quan-
tities (61,134). Given the similarities of the two nuclel,
e 39

only the main features o K NMR are mentioned here.

For the 39K nucleus:
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- The resonance frequency is low (v = 2.8 MHz in a
field of 1.4 Tesla).

- 39K has a spin of 3/2 and it possesses a quadrupole
mohent of 0.07b (61), smaller than that of 23Na (0.10b).
This 1s a sizeable difference when considering that the
linewldths vary as the square of the quadrupole moment.

- The dominant relaxation mechanism 1is quadrupolar
and occurs through molecular reorientation of the solvent.

- The natural line width (narrowest one observed thus
far in aqueous solutions) is about 6 Hz (133).

- In solution the chemical shifts range from about -20
ppm to +20 ppm with respect to K+ at infinite dilution in
water (15,135).

-~ Changes 1in the paramagnetic screening constant,
cp, are much larger than changes 1n the diamagnetic screen-
ing constant, 04> and thus dominate the chemical shift
(61).

- According to Kondo and Yamashita's theory (136),
the most important contribution to the chemical shift
arises from the overlap repulsive forces between the 3p
orbitals of K+ and the outer s and p orbitals of the
neighboring anion(s), ligand(s) and solvent molecule(s).

- The extreme narrowing approximation (137), i.e.,
wT, << 1, where w 1s the resonance frequency of the 39K
nucleus and To is the correlation time for solvent re-

orientation, 1s valid down to the melting point of common
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solvents since w is very small. This implies Tl = T2.
- The resonance line shape is Lorentzian (FT of an

exponential function) and the line width Av > (full width

1/
at half height) equals l/nTé.

- Since the magnetogyric ratio y 1s small, the con-
tribution from the magnetic fleld inhomogeneities to the
observed line width, yAH/2w, 1s small and may often be
neglected (see details in the experimental part of Chapter
Iy,

39K NMR studiles reported

An extensive review of the
up to early 1978 can be found in the Ph.D. thesis of J.
S. Shih (15). Very few papers have appeared since then

(138-140). A brief review of the 39

K NMR work 1is given
below.

The 39K chemical shifts of several potassium salts in
aqueous solutlons were measured by Deverell and Richards
(141) and by Bloor and Kidd (142) who used relatively low
fields (<1.3 Tesla) and continuous wave (CW) techniques.
The shifts were found to be strongly dependent on the con-
centration of the potassium salt and the nature of the
counterion. Shporer and Luz (U48) studied by 39k NMR the
kinetics of complexation of xt by DB18C6 in methanol.
They were using high concentrations (0.5 M), very high
field (6.0 Tesla) and extensive signal averaging. Even
with these conditions, T. measurements were still dif-

1
ficult (48).
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Damadian and coworkers (139,143-147) reported a series
of Ty and T2 measurements in inorganic solutions and ion
exchanger resins (144,145) as well as in bacteria (143,144),
animal tissues (1U44-146) and cancer tissues (147). 1In
biolgogical systems, Tl and T_ are much shorter than T

2 1

and T, for free K+ in solution and approach the very short

2
values seen for 39K adsorbed on ion exchanger resins. The
authors inferred from this fact that, 1in cells, K+ ion 1is
mostly associated with charged groups on macromolecules.

For normal tlssues the 39K spin lattice relaxation time

Tl is on the average 24% longer than for cancerous tissues
(147). Oscillatory T, decays found in fast growing tissues
(cancer) contrast with‘smooth exponential Tl decays observed
in most other tissues.

Shih and Popov (135) studied the variation of the 39%
chemical shift as a function of concentration and counter-
ion in nonaqueous solvents and later extended their 39K
NMR investigations to Kkt cryptates (138). The exchange
between the solvated and the complexed kt was found to be
slow (on the NMR time scale) for C222 and C221 but fast
for C211. The chemical shift of the C222.K+ complex is
independent of the solvent, thus indicating that K+ is
isolated from the environment by C222. By contrast the
39K signal of ce21.x?t is found in a range of about 3 ppm
and on the average appears about 12 ppm downfield from the

signal of C222.K+. Thus xt is more tightly embedded in
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the C221 than in the C222 cavity but it still can inter-
act with the surrounding solvent molecules.
Untll now, very little use has been made of the d4dif-

39

ferences 1in K 1line width between the solvated and the

complexed K+.
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A. Salt and Ligand Purification

Potassium salts were of reagent grade quality. Po-
tassium hexafluoroarsenate (Alfa Inorganics) and potassium
hexafluorophosphate (Pfaltz and Bauer) were recrystallized
from distilled water. Potassium thiocyanate (Matheson,
Coleman and Bell, MCB) and potassium iodide (Mallinckrodt)
were recrystallized from water-acetone mixtures. All four
salts were dried under vacuum at 110°C for at least one
day.

The macrocyclic polyether 18-crown-6 (18C6, Aldrich)
was recrystallized from acetonitrile (166) and dried under
vacuum at 25°C for 24 hours. The dried 18C6 melted at
36-37°C (1it. m.p. 36.5-38.0°C (167), 39-40°C (4b)).
Dibenzo=-2l1l-crown-7 (DB2IC7, Parish) was obtained from
G. Rounaghi (168). Dibenzo-24-crown-8 (DB24C8, PCR Re-
search Chemicals) and Dibenzo-27-crown-9 (DB27C9, Parish)
were recrystallized from normal heptane (Mallinckrodt)
and their melting points were found to be 102-103°C (1lit.
103-104°C (156)) and 107-108°C (1it. 106-107.5°C (156)),
respectively. As noted by Pedersen (156), the true value
of the m.p. of DB24C8 determined by him is 103-104°C (156)
and not 113-114°C (4b) as originally published. Thus the

values quoted in References 168 and 169 are probably wrong.

L6
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The above three large crowns were dried under vacuum at
60°C for 24 hours. Diaza-18-crown-6 (DA18C6 or [22],
Merck) was recrystallized from heptane and dried under
vacuum at 25°C. Cryptand 221 (C221, Merck) was dried under
vacuum at 25°C for two days. The "conventional" ligand
2,2'-bipyridine (G. F. Smith) was dried uﬁder vacuum at
25°C (m.p. 70°C). The purity of all ligands was checked

by 130 NMR.

B. Solvent Purification and Sample Preparation

Nitromethane (Mallinckrodt or MCB), nitroethane (City
Chemical Corp.), pyridine, tetramethylguanidine (Eastman),
dimethylformamide (Mallinckrodt), dimethylsulfoxide (Fisher),
propylene carbonate (Aldrich) and formamide (Fisher) were
refluxed over calcium hydride under reduced pressure for
12 to 24 hours and then fractionally distilled. Aceto-
nitrile (Mallinckrodt), 1,3-dioxolane (Aldrich) and di-
chloromethane (Drake brothers) were refluxed over calcium
hydride for 12 to 24 hours and then fractionally distilled.
1-Nitropropane (City Chemical Corp.) and toluene (Fisher)
were refluxed over phosphorus pentoxide (Fisher) under
reduced pressure for 3 hours in a Bantamware apparatus
and then fractionally distilled. The same procedure was
used for 1l,4-dioxane (Baker) and anisole (Aldrich) except
for the drying agent which was NaOH (pellets) and barium

oxilde (Fisher), respectively. Methanol (Mallinckrodt)
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was refluxed over Mg turnings and iodine for 12 to 24
hours and then fractionally distilled. Acetone (Mallin-
ckrodt) was purified in the same way but with Drierite as
“the drying agent. Tetrahydrofuran (MCB) was dried over
CaH2, refluxed over potassium and benzophenone and frac-
tionally distilled. Methyl acetate was washed with a
saturated aqueous solution of NaCl, dried over anhydrous
MgSOu and distilled as described by Riddick (170). Ethylene
glycol was refluxed over 3% molecular sieves and then
distilled. The Bantamware distillation apparatus was used
when the volume of solvent to be distilled did not exceed
70 ml.

All solvents were further dried for U4-12 h over freshly
activated 3% or UR molecular sieves. These sieves were
washed with distilled water and dried at 110°C for several
days. After further heating at 500°C under nitrogen atmos-
phere for 24 hours, they were stored in a dry box. Sol-
vents such as MeOH (171), DMSO, pyridine and even acetone
decompose and turn yellow after a prolonged standing over
molecular sieves. The water content of solvents, except
acetone, was checked by automatic Karl Fischer titration
with an Aquatest II (Photovolt) and was found to be always
below 100 ppm. The purity of solvents was checked by
13C NMR.

The deuterated solvents acetone-d6 (Stohler Isotope

Chemicals, SIC), methanol-du (SIC or Aldrich Gold Label)
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and THF-d8 (Aldrich Gold Label) were used directly from
the manufacturers sealed vials (45). Chloroform-d (Al-
drich Gold Label) and D,0 (SIC) were used as received and
methyl ilodide (Mallinckrodt) was distilled.

All samples were prepared in a dry box under nitrogen
atmosphere. For kinetics studies i1t 1s essential to
minimize errors in the ligand/salt ratios due to transfers
and successive dilutions. In this case each sample was
prepared by welghing the desired amounts of ligand and
salt in the same 10 ml or 5 ml volumetric flask and im-
mediately transferred to the dry box for subsequent manipu-

39

lation. In general for mole ratio studies by K NMR (or

130 NMR), samples were prepared by diluting appropriate
amounts of ligand (or salt) volumetrically with stock solu-

tions of salt (or ligand).

C. Ipstrumental Measurements and Data Handling

1. Potassium 39 NMR

a. Instrument - Potassium-39 NMR measurements were
obtained with a Bruker WH-180 spectrometer operating at
a field of 42.3 kG and a frequency of 8.403 MHz in the
pulsed Fourier Transform mode. A Nicolet 1180 computer
was used to carry out the time averaging of spectra and
the Fourler transformation of the data. The low fre-

quency probe has a core diameter of 20 mm.
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b. Reference and Corrections - A saturated solution

(v31 molal) of KNO2 in D20 at 24°C was used as an external
standard (133). The reported chemical shifts are ref-
erenced to an aqueous potassium salt solution at infinite

dilution (Gwdil =6 + 3.0). Due to the difference

standard
in deuterium resonance frequency between pure D20 and

D2O in the standard solution, the observed chemical shift
is given by the expression
§

=34 + (2.4 = 0.1) (1)

obs standard

where § is in ppm.

The reported chemical shifts are corrected for the dif-
ferences in bulk diamagnetic susceptibilities between
sample and reference solvent according to the equation of
Live and Chan (173) for a cylindrical sample placed in a

magnetic field parallel to the main axis of the sample

_ 4m  ref sample
Scorr = Sobs 3 (Kv - K ) (2)
where ngf and Kiam?le are the unitless volumetric sus-

ceptibilities (174) of the reference and sample solvent

respectively and §

corr and 60 are the corrected and ob-

bs
served chemical shifts, respectively. It was shown by

Templeman and Van Geet (191) that low salt concentrations,
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such as were used in this study, the contribution of the
added salt to the volumetric susceptibility of the solu-
tions can be neglected. The values of the corrections
for various solvents with respect to water are given in
Table 6. The paramagnetic shifts from the reference
(downfleld shifts) are designated as positive. Live and
Chan (173) used the opposite convention. Hence the above
formula for the correction 1s different from theirs. The

chemical shifts are given in ppm.

c. Field-Frequency Lock and Temperature Control -

(cl) Kinetics Studiles - Spinning 20 mm o.d. sample
tubes (Wilmad Glass Co.) were used whenever deuterated
solvents were available. Each sample (10 ml) contained
2 ml of deuterated solvent which served as an internal
lock. 1,3-Dioxolane solutions (5 ml) were contained in
15 mm 0.D. tubes (Wilmad) and coaxially mounted with a
20 mm O.D. tube containing Acetone-d6 as lock, as recom-
mended by Brownstein et al. (175). For each sample, the
field was locked when the sample temperature was close to
the middle of the temperature range studied.

Temperature was controlled with a Bruker B-ST 100/700
temperature control unit and measured to within *1°C with
a calibrated Doric digital thermocouple situated in the

probe about 1 cm below the sample. A large flow of N2
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gas and a spin rate of 10-12 Hz were maintained in order

to minimize the temperature gradient across the sample.

(c2) Other Studies - Samples (5 or 10 ml) were con-
tained in 15 mm or 20.mm tubes, depending upon whether
D20 or another deuterated solvent was used as lock. 1In
the latter case the chemical shifts may not be directly
compared since the magnetic fileld has to be adjusted for
lock purposes in going from one solvent to another. This
arises from the fact that the 2H resonance frequency varies
with the solvent (and also with the temperature). For

example at 25°C we found

GAcetone-dS - GDZO t 2.2 (3)
where the subscripts denote the lock solvents. The cor-
rections are about 2 ppm for CQ3OD and 2.8 ppm for CD3CN.
These corrections were not systematically applied in the

studles at variable temperature.

d. Line Width Measurements - Line width calibratiqns

were made with a 0.25 M solution of KI in a 3:1 (vol.)
H,0-D50 mixture. The half height line width (Avl/z) of
the 39K NMR signal (25 scans, SW = 5000 Hz, 32 K of memory)
of this solution was 7.5 + 0.3 Hz (corresponding to T2
=-1/nAv1/2 = 42 + 2 msec.) before and after each set of
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experiments. A comparison of this value with the smallest
one reported in the literature (133) for potassium salts

at 1infinite dilution in Hzo, i.e., 5.7 0.6 Hz (T2 =

56 * 6 msec.), indicates that the line width contributions
from field inhomogenelties range from 1 to 2 Hz at the

most despite the large volumes of sample used in this

study. This contribution is smaller than, or comparable

to, the estimated precision of our measurements which is
about 2% for successive runs with the same or different
samples. In our kinetics study, rate data were obtained
from differences in line wldths so that small systematic
errors. would essentially cancel out. For these reasons,

the measured line widths were not corrected for inhomogeneous
line broadening. The relaxation rates l/T2 were calculated
from the line widths (l/T2 = vAvl/2) of the absorption

spectra.

e. Data Acquisition and Signal Processing - The high

quality spectra required for kinetics measurements are

39

particularly difficult to obtain in K NMR due to the

very low sensitivity of this nucleus. To overcome this

problem we used a high magnetic field and a large sample’

volume, but it was still necessary to carefully optimize

every step of the data acquisition in order to obtain
spectra with large signal to noise ratio in a reasonable

amount of time (<2 h routinely).
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Signal Averaging

In dilute solutions (<0.1 M in K') 3%k signals cannot
_be detected in 1 scan and extensive signal averaging

is necessary. At 25°C the typical numbers of scans (NS)
to obtaln spectra with a S/N ratio of about 20 for a
solution 0.1 M in x* (20 mm 0.D. tube) are

NS

2000 if

50 Hz and LB 20 Hz

Avy /2

NS 50000 if Avl/2 = 300 Hz and LB

80 Hz

where LB is the artificial line broadening (see below).

Fortunately 39

K relaxation times are short so that many
signals can be accumuléted in a short time. However care
must always be taken to avoid both truncation and satura-
tion which distort the line shape and cause erroneous

line width measurements (176). All measurements were

done 1n such a manner that the NMR signal decayed completely
during the time interval (>5 T;) between the rf-pulses.

Even when this condition applies, a very fast acqulsition

often leads to some baseline distortion; 1 K was the

minimum memory size used in this work.

Zero F1llling Technique

The theoretical and practical aspects of this tech-

nique were recently reviewed by Lindon and Ferridge (177).



56

In short, one can increase the point to point resolution
and even 1improve peak lineshapes and positlons by adding
more than N zeroes to an N-point free induction decay (FID)
prior to Fourier transformation. We used this technique
for all the kinetics studies except those in acetone and
1,3-dioxolane. Typically the spectra accumulated using
1024 or 2048 points of memory were zero filled to 8192

or 16384 points (177,178). With a spectrum width of 5000
Hz, the chemical shifts were accurate to #0.3 ppm and the
line widths to :2%. For the low sensitivity nuclei and
the broad signals, the zero filling technique brings about
~a considerable time saving. Furthermore, without it, the
acqulisition of good quality spectra in unstable super-
cooled solutions, e.g., K+'1806 complex in Acetone-THF

(80-20% vol.) at -40°C, would have been impossible.

Sensitivity Enhancement

The FID's were multiplied bylthe universally used
negative exponential weighting function, so that the line
shape remains Lorentzian after transformation. This
method improves the sensitivity and does not introduce
any lineshape distortion (177). For each spectrum a
compromise must be found between sensitivity enhancement
and undesirable line broadening. Typical artificial line

broadenings (LB) applied to our spectra were
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IB=5 - 10 Hz for Av1/2 = 50 Hz
LB = 15 - 50 Hz for Avy /o = 100 Hz
LB = 50 - 120 Hz for AVl/Z = 300 Hz.

For our systems the use.of a matched filter (176), i.e.,
LB = Av1/2, results 1n a very broad line especially for

K+-crown complexes and therefore i1s not recommended.

2. Carbon 13 NMR

13

a. Instruments - Most C NMR measurements were

performed on a Varian CFT-20 spectrometer operating at a
field of 1.868 Tesla and a frequency of 20.0 MHz. A
Bruker WM-250 spectrometer operating at a field of 5.87
Tesla and a frequency of 62.9 MHz was also used. .The
latter was coupled to an Aspect 2000 computer with 32 K
of memory. A large number of measurements were made on

both spectrometers.

b. Locking Procedure, Referencing and Corrections -

The sample solution was usually contained in an 8 mm o.d.
NMR tube (Wilmad) which was coaxlally centered by means

of teflon spacers in a 10 mm o.d. NMR tube containing dry
acetone-dg as the lock. The methyl carbon peak of acetone-
dg was used as the external reference. Carbon-13 chemical
shifts were corrected for the differences in bulk diamég-

netic susceptibilities between the sample solvent and
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acetone according to Equation (2) (WM250) or to Equation
(4) (CFT20)

' = 2w ref | sample
Gcorr éobs + 3 (Kv - Kv ) (4)

sample
v

When values of K were not available from reference,
approximate corrections were obtained by running the same
sample on the two spectrometers. The correction in
Equation (4) is a third of the difference in the observed
chemical shifts between the two spectra. Table 7 gives

the corrections for each spectrometer.

c. Temperature - The temperature was measured

before and after each experiment with a calibrated Doric
digital thermocouple inserted in an NMR tube containing
acetone (CFT 20). For temperature measurements on the

WM 250, see Paragraph IIIA3.

3. Data Handling

The kinetic parameters and the stabillity constants of
complexes were calculated by fitting the rate-temperature
data and the chemical shift-mole ratio data respectively
to appropriate equations using a weighted non-linear least-
squares program KINFIT (179) on a CDC 7501 computer.
Detalls on the use of thils program are given in the Ap-

pendices 1 and 2.
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Table 7. Diamagnetic Susceptibility Corrections? with
Respect to Acetone-d6.

Correction for Correction for
Varian CFT-20 ~  Bruker WH-180
Solvent and Varian DA-60 and Bruker WM-250

Acetone 0 0

MeCN -0.155 +0.310
CHCl3 -0.587 +1.174
CH,C1, -0.518 +1.036
Formamide -0.191 +0.382
DMF -0.237 +0.474
DMSO -0.304 +0.608
MeOH -0.116 +0.232
EtOH -0.242 +0.484
Nitromethane +0.144 -0.288
Nitroethane -0.078 +0.156
1-Nitropropane -0.18P +0.36b
Pyridine -0.319 +0.638
PC -0.365 +0.730
Tetramethylguanidine -0.273 +0.546
H20- -0.545 +1.09

THF -0.321 +0.642
1,3-Dioxolane -0.40" . +0.81°
Ethylene Glycol -0.508 +1.016
Toluene -0.331 +0.662
Anisole -0.44Y +0.888
Methyl Acetate -0.162 +0.324

2in ppm at 25+10°C. bThis work, approximate values (see text).



CHAPTER III

KINETICS OF COMPLEXATION OF POTASSIUM CATIONS WITH

18-CROWN-6 IN NONAQUEOUS SOLVENTS BY
POTASSTIUM 39 NUCLEAR MAGNETIC RESONANCE
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A. Introduction

It 1is surprising to note that while hundreds of forma-
tion constants of macrocyclic complexes are known, the
kinetic properties for the complexation of alkall ions
with 18C6, one of the most common and early synthesized
crown ethers, have been investigated only in water.
Shporer and Luz (48) showed that the exchange of the po-
tassium catlon between 1ts solvated site and the K+'D818C6
complex 1s slow enough to be observed by 39K NMR. From
these results it was clear that the same technique could
be used to study the complexation kinetics of K+-l806 in -

a variety of solvents because the stabllities of the

K+-1806 and K+-DB18C6 complexes are comparable (log Ke
2.03 and 6.05 for K'+18C6 in H,0 and MeOH respectively vs
1.67 and 5.00 for K'-DB18C6 (10)) and probably so are the
decomplexation rates.

The goal of the work presented in this chapter was
to determine 1f the activation energy for the release of
an alkall cation from a small crown molecule (18C6) depends
on the solvent or not, since the previous studies concerned
with this problem were not conclusive. Spurred by the
results of Lin in 1,3-dioxolane and THF (59,148), we
were particularly interested i; studying the ethereal

solvents.

61
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B. Cholce of Solvents and Salts

The relatively high concentrations rgquired for detec-
tion by 39K NMR (>0.05 M) and the low solubilities of
potassium salts and K+-1806 complexes place some restriction
on the cholce of solvents and salts. Many other factors,
which further limited our choice, had to be considered.

The donor abllities of the various solvents used in
this study had to be comparable since we wanted to con-
centrate on the effect of changing the dielectric constant
and the solvent structure upon the kinetic parameters.

For thils reason acetone was chosen as the primary solvent
since it has a donor number (149,150) of 17 close to

those of THF and 1,3-dioxolane (Table 8). It 1is a polar
solvent in which all the species of interest are sufficiently
soluble (> 0.1 M) for 39k measurements even at low tem-
peratures. It 1s miscible 1n any proportion with the three
cyclic ethers used in this study. It has a low melting
point as well as a low viscosity so that 39K NMR signals
are not too broad in it. Methanol was selected because the
only réported kinetics study by 39K NMR (48) was done in
this solvent, thus allowing some comparisons to be made.

In addition to THF and 1,3-dloxolane, which we used in an
attempt to observe with K+ the slow cation exchange seen
‘with Na+ (59,148), we chose 1,4-dioxane in connection

wlith 1ts interesting behavior in the propagation of anionic

polymerization (76). This reaction involves free ions
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such as styrene (S7) and ion pairs such as S™Nat. The
concentration of free ions 1ncreases rapidly in THF but
slowly in dioxane. The s7Lit 1on pair is the most re-
active and the S™Cs® the least reactive in THF but the
pattern is reversed in dioxane (76). We also resorted to
acetone-dioxane and acetone-THF mixtures due to solubility
problems. The key propertles of the solvents are given

in Table 8.

Potassium hexafluoroarsenate 1s soluble in many or-
ganic solvents (151,152), including THF (153) and 1,3-
dioxolane. Approximate solubllity measurements in these
two solvents gave values of 0.18 M and 0.20 M, respectively.
Potassium halides are insoluble (KCl ~ 107" M) in THF even
in the presence of DC18C6 (4,154). Even potassium salts
with soft anions such as ¢CO0 , CH3COE, picrate or B¢,
(153) are insoluble in THF and 1,3-dioxolane. We used
KAsF6 for all our measurements except those in MeOH where
KI was used.

In most organic solvents, the solubility of 18C6 is
greater than 0.1 M (e.g., >0.22 M in MeOH (155)), but the
K+-18C6 complex 1s only sparingly soluble in ethereal sol-
vents. Using KASF6, we found that, at 25°C, the solubility
of K'+18C6 is less than 0.01 M in THF and is about 0.035 M
in 1,3-dioxolane, whereas both the free salt and the ligand
are soluble (>0.1 M) in both solvents. This is in contrast

with the general enhancement of the solubllity of inorganic
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salts in organic solvents by crowns and cryptands (156).
A decrease of solubility upon complexation has already been
observed by Wong et al. (55) for several crown complexes
of fluorenyl alkalil salts in ethereal solvents and by
Cambillau-et al. (157) for the 18C6 complex of potassium
enolate in THF. The poor anion solvating capacity of
ethers (150,158) might be responsible for this effect.
Copplexation of K+ by 18C6 breaks a large proportion of
contact ion pairs (89,159), as shown below. This in turn
leads to anion activation (160) and in our case to pre-
cipitation of the complex. In MeOH, the k*.18c6 complex
precipitates 1if PFE or Ang 1s used as the anion but with
I its solubility is greater than 0.2 M, due probably to
the possibility of weak H-bonding with MeOH. It is known
that PFg has a poor coordinating ability (161,162); the

ASFE anion probably shares this property (151). These

results show that any complexation data based on increased
solubility of inorganic salts in low polarity media (and
also in MeOH) may not yield a clear picture of how ef-

fectlive the various salts complex with crown ethers.

C. Results and Discussion

The kinetics of complexation of 18C6 with potassium
cation were studlied in five pure or mixed solvents by
using 39K NMR line shape analysis. The five solvent

systems were acetone, acetone-1,4-dioxane mixture
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(80-20% vol.), acetone-THF mixture (80-20% vol.), methanol
and 1,3-dioxolane. The structures of the three cyclic

ethers are shown below.

THF 1,3-dioxolane 1,4-dioxane

As pointed out in the Introduction, the treatment of kin-
etics data obtained by alkali metal NMR depends on the
differences 1n chemical shift and line width between the
sol&ated catlon and the complexed cation, in the absence
of chemical exchange. Therefore it is necessary to
characterize the two sites before discussing the kineties
data. In this discussion, site A refers to the solvated

site and site B refers to the complexed site.

1. Potassium-39 NMR of the Solvated and Complexed

Potassium In the Absence of Chemical Exchange

To obtain the transverse relaxation rates, 1/T and

2A
l/TZB’ and the chemical shifts, 6A and 5B’ in the ab-
sence of exchange, two solutions in each solvent were

prepared. The first contained the potassium salt only
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and the second contalned equimolar amounts of the potassium
salt and of 18C6. Since the K +18C6 complex is quite
stable, i.e., KA > 10u (10), in all solvents studied and
throughout the temperature range considered, the second
solution contained only complexed potassium cations. 1In
both solutions chemical exchange is absent.

and 1/T

The temperature dependence of l/T2 is given

A 2B
in Tables 9-13. Figure 3 shows semilog plots of these ob-
served relaxation rates vs reciprocal absolute tempera-
ture for all the solvents studied. Figure 4 shows the

temperature dependence of the chemical shifts for sites A

and B.
Site A
For K+ ion in solution, we expect to find T1 to be

equal to T2. This is 1indeed the case as is shown in
Figure 5 where the reported longitudinal relaxatlon rates
l/Tl for a solution of 0.5 M KI in methanol (48), are
plotted together with our values of l/T2 for a solution
of 0.2 M KI in MeOH. The two solutions differ only by

a small change 1in viscosity and the two sets of data are
in good agreement. However, while Shporer and Luz (48)
drew a straight line through thelr data points, our values
which are much less scattered clearly show a curvature.
Figure 3 also shows some curvature for solvents other

than methanol. Therefore the curvature must be real.
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Figure 3. Semilog plots of potassium-39 transverse relaxa-
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Table 10. Potassium-39 NMR Chemical Shifts and Reciprocal
Transverse Relaxation Times for MeOH Solutilons
Containing KI2 and 18C6 at 18C6/K¥ Mole Ratio
(MR) of 0, 0.5 and 1.02 and at Various Tempera-
tures.
MR =0 MR = 0.5
5 1}(?{'1‘ 1/_"1'12 5C : 102'1* 1/_'1'12 5
S ppm C K S ppm
2b.7 3.357 56 -7.4 4.7 3.357 217 -5.0
- 0.9 3.672 75 -6.6 14.7 3.473 236 -4.6
- 5.2 3.731 81 -6.4 8.2 3.554 251 -4.5
-10.4  3.805 85 -6.2 3.0 3.621 264  -4.3
-14.9 3.872 90 -5.9 -2.1 3.689 273 -4.1
-19.7 3.945 95 -5.8 -6.5 3.750 283 -4.0
-25.3  4.034 107 -5.0 |[-11.6 3.823 305 -4.0
-29.5 4,103 107 -5.4 -16.6 3.897 333 -3.7
-34.3 4,186 124 -5.1 -21.6 3.975 355 -3.4
-38.9 4,268 129 -4.9 -26.2 L.okg 377 -3.5
-43.8 4.359 144 -4.8 -31.4 4h.136 Los -3.5
-48.6 b, us2 160 -4.6 -40.7 4,301 418 -3.9
-53.9 4.560 176 =4.3 | -=45.7 L4.396 h12 -4.1
-58.1 L.649 195 -4.2 -50.7 L. uagy Lo8 -4.3
-63.5 L.769 229 -3.9 -56.2 4,608 377 -4.4
-67.9 4,871 261 -3.7 -60.6 b.704 352 -4.5
-73.5 5.008 314 -3.5 -65.9 4,824 336 -4.0
-79.5 5.163 o2 -3.3 -68.6 4.888 342 -4.0
-83.9 5.283 487 -3.1 -70.1 L.924 339 -4.0
-89.4 5.4041 628 -2.7 -75.9 5.068 412 -3.3
-94.0 5.580 785 -3.1 -81.5 5.216 487 -3.2
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Table 10 - Continued.

MR = 1.029

. 103£T 1/T, 5C
°C K> st ppm
24.7 3.357 386 -2.5
17.1 3,445 377 -1.9
2.9 3.622 462 -2.0
-11.8 3.826 540 -2.9
-25.8 4,042 666 -1.0
-38.3 4,257 832 -1.3
-53.2 4.545 1056 -0.2
-65.2 4.808 1366 -0.2

80.2 M KI. Lock solvent:Methanol-dl.

bAll spectra were accumulated using 1 K or 2 K data points

and zero filled to 16 K.

CUncorrected for the differences in 2H resonance frequencies
between D20 and Methanol-d4 (~2 ppm).

dNumber of scans = 6000 (high temp.) to 15000 (low temp.).
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Table 11. Potassium-39 NMR Chémical Shifts? and Reciprocal
Transverse Relaxation Times for Solutions Con-
talning KAsFy and 18C6 at 18C6/K* Mole Ratio
(MR) of 0, 0:25, 0.50 and 1.02 in 1,3-Dioxolane
and at Various Temperatures.

MR = 0°°8 MR = 0.25°°F

. lOE’{T 1T 5 . 103{1" VI

°C K S ppm °cC K s ppm
66.5 2.946 47 -17.0 61.2 2.990 239 -16.3
56.5 3.035 50 -16.8 55.2 3.045 239 -14.7
6.2 3.133 50 -16.2 51.0 3.084 261 -14.4
35.8 3.238 63 -15.8 45.9 3.134 280 -14.9
21.2 3.399 - 66 -14.9 40.6 3.187 283 -14.6
9.6  3.539 88  -14.5 35.4  3.240 283  -14.6
0.0 3.663 o4  -14.2 29.9 3.299 264  -14.8

- 9.8 3.796 122 -13.6 24.6 3.358 229 -15.2

-19.2 3.937 152 -13.1 18.5 3.428 214 -15.0

-38.2 4,255 258 -12.0 14.2 3.480 192 -14.7

8.6 3.549 160 -14.9

4.3 3.602 149 -14.7
- 0.9 3.672 138 -14.6
- 5.7 3.738 137 -14.2
-10.3 3.804 135 -13.7
-14.9 3.872 148 -13.6
-19.5 3.942 163 -13.2
-24.2 4.016 188 -13.1
-29.2 L.098 212 -12.9
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Table 11 - Continued.

MR = 0.5°°8 MR = 1.02¢>f
. 103{T 1/ s . 103{T 1/T, 5
oC K~ s ppm °oC K~ s~1 ppm
46.2 3.133 477 -10.1 64.2 2.964 754 -9.8:1
35.5 3.241 528 -12.2 | 56.4% 3.036 817 -10.1:1
o4.0 3.367 443 -13.8 43.8 3.155 864 =-0.3+l1
15.0 3.470 320 -1L4.8 33.49 3,264  9u2 +1.3:1
9.4 3.541 251 -14.5 23.2% 3.374 1005 +0.4:0.5
5.1 3.593 214 -14.6
0.0 3.660 179 -14.5
- 9.2 3.788 170 -14.1
-13.7 3.854 174 -13.8
-18.7 3.929 190 =-13.5
-23.3 4,002 --- =13.1

@Uncorrected for diamagnetic susceptibilities. Lock Acetone-
d6 (see Table 9 footnote d).

0.1 M KasFg.
0.05 M KAsFG, unless otherwise indicated.
do.04 M KASF.

€Obtained by extrapolation from data in Acetone-1,3-Dioxo-
lane mixtures (see Table 15).

fMemory size 2 K or 4 K. Zero filling to 16 K.

€Memory size 8 K or 16 K. No zero filling.
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Table 11a. Potassium-39 Chemical Shifts and Line Widths for

KAst at Various Concentrations in 1,3-Dioxolane
and in THF at 25°C.

1,3-Dioxolane THF

[KASFD 6% 4y o0 [KAsFg] 6 Ay

M ppm Hz M ppm Hz
0.0077  -15.99  14.7° 0.0070  -16.64  15.0°
0.0115 -16.27 15.3 0.0120 -16.68 15.0
0.0145 -16.27 13.7 0.0229 -17.06 21.4
0.0176 -16.48 14.5 0.0386 -17.32 19.8
0.0213 -16.60 15.3 0.0505 -17.50 23.0
0.0293 -16.75 15.1 0.0882 -17.68 23.4
0.0495 -17.10 17.8 0.1186 -17.89 26.8
0.0710 -17.19 19.7 0.158 -17.95 30.0
0.115 ~17.44  24.0
a10.07 ppm.
P41 Hz.

CFor the low concentrations, the reported Avl/2 values
probably exceed by 1 or 2 Hz the real values due to a
small instability of the field over the long period of
time necessary to obtain these spectra.
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Potassium-39 NMR Chemical Shifts and Reciprocal
Transverse Relaxation Times for Solutions Con-
taining KAsF¢2 and 18C6 at 18C6/K* Mole Ratio
(MR) of 0, 0.5, and 1.02 in Acetone-THF (80-20%
vol.) and at Various Temperatures.

MR = 0 MR = 0.5%
. 103/T  1/T, e . 103/ 1/, (0sC
°C -1 s~1 ppm °C g~1 s—1 ppm
23.0 3.376 41 -11.7 53.6 3.060 213 -9.3
6.6 3.574 52 -10.9 46.7  3.126 242 -9.0
-16.3  3.893 64 - 9.4 40.5 3.188 234 -8.5
-29.8 4.108 73 - 8.7 33.3  3.263 259 -8.5
-39.3  4.275 76 - 8.3 25.6  3.347 283  =7.9
“47.4  L.L429 83 - 7.9 20.7  3.403 277  07.8
-63.3 4,764 88 - 7.6 18.3 3.430 298 -8.1
14,4 3.477 283  -8.4
9.8  3.534 302 -7.5
7.1  3.568 300 -7.5
3.7  3.611 313 -7.6
0.3 3.656 336  =7.2
-2.3  3.691 346  =7.0
-5.8  3.740 334 7.4
-11.2  3.817 368 -6.8
-15.5 3.880 364 -7.4
-21.8 3.978 360 -7.8
-25.6  4.039 342 -7.9
-29.6  4.105 336 -8.1
-33.5 b,172 278 -8.1
-36.0 4.216 261 -8.3
-38.0 L.252 248  -8.1
-43.0  4.34Y 191 -7.7
-46.6  L.413 163  —=-m

.0 b

L440 166 -7.8
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Table 13. Continued.

MR = 1.02
3 .
¢ 10-{T l{g? 6b,c
°C K ] ppm
53.6 3.060 22 -4.7
43.5 3.158 L27 -4.4
33.2 3.264 L79 -3.6
23.4 3.374 487 -2.3
12.0 3.506 543 -3.1
4.3 3.604 622 -3.0

#0.1 M KAsFg. Lock solvent:Acetone-d6.

bCorrected by assuming that the difference in diamagnetic
susceptibility between the solvent mixture and pure ace-

tone 1s negligible.

CUncorrected for the difference in 2H resonance frequency
between D2O and Acetone-dg.

dBelow -21°C, the solubility of the complex is less than

0.1 M, and all the measurements were done (with 1 K of
memory) on the unstable supercooled solution. Once the
probe is at -40°C, it takes V15 minutes to bring the sample
temperature from +25°C to -U40°C with a large flow of N
(gas). About 10 minutes were then available for the mea-
surement before the first crystals appear in the sample.
The absence of crystals was checked after each run.
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It is interesting to speculate if this phenomenon is indeed

predicted by the theory.

39

The quadrupolar relaxation rate for K in solutions

and in the absence of chemical exchange 1s given by (137):

5 2. 2
1 _ 1 _ 3 _2T+3 (7 4 ¥v°y (eQ 37Vy°, (1)
T, T, B0 120511 37 R 4,20

where I is the spin of the nucleus, v 1s the asymmetry
parameter (v = 0 for a symmetric field gradient, 0 < v < 1)
Q 1s the quadrupole moment of the nucleus, 32V/az2 is the

z component of the electric field gradient at the nucleus
produced by solvent fluctuations and To is the correlation
time which characterizes these fluctuations. For a simple

reorientation process, 1, may be expressed by (61)

(¢

T, = A' e - (2)

where Er is an'activation energy for solvent reorganiza-
tion. We prefer to use thils general expression rather

than Debye's formula t_ = Mnna3/3kT (n = viscosity) which

c
has been found to give too large T, values for solvated
species (151) as well as for complexes (60). Besides,

the macroscoplc viscosity does not adequately describe
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the frictional forces acting on a solute molecule (180).
If the nuclear quadrupole coupling constant (NQCC)
eQ/h x aZV/az2 is assumed not to change with temperature,
then the relaxatlion rate will vary exponentially as a func-
tion of temperature. Figure 3 shows that in all the sol-
vents studied this behavior 1s observed for the bound site
but not for the solvated site. Large deviations of the

23Na

semlilog plots from linearity have been observed by
NMR for Na+ in pyridine (34), DMF (46) and methanol (20)
at various temperatures. The Debye formula predicts that
l/T2 is proportional to n/T. Deviations from this be-
havior have been reported, e.g., for Na+ in THF (49). 1In
some cases, the line width increases, instead of decreasing,
with the temperature, e.g., for Na+BPhZ in 1,3-dioxolane
(148). For all these cases, either the NQCC changes with
temperature or To does not behave as predicted by expres-
sion 2.

The two specles capable of producing field gradients
at the potassium nucleus are solvent dipoles and anions.
Consequently in low polarity media, e.g., 1,3-dioxolane,
a change 1in contact ion-pair formation with temperature
might account for the observed curvature. However this
explanation does not hold for methanol which has a high
dielectric constant, especilally at low temperatures
(¢ = 59 at -70°C (181)). The ion palr formation constant
of KI in methanol is about 10 at 25°C (182,183), but this
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value refers to solvent-separated ion pairs. There are
virtually no K+I- contact ion pairs throughout the tem-
perature range under study. Thus 1in methanol, the large
increase of l/T2 at low temperature 1s due to a large in-
crease of viscosity, because the solvent dimers tend to
form networks of polymers (181). From the slope of the
tangent to the relaxation curve in MeOH (Figure 3) we
calculated that the activation energy for solvent reori-
entation increases from 1.7 kcal.mol-1 at 10°C to 3.2 kcal.
mol™t at -90°c.

For acetone solutions the curvature of the plot in
Figure 3 1is significant but smaller than that for methanol
solutlions. Two solvent mixtures, both of which contailn
acetone, show abnormal behavior. In particular, acetone-
THF glves a curvature opposite to that of acetone. We
do not have an explanation for this observation, but 1t
must be related to a change in the solvent structure between
acetone and acetone-THF mixture. The convergence of the
curves at high temperature is also remarkable and it 1is
only seen for the solvated sites. It is interesting to
note that the solvent effect on the relaxation rate of the
solvated.potassium 1s important only at low temperatures,
at least for the few solvents investigated. A variation of

the NQCC with the temperature might also explain the curva-

tures of the relaxation curves for the site A.
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Site B

The situation 1s different for the bound site. The
relaxation rates of site B are much larger than those of
site A (Table 14). This is caused by the asymmetry of
the electric field at the potassium nucleus due.to the
planar structure of the crown. The plots of l/T2 are
linear and almost parallel to each other. The disappear-
ance of both the convergence and the curvature upon com-
plexation points to a rather weak cation-solvent inter-
action 1n the complex.

Kolthoff and Chantooni (184) measured the transfer
activity coefficients in various solvents of several uni-
valent cations complexed with DB18C6. In particular they
observed that the solvation of K+ ion in these complexes
is weak and that the K+-DB18C6 complex 1is less strongly
solvated in methanol than in acetonitrile, PC, DMF and
DMSO. In connection with this work, i1t is interesting to
note that the relaxation rate of x* ion complexed by 18C6
is smaller in methanol than in the other solvents studied.
The relaxation rates decrease 1n the order, dioxolane >
methanol > acetone-dioxane > acetone, for site A whereas
the order 1s dioxolane > acetone-dioxane > acetone > methanol
for site B. This last order 1is also the order of solu-
bilities of the complexes. The change seen for methanol 1s

surprisihg.' We observed a large increase in the relaxation
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rate of site A in acetone upon addition of 18C6 (see below)
or 1l,4-dioxane (Figure 16). Thus the presence of these
ethers markedly increases the viscosity of acetone solu-
tions. This 1s not so for MeOH. The K .18C6 complex is
probably more solvated in methanol than in other solvents
and there 1s some experimental evidence that a stronger
solvation results in a smaller NQCC (172). However, we can
neither measure nor calculate the NQCC or T, to evaluate
their relative contributions to 1/T2.

23

Kintzinger and Lehn (60) obtained the “°Na quadrupolar

coupling constants of four sodium cryptates by calculating

13

Te from the C relaxation times T, of the CH2 carbons of

1

the cryptates and introducing T, in Equation (1). They

[¢]

made the assumption that t_ (from 130 data) also repre-

c
-sents the reorientational motions which modulate the 23Na
quadrupole interaction. This assumption, probably valid
for the rigid cryptates, may not be reliable for crown
ether complexes due to the fluctuation of the coordinating
sphere. Thus we cannot obtain the NQCC.

The weak solvation of the complex 1is also indicated
by the small solvent dependence of the resonance fre-
‘quencies of the complexed potassium cation. The cﬂemical
shifts measured by Shih (15) are given in Table 14 along
with our results. While the chemical shifts of the sol-

vated K+ ion vary over a range of more than 22 ppm, the

signals of the bound site are found between -3.8 ppm and
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40.4 ppm. It is noticeable that the extent of variation
of § with the solvent is about the same for XK'-18C6 and
K+-C221 (138). The potassium cation fits nicely into the
18C6 cavity (82), so that only a small portion of its sur-
face 1s exposed to the solvent (184). The X-ray crystallo-
graphic data show that in the K*.C221 complex, K' also
lies in the cavity of the 18-membered ring (92). Therefore,
K+ may also interact wlth the solvent, at least in one
direction. Further detalls are given in Chapter IV. For
site B as for site A, the signal 1s shifted 1n the para-
magnetic direction in all solvents and at a rate of 3-5
- ppm/100°C.

Dioxolane exhibits a behavior different from the other
solvents. First, the relaxation rate of site B is large,

i.e., 1/T = 1000 at 25°C. Second, the chemical shift

2B
of site B 1s the largest downfield shift of the K+-18C6

complexes at 25°C whereas the signal of K+ solvated (or
ion paired) in dioxolane 1is the most upfield one (Table 4).
Third, between 44°C and 56°C, the chemical shift of site

B drops by about 10 ppm while, in other solvents, GB de-
creases steadily with increasing temperature (Figure by,
The low solubility of the K+-18C6 complex in dioxolane
(0.035 M at 25°C) precluded a direct measurement of § and
Av1/2. As shown 1n Figure é,we obtained the values of
these parameters at 23°C (Table 14) by extrapolating to

pure dioxolane the values measured in acetone-dioxolane
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Figure 6. Potassium-39 chemical shifts and liﬁe widths

for the K*-18C6 complex in acetone-1,3-dioxolane
mixtures. :
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Table 15. Potassium-39 NMR Chemical Shifts and Line Widths
for Acetone-1,3-Dioxolane Mixtures? Containing
0.05 M KAsFg and 0.05 M 18C6 at 23 1°C.

Acetone 1,3-Dioxolane s® &vy /2 1/To
Vol % vol % ppm Hz -1
100 - 0 -3.5 149 L68
80 - 20 (=4.5) 162 509

60 - 4o -1.3 202 635

4o - 60 -0.8 232 729

20 - 80 -0.2 281 883

o - 100 +0.4°¢ 320°¢ 1005

aLock Acetone d6. See Table 9 footnote 4.

bUncorrected for diamagnetlic susceptibilities.

CExtrapolated. The k*.18c6 complex is soluble less than
0.05 M in 1,3-Dioxolane. See Figure 6.
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mixtures (Table 15). Both § and Av1/2 vary continuously
from pure acetone to acetone-dioxolane (80-20% vol.) and
there 1s no appreciable preferential solvation of the
complex (185-187,153), as far as the concept of preferen-
tial solvatlion may -be applicable to complexes. The ex-
trapolated values of § and AV1/2 in dioxolane are in ac-
cordance with the values measured directly at slightly
higher temperatures where the K+-18C6 complex 1s more
soluble (see the points corresponding to l/T2 and § for
k¥+18C6 in dioxolane at the highest 103/T in Figures 3 and
4 respectively)

The simplest way to determine if complexed ion pairs
are responsible for the broad line and the large shift
observed 1s to study the concentration dependence of §
and l/T2 of site B. Unfortunately the present instrumen-
tation does not allow us to use concentrations of less
than 0.05 M when the signal 1s broad. Ion pairing may,
however, be studled for the pure salt at low concentration
since the signal of the solvated site is narrow (Table 1lla).
Figure 7 shows the variation of § and Avl/2 of K+ as a func-
tion of the KAsF6 concentration in THF and dioxolane solu-
tions. As the concentration increases, the signal broadens
and shifts upfield, thus indicating increasing contact 1ion
pairing. 1In solutions ~0.05 - 0.1 M in both solvents, a
large fraction of the salt 1s assoclated, as shown by the

leveling off of the chemical shift. The very small
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Figure 7. Concentration dependence of the potassium-39
chemical shift and line width for KAsFg 1n THF
(circles) and 1,3-dioxolane (triangles?.
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difference in 6§ and Av between THF and dioxolane shows

1/2
that these solvents provide similar environments for the
potassium cation.

Judging from the large upfield shifts in the concentra-
tion range 0.007 M - 0.15 M, it can be said that the donor
abllity of these solvents with respect to kKt 1s weak. To
be more preclse, the signal of kt at the lowest concentra-
tion studied (0.007 M) in THF is only 4.5 ppm downfield
(-16.6 ppm vs -21.1 ppm) from the infinite dilution chemical
shift of k¥ in the very weak donor nitromethane (DN = 2.7).
The Gutmann donor number of THF is 20.0 (149,150). That
of dioxolane has not been measured but a value of 14.7 has
been calculated to Griffiths and Pugh (165) from the fre-
quency shift of the 0-D vibrational band of methanol-d
(188). A lower D.N. for dioxolane than for THF is con-
sistent with the decrease of the baslcity of the coordinated
oxygen atom due to the presence of a second oxygen in the
ring. However,the extent of the decrease seems to depend
on the catlion considered because steric factors are impor-
tant for small cyclic ethers (49,55).

Chan et al. (49) found the ratio of the solvent-
separated to contact fluorenyl lithium ion pairs to be about
50 times larger in THF than in dioxolane. The authors
attributed this behavior to the lower basicity of dioxolane
although they pointed out that other factors, such as the

stabllity of the contact ion pair, steric hindrance, and
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repulsion between the two oxygen atoms, might be important.
Shatenstein et al. (190) measured the concentrations of
radical anions, e.g., lithium and sodium biphenyl and
sodium naphthalene, formed in a series of ethers. They
observed that in going from Li+ to Na+ the solvating power
of dioxolane increases with respect to THF and 1,l4-dioxane.
For the sodium salt, 1,3-dioxolane and 1l,3-dioxane have

the same solvating power which 1s intermediate between that
of THF and that of TﬁP (190).

Our results indicate that the donating abilities of THF
and dloxolane for the kt ion are comparable and relatively
weak. Steric hindrance may indeed explain the low sol-
vating power of dloxolane for the Li+ ion since it appears
that the solvating power of dioxolane increases with
respect to THF as the cation size increases.

The chemical shifts of K at infinite dilution, Glim’
in THF and 1,3-dioxolane cannot be obtained from Figure 7,
being given the steepness of the curves at low concentra-
tion. Several potassium salts soluble up to 0.1 M minimum
are needed to calculate 8., (75). If, as we expect, §1im
is several pph downfield from -16 ppm (see Figure 7 and
Chapter V), the breaking of contact ion palrs should result
in a large downfield shift. 1In this case breaking of
contact ion pairs upon complexation by 18C6 could explain
the large downfield shift found for the kt-18c6 complex

in dioxolane at room temperature (Figure U4).
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It would also explain the apparent abnormality
of the temperature dependence of GB in this solvent (Figure
4). As the temperature increases, contact ion pairing in
the complex causes a large upfield shift as is found for
the uncomplexed salt. This happens only at high tempera-
ture probably because the Ang anion is bulky (rAsF6‘ =3 it
(172)) and cannot easily come into contact with Kt complexed

by 18C6.

2. Kinetics Study in Pure and Mixed Solvents

Kinetics data for the exchange of potassium ions be-
tween the solvated site and the K'+18C6 complex were ob-
39

tained from the temperature dependence of the K transverse
relaxation rates of solutions containing both species. 1In
each solvent a solution containing KAsF (or KI) and 18C6
with a 18C6/K* mole ratio (MR) of 0.5 was prepared. Due

to the large formation constant of the complex in all the
solvents studied, the concentration of the complex was
equallto that of the 18C6 added to the salt.

Under our experimental conditions, only one 39K reson-
ance was observed throughout the temperature range covered.
This is seenlin the middle part of Figure 8 where typilcal
spectra obtained in acetone-l,4-dioxane mixture of the
solvated form, the complexed form and the mixture are

shown on the lefq,on the right and in the middle, respec-

tively. Figure 9 shows a typical semilog plot of l/T2
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vs reciprocal absolute temperature for an acetone s lution
containing 0.10 M KAsF, and 0.05 M 18C6. With increasing
temperature, l/T2 first decreases then passes through a
minimum at ~v-65°C, a maximum at ~-23°C and again decreases
at. high temperatures. This behavior indicates a kinetic
process in which potassium cations exchange between the
solvated (or ilon paired) site and the complexed site.
Below -70°C the exchange 1s slow; only one narrow reson-
ance corresponding to the solvated K+ cation is observed
since the signal of the bound site 1s too broad to be
detected. On the other hand, above -10°C the exchange is
fast; the NMR spectrum still consists of a single peak,
but the observed relaxation rate is the average of the
relaxation rates in the two sites. In the intermediate
region, from -70 to -10°C, the éxchange rate 1s of the
order of the relaxation rates and the kinetic parameters
can be derived from the NMR data by line shape analysis.
We have seen earlier (Table 14) that at 25°C the difference
in chemical shift between site A and site B (40 to 130 Hz)
is small or negligible with respect'to the relaxation rate
of the complexed potassium (400 to 1000 Hz). This is even
more so at the low temperatures where the kinetic processes
occur.

It is seen from the data collected in Table 16 that
the product (vA - vB) T2B does not exceed 0.1 in any sol-

vent system studied. 1In thls case the relaxation rate
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data can be treated by use of relations which omit the
chemical shift, which simplifies greatly the data analysis.
If the product (vA - vB) T2B were large, both the nuclear
transfer and the chemical shift would affect the relations
describing the transverse relaxation rate l/T2, and make
the data treatment more complex. In fact it would have
been necessary to measure by a pulse sequence the longi-
tudinal relaxation times which are not affected by the
chemical shift. This would have required an enormous amount
of time given the low concentrations of solutions used in
this study.

A theoretical description of the effects of nuclear
transfer on apparent relaxation times has been given by
Woessner (62). The actual derivation of the kinetic para-
meters, which has been done by Shchori et al. (46) for our
relatively simple case, 1s outlined below.

In the absence of a chemical shift between the two
magnetic environments the T2 relaxation curve F(t) is a

sum of two exponential functions

F(t) = P! exp (- mi—=) + P! exp(- ~t) (3)
A Ton B T28

where P!, Pé and TéA’ TéB are the apparent population

fractlons and transverse relaxation times, respectively.
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The Fourier transform of F(t) is a superposition of two

Lorentzian functions

) ' '
PaTsn , BB
21 2
1 - 0Ty 1 -

-
os]

I(w) =

(4)

\®]

T

€
-
o

where w 1is the Larmor frequency of the two sites. The
apparent intensities (P!, PL) and widths (1/T},, l/TéB)

of the two Lorentzian curves are functions of the trans-
verse relaxation rates in the absence of chemical exchange

(1/T2A, 1/T2B) and the mean lifetimes of the two species

(TA, TB).
Pi=1-7P (5)
1 1., 1 1 1 1
(7= = TN =) + 7 *+ =
pvol_1__ "B A" "on "o Th " (6)
B~ 2732 2 1/2
[ - o=+ 2 - 1"« 2
2A 2B A B TaAtB
. 2
T%_ = %[Tl— + Tl_ + L+ 1 _ [(Tl_ - Tl_ + -1
2A 2A 2B Ta B 2A 2B A B
M 1/2
+ ] ] (7)
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1 1.1 1 1 1 1 1 1 1
A o e N U Y Sl
2B 2A 2B A B 2A 2B A B
y _1/2
+
=1 (8)

The fractional populations of each site, PA and PB, are

related to Ta and T8 by the equations

T T .
= —————A and P = —————B (9)

P P
A T_B (10)
A B
For our system T2A is much larger than T2B and PA is
equal to or larger than PB‘ It follows from Equations
(5-8) that P'T!, >> P!T! Hence the observed signal I(w)

A 2A B"2B°
given by Equation (4) is a single Lorentzian curve (see

Figure 8) with a line width 1/T, = 1/T4,- It is the ap-
parent resonance of the solvated site. Ih our experi-
ments, the free induction decay followling the pulse was
recorded after a time delay of 1200 to 1500 us in order
to.allow for a nearly complete decay of the intensity of

the broad line due to the complexed potassium. Rearrangement
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of Equation (7) (see the derivation in Appendix 3) based
on the equilibrium condition (Equation (10)) leads to the

following expression for 1/TA in the intermediate region

Ta 1/T - 1/T,

2av

where

1/Touy = Pp/Top + Pp/Top (12)

2av
In the fast exchange region, l/T2 is given by (46),

= _ 2
1/T2 = PA/T2A + PB/T2B + PAPB(wA wB) T (13)
where 1t 1s the mean lifetime of the interaction; that 1s

T = TATB/TA + Qe In our case the difference (rA - TB)

is small so that l/T2 = 1/T at high temperature as

2av
seen in Figure 9.

The parameters necessary to compute 1/1A can all be
read off plots of the type shown in Figurq 9. The values
of l/T2A in the intermediate region were obtalned by the
extrapolation of the low temperature values of l/T2 assum-
ing that l/T2A and l/TZAref have the same temperature de-
pendence. A direct verification of the validity of this

assumptlon was possible at high temperatures where the



103

values of l/T2B were obtained directly from the spectra.
The values of l/T2A calculated from Equation (12) were
the same as the extrapolated ones, thus validating our
assumption. In general, we did not rely on any other
extrapolation than that mentioned above. Unlike Shchori
et al. (46,47) and Shporer and Luz (48), we were able to
detect the signal of the bound site, due to the following

reasons.

(1) The signal of the k*.18c6 complex is narrower
than that of the Na' or the k*.DB18cC6 complex, which might
be due to the absence of benzene rings that increase the
asymmetry of the electric fleld at the metal nucleus.
(2) We accumulated a very large number of scans - up to
100000 - to obtain certain spectra for the complex. The
direct measurement of l/T2B increases the overall reliability
of the results since the extrapolation of the high tempera-

ture values of l/T2 in order to obtain 1/T in the inter-

2av
mediate region is no more necessary. In fact thils extrapo-
lation is subject to large errors in those solvents where
the low and high.temperature values of 1/T2 do not fall

on parallel straight lines due to the Qurvature of the
1/T2A curve (an example is shown in Figure 10).

The procedure used in this kinetics study consists of

four steps:

- measurement of the line widths in a large tempera-

ture range;
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- calculation of l/TA from the relaxation rates with
Equation (11);

- computer fitting of the Arrhenius or the Eyring
plots to obtain the activation parameters; and

- determination of the exchange mechanism.

We will examine successively the results for the pure

solvents and for the mixed solvents.

Pure Solvents

Four pure solvents, acetone, methanol, 1,3-dioxolane
and DMF, were investigated. 1In DMF the ratio T2A/T2B
1s not large enough to allow quantitative rate data to be
obtained. The values of l/T2 measured in the three other
solvents are presented in Tables 9-11. Figures 9-11 1i1l-
lustrate the temperature variation of l/T2 for acetone,
methanol, and 1,3-dioxolane, respectively. For each sol-

vent the 1/T2B and 1/T g curves were reproduced from

2Are
Figure 3. In addition, the temperature dependence of the
chemical shift for the samples with a ligand/K+ ratlio of
0.0, 0.5 and 1.0 in methanol 1s shown in Figure 12. The
pattern observed for the chemical shift; closely resembles
that for the relaxation rates. In particular, at high tem-
perature the signal for the solution with a mole ratio of

0.5 1s half way between the two signals of the solvated and

the complexed potassium. This clearly confirms that the
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Figure 10. Semilog plots of 1/T, vs 1/T for methanol solu-
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observed kinétic process involves potassium cations ex-
changing between sites A and B.

The temperatures corresponding to the maximum and the
minimum of the l/T2 curve respectively appear in Table 16.
Going from acetoné or methanol to 1,3-dioxolane the active
temperature range is shifted to higher temperatures by
about 60°C. With Ang as the anion, the exchange of kt
between sites A and B 1s observable at room temperature
in 1,3-dioxolane. This result allows us to propose an
explanation for the anion effect reported by Lin and Popov
(59).

As mentioned in the historical part, it 1s observed
that in 1,3-dioxolane solutions of NaBPh, at 25°C, the
exchange of Na+ lions between sites A and B 1s slow (1;3;,
the 23Na NMR 1is not affected by the exchange). It 1is fast
however with perchlorate or the lodide as the anion (59,
148). The formation constant of the xt.18c6 complex 1is
between one and two orders of magnitude larger than that of

the Nat-18C6 complex in H.O and MeOH (10) and most 1likely

2
in other solvents too. Bearing in mind that the formation
rates of crown ether complexes do not vary to a large
extent in going from Nat to K' (40) we would expect to find
the decomplexation rates to be smaller for potassium than
for sodium complexes. This 1s indeed observed with NaClOu
and NaI, but the reverse 1s found with NaBPhy.

The above behavior is probably due to the difference
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in the types of ion pairs formed by sodium salts. We

have shown previously that, in 1,3-dioxolane and in THF,
KAsF6 forms a tight 1ion palr. The same observation probably
holds for NaCl0, (77) and NaI salts in these solvents.

In these cases the anlons compete with the ligand 18C6

for the cation, and therefore the complexes are destabilized.
This destabilization apparently manifests itself by a
marked increase in the decomplexation rates. Conversely,

in THF solutions, NaBPhu is believed to form solvent-
separated ion pairs (76,193) which would result in a more
stable Na+-1806 complex and 1in smaller decomplexation rates.
The increase of 60°C in the coalescence temperature, Tc’
when C10, or I~ is replaced by BPhZ (148) 1is consistent

with this model. The fact that Tc increases by the same
amount in THF and in 1,3-dioxolane probably indicates that
in both solvents the solvation state of the ion pair for
each salt is the same. However 1t should be noted that
differences in specific solvation between Na+ and K+ ions

- may account for some variation in the exchange rates. The
THF binds more strongly to Na* than to k' (55,194). It

is noticeable that in 1,3-dioxolane the 23Na NMR signal of
the solvated Na+ ion i1s several ppm downfield from that of
the complex (whatever the salt used), whereas the correspond-
ing 39% NMR peaks are in the reverse order (Table 14).

The change in the chemical shift of the complex rather than

of the solvated species 1s responsible for this. The
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smaller extent of overlap between the outer orbitals of
the Na+ ion and those of the oxygen atoms of the crown
probably accounts for the large upfield shift of the 23Na
resonance in the Na+°1806 complex (See Chapter V).

Due to the poor solubility of the K+'1806 complex in
1,3-dioxolane the values of l/T2B were measured in solutions
which were 0.05 or 0.04 M whereas the other parameters were
measured with solutions containing 0.1 M KASF6 and various
amounts of 18C6. Hence the l/T2B curve, calculated from
Equation (12), lies slightly above the experimental points
(Figure 11).

The values of l/TA for the three solvents are collected
in Tables 17-19. Semilog plots of l/-rA vs 1/T, shown in
Figure 13, give straight lines. Activatlon energiles, Ea,
are obtained from the slope of these plots (Table 20, first
column). The data of Liesegang et al. (42) for the same
system in water are inserted in Table 20 for comparison.

The important result is the very strong solvent de-
pehdence of the activation energy Ea which varies between
9.2 kecal mol™1l and 16.8 kcal mol-l. The lower value found
in acetone and methanol solutions slightly exceeds that
reported (38) for the Cs+-l8C6 complex in pyridine (Table
5). It also compares well with the activation energies
(Table 5) found for the release of Cs' ion from DC18C6
in PC (38) and for the release of Na+ ion from DC18C6 in

methanol (47). The energy barrier to decomplexation is
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Table 17. Values of 1/T, and 1/7,x[K'+18C6] in Acetone in

the Intermediate Temperature Region.a

103/1 115" 1m,,° 1T, 17, 1/t,x(xte18061  srd
L -1 1 -1 -1 wl g1 T
3.997 850 100 415 1142 22840 13
4.163 990 110 393 538 10760 7
4.333 1150 122 298 222 §U4Q 5
4.529 1385 140 242 112 2240 9
4.730 1660 164 198 35 700 22

2rg*.18c61 = 0.05 M.

bThese values were interpolated or extrapolated from the
values measured at other temperatures (see Table 9 and
Figure 9).

Ccalculated with Equation (11).

dcalculated relative standard deviation on l/'rA or 1/TyX
[K+°18C6] (see Appendix U4).



Table 18. Values of 1/t, and 1/7,x[K'+18C6] in Methanol
in the Intermedliate Temperature Region.

113

w1 m,,  1r,” 11, 1/1,° 1/t,x0kt-18061 s
S | -1 R -1 -1 .
4.301 840 150 418 734 7340 15
4.396 925 165 412 476 4760 10
4,494 1010 184 4o8 357 3570 7
4.608 1125 209 377 217 2170 7
4.704 1230 238 352 131 1310 8
4.824 1380 280 336 59 590 15

2rx*.18c61 = 0.1 M.

These values were intérpolated or extrapolated from data
given in Table 10.

Csee Table 17 for details.

See extrapolations in Figure 10.
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Table 19. Values of 1/t, and 1/1,x[K'+18C6] in 1,3-Di-

oxolane in the Intermediate Temperature Region.a

18c6/[k%] = 0.5

w03/ 1m, P wm,,” v, 1t vtxaxteiscel s
K-l s—l s-1 s-l s—l Mfl s—1 %
3.367 1140 82 443 Th9 14980 12
3.470 1250 93 320 300 66000 10
3.541 1335 103 251 171 3420 13
3.593 1410 110 214 114 2280 18
3.660 1515 122 179 60 1200 29

18C6/[K'] = 0.25
3.299 1070 64 264 782 31280
3.358 1130 68 229 347 13880
3.428 1200 T4 214 24y 9760
3.480 1260 79 192 166 6640
3.549 1350 87 160 89 3560
3.602 1420 93 149 64 2560
3.672 1530 103 138 38 1516

®[KAsF¢] = 0.1 M.
bValues interpolated or extrapolated from data given in
Table 11. See extrapolations in Figure 11.

cSee Table 17 for details.
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somewhat larger in water (10.8 kcal mol'l) although this
solvent exhlbits a stronger donor character (195). The
result obtained in 1,3-dloxolane is the most striking. 1In
this solvent the activation energy is almost twice that

found in acetone and methanol -solutions. Two different

samples (MR 0.25 and MR = 0.50) gave the two values, 15.5
and 16.8 kcal mol-l, which are in fair agreement consider-
ing the narrow temperature range accessible to study in

this solvent. The activation energy in 1,3-dioxolane 1is
comparable to the Ea values reported for some very stable
cryptates such as Lit.co11 (35) and Na‘t.c222 (34) in various
solvents (Table 4). It also approaches the high Ea value

of 18 * 1 kcal mol-'l found for the decomplexation of

+
3

The exchange of K+ jon between sites A and B may proceed

tBuNH, from 18C6 in CDCl3 (51).

via two mechanisms: the bimolecular exchange process (I)

and the dissociative mechanism (II).

k
1
skt + kt.18c6 > *xk'.18c6 + k' I
ky
k
+ ->2 +
k* + 18c6 2 K -18C6 II
ko

Since these two mechanisms may contribute to the over-

all potassium ion exchange, the general expression for
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the reciprocal mean lifetime of the solvated species (46)

is:
1/1, = ky[K*-18C6] + k_,[k*-18¢61/[K"] (14)

The contributions of mechanisms I and II may be determined
by plotting l/TA[K+-1806] Vs l/[K+]. This was done for
l,3-dioxolane. The values of 1/1Awerenmasured for two
samples with 18c6/kt = 0.25 and 0.5 respectively (see
Figure 11 and Table 11). The ionic strength was kept
constant (0.1 M), since rates of reactions between ionic
specles may be strongly affected by the lonic strength of
the solution; there 1s also a small ionlc strength effect
on the rates of reactions between ions and neutral mole-
cules (196a). The values of 1/'cA were not obtained exactly
at the same temperatures in the two samples; therefore
they were read from the computer fitted Arrhenius plots
shown 1n Figure 13, at several temperatures. The plot of
1/7,[K"+18C6] vs 1/[K*] is shown in Figure 14. The values
of l/TA[K+‘18C6] are constant within experimental error.
This indicates that the contribution of mechanism II to
the exchange 1s negligible (any contribution of mechanism
II would show as a positive slope in the plot). Hence the
Arrhenius plots of Figure 13 yield the activation energy

for the exchange and not for the release of K+ ion from

18cs.
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This result was unexpected because for all alkall
crown ether complexes for which 1t has been tested the
catlon exchange proceeds via the dissociative mechanism
II (89). For example Liesegang et al. (42) reported that
for the K+-18C6 complex in water, where the decomplexation
rates are much faster than in 1,3-dioxolane (Table 20),
mechanism II - coupled with a conformational rearrangement
of the crown - best fits theilr ultrasonic relaxation data.
Thus the solvent effect 1s two fold. In comparison with
water, 1,3-dioxolane considerably reduces the dissociation
rates and changes the mechanism.

In this respect 1t is interesting to note that for
+
3
isms I and II both contribute to the exchange but at 20°C

the decomplexation rate, k_2, is very small (60+10 s-l)

while the exchange rate k, is large (1.5 x 108 M1 sy,

the system tBuNH 18C6/CDCl3 already mentioned (51) mechan-

Also, in the case of the system Fl-Na+-dimethyl-DB1806/
THF-dg, Wong et al. (55) postulated that the mechanism I
is operatlive and calculated the exchange rate to be

1 s~1 at 2°C. Other workers (45) observed that the

3200 M~
exchangé rates are small in ethereal solvents and in CDCl3.
The two aspects of the solvent effect on the complexa-
tion kinetics are probably related in the following way;
when the energy barrier to decomplexation becomes very

large 1t may eventually reach a point where lower energy

pathways become available. In our case the lower energy
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route 1s the bimolecular exchange with a symmetrical energy
profile.

This last mechanism was not encountered for cryptates
even when the activation energy for the release of the
metal ion from the ligand molecule 1s very large. However,
the mechanism does not seem to have been tested in THF
and pyridine in which solvents the decomplexation rates
are small (34) and mechanism I is the most likely to par-
ticipate to the cation exchange. It could be argued that
even in these solvents the contribution of mechanism I is
probably small because one cation must leave the cryptand
cavity before another one can move in.

The case of 18C6 is different. The molecule is sym-
metrical and the probablilities of access of the cation to
the 18C6 binding sites from the "top" and from the "bottom"
of the molecule are identical. This might favor mechanism
I. However, this mechanism 1s not favored on electrostatic
grounds since 1t requires a collision between like charges.

The mechanism was tested in acetone by the same method.
The measurements at a mole ratio of 0.25 were not as ac-
cufate as those at a mole ratio (MR) of 0.50. A rough
calculation for the former sample yielded an activation
energy of 10.6 kcal mol-l. This value is larger by 1.4
keal mol™l than the value obtained with MR = 0.5. We
feel that the value of Ea reported in Table 20, 9.2 kcal

mol-l, is the more reliable. As in 1,3-dioxolane, our data



121

strongly favor mechanism I.
The mechanism was not tested in methanol. It would
be rather difficult to do so because the ratio TZA/T2B

is not very large in this solvent (Figure 10 and Table 10).

_For a sample at MR < 0.5 the differences of relaxation rates

involved in Equation (11) would be small and therefore
subject to a large relative error. Besides, the active
temperature range 1s quite narrow. We can, however,
speculate on the mechanism. Assuming that the measured
activation energy, 9.2 kcal mol-l, is for the decomplexa-
tion step (mechanism II), we can calculate the rate of
release of K+ from 18C6 at 25°C by extrapolation of the

1

low temperature values. Using k_, =131 s - at -60.6°C

(Table 18) with E, = 9.2 keal mol™l, we obtain k_, = 6.8

X 10“ s-1 at 25°C. This value combined with Lamb's (197)

complexation constant K. = 106-05 ylelds k, = 7.6 x 1010

Mfl s-1 which is about one order of magnitude larger than
the theoretical value for a diffusion-controlled reaction
in methanol (22,39). There are two plausible explanations.
As noted by Liesegang et al. (39) in a similar case, the
k_2 and Ea values may not lend themselves to an extended
extrapolation (=61 + +25°C in our case). In other words

Ea may vary with temperature. Another possibility 1s that
mechanism I contributes to the exchange. Both factors may

act in the same direction.

It seems reasonable to say that in general the slower
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the'dissociation of the complex, the more likely the con-
tribution of mechanism I to the catlion exchange. The

results of the kineticsstudy in mixed solvents will shed

some light on the behavior of ethereal solvents.

Mixed Solvents

The spectra obtained in acetone-dioxane (80/20 v/v%)
and acetone-THF (80/20 v/v %) are shown in Figures 8 and
15, respectlively. For the latter mixture the signal-to-
noise ratios are relatively low, since only a few minutes
were available for the measurement before the complex
precipitates (see'Table 13, Footnote d). The relaxation
rates and chemical shifts appear in Tables 12-13. Semi-
log plots of 1/T, vs 1/T for each mixture are shown in
Figures 16 and 17 where the results in pure acetone are
reproduced for comparison.

In both cases the presence of ethereal solvent in the
mixture shifts the kinetic process to higher temperatures
and Increases the activation energy, which is related to
the absolute slope of the l/T2 curve in the intermediate
reglon. These effects are more pronounced with 1l,4-dioxane
than with THF.

Due to the precipitation of the complex, the low tem-
perature portion of the l/T2 curve for the THF containing
mixture could not be obtained. As a result the l/T2A

values are missing. This precludes the calculation of
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Figure 15. Potassium-39 NMR spectra for solutions con-
taining 0.10 M KAsF. and 0.05 M 18C6 in acetone-
THF (80-20% vol.) at various temperatures.
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Semilog plots of 1/T, vs 1/T for (@) acetone

and (@) acetone-dioxane (80-20% Vol.) solu-
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0.1 M KAsFg + 0.05 M 18C6 (middle curves),
0.1 M KAsFg + 0.1 M 18C6 (top curves).
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Table 21. Values of 1/‘rA and l/TAX[K+'1806] in Acetone-
1l,4-Dioxane (80/20% vol.) in the Intermediate

Temperature Region.?

103/ 1/7,5° l/T2Ab 1/1, 1/7,° 1/t,x[k*-18c6]1 s.9
s™1 s~1 s™1 s™1 s™1 M-l s™3 %
3.757 890 71 430 1635 32700 23
3.830 955 75 412 888 17760 11
3.900 1005 79 391 634 12680 7
3.976 1075 85 339 388 7760 5
4.055 1150 91 276 235 4700 5
4,137 1230 98 220 139 2780 6
4,225 1330 104 166 65 1300 10
4.303 1420 108 138 31 620 16

2rx*.18c6] = 0.05 M.

bThese values were interpolated or extrapolated from the
values measured at other temperatures (see Figure 16).

Calculated with Equation (11).

dCalculated relative standard deviation on l/'rA or 1/TAX
[k*+18C6]. (See Appendix 4.)
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the activation energy for this solvent system.

The dioxane-containing mixture 1s more amenable to a
quantitative study since the values of 1/T2 could be
measured down to the minimum of the l/T2 curve. It is
noticeable that the two curves l/T2 and l/T2Aref meet at
this minimum. This is not found in acetone (Figure 16)
which is the only solvent studied in which the addition of
0.05 M 18C6 markedly increases the relaxation rates of
the solvated K+ cations. The temperatdre dependence of the
chemical shifts in the mixture is illustrated in Figure 18.
The variation of § is steeper for site A than for site B
(v6 ppm vs A4 ppm/100°C); for each site 1t 1is steeper than
the corresponding variation in methanol (Figure 12). The
values of 1/1, and l/TA[K+‘1806] are given in Table 21.

The semilog plot of 1/1, ¥S 1/T, shown in Figure 13, yilelds
an activation energy E, of 13.8 kcal mol™l. Thus E, in-
creases by 4.6 kcal mol_1 between acetone and the acetone-
dioxane mixture. This is a very large increase if we
consider that the mole fraction of dioxane is only 0.18.
It conflirms the results obtalned in dioxolane that the
presence of ethereal solvents drastically increases the
activation energy. The dielectric constant of the mixture
is about 16 instead of 20.7 for pure acetone. Besides,
1,4-dioxane is a poor donor solvent so that we can expect
a larger population of contact ion pairs (for the uncom-

plexed potassium) in the mixture than in acetone. The
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ion palring would tend to destabllize the complex and, as
seen earlier, to increase the decomplexation rates. On
the other hand, the lower donicity of dioxane as compared
to acetone would tend to stabilize the complex and perhaps
to reduce the decomplexation rates. Thus, the two factors
are competing. However, what 1s observed by NMR is the
exchange process not the decomplexation step so that we
cannot use these arguments to interpret the kinetic param-

eters.

General Discussion

The treatment of the exchange rates with the absolute
rate theory of Eyring (198, 64) yields the activation
parameters given in Table . The expression used for

the exchange rate 1is

(15)

where kB is the Boltzmann constant, h is the Planck constant

# = AH# - TAS#. The other symbols have their usual

and AG
meaning. It was assumed that mechanism I is operative
in all solvents except methanol. In this solvent the
activation parameters calculated assuming mechanism I or

mechanism II are given in Table 20.

Inspectlion of Table 20 reveals that the large
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differences in activation energy of exchange between ace-
tone-dlioxane and 1,3-dioxolane on one hand, acetone and
methanol on the other hand, are not reflected in the free
aétivation energlies which are all close to 10 kcal mol-l.
Hence the exchange rates vary only by a factor 50 at room
temperature. Differences in activation entropies account
for this fact. While the activation entropy is -4 cal

-1 1

mol deg—1 in acetone and -3 cal mol™ deg-1 in methanol,

it 1s +12 cal mol"1 deg“l in acetone-dioxane and +15 cal

mo1l™t deg-l #

in 1,3-dioxolane. Thus the effect on AS
of adding 20% digxane to acetone 1s almost as large as

that of replacing acetone by 1,3-dioxolane. Between acetone
and acetone-dioxane, the compensation of the difference in

AH# by the difference in AS#

is total. Such a compensa-
tion effect 1s not uncommon (65). For example, it had
been observed (35) in the case of the 1t.co11 cryptates in
various solvents.

The activatlon entropy for the release of K+ ion from
18C6 (mechanism II) 1is positive in water (3.1 cal mol~1
deg-l). A similar value was found in the case of Li¥
and Na+ cryptates; it probably reflects a participation
of the solvent in the transition state (34,35). More
interesting are the large positive activation entropies
found in 1,3-dioxolane and in acetone-dioxane. For macro-

cyclic complexes in nonaqueous solvents, such large values

+
have only been encountered for the release of Cs from
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C222 in DMF and C222B in PC (37). Since mechanism I is
applicable to our system, the overall entropy change is

#

zero, so that we cannot relate the AS" values to the cor-
responding thermodynamic parameters.

The activation enthalpies are a little more tractable,
since they are related to the interactions between the
species present. 1In reactions between ilons, the electro-
static interactions predominate. 1In our system, changes in
the enthalpies of solvation of the reactant cations from
one solvent to another should not affect the reaction rates
significantly, because the solvent systems used exhibit
relatively poor donor character as seen from the upfield
shifts of the solvated KT ions (Figure by. We have seen
earlier that the complexation of k¥ with 18C6 in dioxolane
involves the breaking of contact ion pairs (below al0°C).
The most likely transition state for mechanism I is the sym-
metrical "complex" represented by K+-l8C6-K+. If the 1lon
palrs are broken in the transition state, a large amount
of Coulombic interaction has to be spent in golng from the
reactants to this transition state. This would account for

# in 1,3-dioxolane. The same explanatibn

the large AH
probably holds for the acetone-dioxane mixture. In addition,
in these two cases where the uncomplexed potassium salt
exlsts as a contact ion palr, the solvent does not assist

the exchange. The increase in AH# due to this second factor

may even be predominant. The large AH# values point to a
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"loose" transition state, as pictured below. Since the
exchange mechanism resembles the SN2 type mechanism, this
"looseness" implies that bond-breaking must occur prior to

bond-forming (199).

K K* K'| K

18C6 ' 18C6

"loose" transition state "tight" transition state

In the low polarity solvents, strong Coulombic forces such
as cation-cation repulsion and cation-anion attraction
would tend to favor such a "loose" transition state. How-
ever, the large repulsive forces between the two like
charges 1n the transition state are likely not to change
in a large extent frqm one solvent to another, since the
local dielectric constant 1s expected to vary much less
than the bulk dielectrié constant. The large AS# value
associated with a "loose" transition state might arise
partly from the ligand conformational entropy. If the
cations are not tightly bound to the ligand 1n the transi-

tion state, the faster segmental motion of the ether
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fragments as compared to that in the complex (45) should

increase the conformational entropy.

D. Conclusion

The kinetic parameters for the K+°18C6 complex are very
sensitive to the solvent medium. In ethereal solvents and
probably also in acetone and methanol, the cation exchange
between the solvated and the complexed forms proceeds via
a bimolecular process. The very large activation energiles
found in the former solvents are compensated by differences
in activation entropies. As a result the exchange rates
at 25°C do not vary in a large extent. Changes of solvent

#

exert thelr influence on AH" 1in a rather complex manner

although ion pairing effects seem to be predominant. The

variations in AS# are difficult to interpret and quite
#

generally follow the variations in AH" so as to minimize

AG#. Kinetics studies in solvent mixtures offer an interest-
ing perspective for studying the various factors respon-

sible for the solvent effect.



CHAPTER IV

MULTINUCLEAR NMR STUDY OF THE FREE CRYPTAND C221

AND OF‘THE C221'K+ CRYPTATE

134



A. Carbon-13 NMR Study of the Solvation and the Conforma-

tion of Cryptand 221

I. Introduction

The solvation of ligands is generally believed to be
much less important than ionic solvation (222). As
a result, the former has received less attention than the
latter. However, in the case of tetraaza ligands, Hinz
and Margerum (223,224) proposed that the "macrocyclic
effect" (225) 1is due to the weaker solvation of the macro-
cyclic ligands as compared to open-chain ligands with the
same donor groups. In protic solvents, hydrogen bonding
1s likely to play an important role in the solvation of
basic ligands such as tetraaza ligands and cryptands

(106,224). The situation is far from clear in the di-

polar aprotic solvents. Conformational entropy as well
as solvent ordering differ from solvent to solvent énd
can alter the "enthalpic" selectivity.

The negative entropy associated with the formation

of most cryptates in nonaqueous solvents 1s composed of

several terms, such as the release of solvent mole-
cules from the cation and the ligand solvation shells

(entropy increase), changes in the ligand conformational

135



136

entropy (entropy decrease). Therefore it was of in-
terest to us to study these two somewhat related factors.
Several techniques must be used to collect the confor-
mational information and the thermodynamic parameters.

The purpose of this study was to investigate by 13C
NMR the interaction of the free and the complexed cryptand

221 with a large number of solvents.

2. Results and Discussion

The cryptand C221 has three sets of"OgH2 carbons in the
38-42 ppm region and two sets of N(_J_H2 carbons in the 24-29
ppm region (with respect to the methyl carbons of acetone-d6).
In this discussion we will be mostly interested in the
NCH, carbons (C(4) and C(5)) since the assignment of the
OCH, peaks 1s not definitive yet.

The spectrum of the c221-k* cryptate (Figure 19),
which 1s virtually identical in all solvents studied, shows
the NgH2 carbons of the short bridge, C(5), about 4.7 ppm
upfield of the NCH, carbons of the long bridges, c(h4).

In contrast, in the c221-Na* cryptate, the C(5) resonance
is downfield of the C(4) resonance by about 0.5 ppm (Figure
19,20). When it is complexed, the ligand is assumed to

be in the in-in form (Chapter I, Part C) to allow the two
nitrogen atoms to contribute to the complex stability.

Since the in-in form should dominate in both cryptates,
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Carbon-13 spectra of (a) the C221-k' cryptate
in methanol (S = solvent peak) and (b) the
c221 Na%t cryptate in pyridine (small peaks).
The large peaks 1n spectrum b are those of the

uncomplexed cryptand.

Figure 19.
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Figure 20. A comparison of the patterns observed in the
Carbon-13 sgectra of C221 and of its cryptates
with the Nat and the K% ion.

1 C221 in MeOH.

> 221 Na' in pyridine.

3 c221 k' in methanol.

4 C221 in nitromethane (+25°C).

5 €221 in nitromethane (-20°C).
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the patterns observed 1in the 13C spectra are not simply
related to the in-in form of the ligand. The differences
in the patterns reflect changes in the conformation of the
bridges of the macrobicyclic ligand. The c221.cs?t cryptate
gives the same pattern as the c221.k" cryptate (97).

The change 1in pattern observed when Na+ lons are re-
placed by K+ or Cs+ ions may be attributed to two factors:
First, the larger sizes of the latter ions might force
the cryptand to 1lncrease 1ts cavity size by taking a
different conformation than the one it has in the C221+Nat
cryptate; second, the electric field around the Na+ ion
is larger than that around the larger x* and Cs+ ions.

The first faetor should affect each resonance 1n a dif-
ferent extent, while the second one should shift all reson-
ances by approximately the same amount. Crystallographic
data (92) indicate that several torsional angles about the
N-C segments and the corresponding conformations (anti or
gauche) are changed when the Na*t ion is replaced by the k*
ion in the C221 cavity. In solution, what 1s observed by
NMR is an average of various conformations and torsional
angles. Although the effect of the two factors mentioned
above cannot be isolated at the present time, it can be
said that the 130 spectra indicate large changes in tor-
sional angles.

In going from C221.K' to C221.Nat, the chemical shift
of the C(5) carbons 1s virtually unchanged while the C(M)~



141

resonance shifts upfield by about 5 ppm (Table 22). 1If
the y effect (226) 1s operative here, the shielding of
C(4) would indicate that the C(4)-N bond changes from the
antl to the gauche conformation with respect to the C(5)-
C(3) bond. Since the y effect is a mutual effect, the
C(3) carbons should also be shielded. Indeed the C(3)
resonance shifts upfield by 2.7 ppm, which is more than
the upfield shift observed for the corresponding OQH2
carbons of the long bridges. An even larger upfield shift
could be expected for C(3) since there are one short bridge
and two long ones and, on the average, the C(5)-C(3) bond
should be in the "gauche" conformation longer than each of
the two C(4)-N bonds.

The above discussion may not be carried very far until
the field effect 1s precisely evaluated. This effect, which
consists of shifting upfield the 130 resonances of the
ligand molecule when a cation 1s introduced in the cavity,
is quite small when the k' (or Cs+) ion is involved. 1In
this case, the conformational effects dominate the changes
in chemical shifts between the free and the complexed
ligand. For example, in methanol, the C(5) and the C(2)
resonances shift upfield by 3.01 and 2.22 ppm, respectively,
(Tables 22 and 23, Figures 19 and 20) upon formation of
the complex c221-kt. This strongly indicates that the
C(5)-N and the C(2)-C(l4) segments switch from the anti to

the gauche conformation with respect to each other. The
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Table 22. Carbon-13 Chemical Shifts of the Sodium and
Potassium Cryptates.

§2 (ppm)
c221.Nat c221.k"
(pyridine)® “(methanol)P pirr. (Nat-k™)

1° 39.13 39.95 -0.82
2¢ 37.07 38.51 -1.44
3 37.78 4o.us -2.67
4 23.58 28.51 -4.96
5 24,02 23.86 +0.16

aRef‘erence: Methyl carbons of acetone-dé6.
bThe chemical shifts are virtually solvent-independent.
CThe assignment of these peaks 1s tentative and the respec-

tive position of peaks 1 and 2 1s assumed to be identical
in the two cryptates.
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same behavior is observed in other solvenfs (see below).

In the case of sodium, the field effect is much larger,
and the whole spectrum of C221°Na+ complex is shifted up-
field with respect to that of C221-K' (Figure 20); the
chemical shifts are difficult to rationalize without an
estimation of the fleld effect.

The solvent dependence and, whenever possible, the

13

temperature dependence of the C spectrum of the free
cryptand 221 were studied in 20 solvents. The chemical
shifts are listed in Table 23. No change in chemical shift
was observed when the concentration was varied between

0.05 and 0.25 M, indicating that, in this concentration
range, intermolecular interactions are negligible.

The 13C spectra‘of the free C221 in various solvents
and of the C221-K' cryptate are shown in Figure 21. Table
23 gives the difference in chemical shift between the C(4)
and the C(5) resonances in all solvents studied. At room
temperature, this difference varies between -0.1 (CDCl3)
and 2.3 ppm (Formamide). When the difference (5u-65)
is large, the spectrum shows a pattern similar to that ob-
served for the C221.k% cryptate (Figures 20,21); we will
say that the spectrum is of the "K+;type".

On lowering the temperature, the difference (GU-55) in-
creases in solvents such as nitromethane and acetonitrille

(Table 22 and Figure 22) whereas in other solvents peaks b

and 5 remain superimposed down to the melting point. The two
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Figure 21. Carbon-13 spectra of the free C221 cryptand in
various solvents and of the C221.K* cryptate

in water.
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Figure 22. Carbon-13 spectra of the free cryptand 221
in acetonitrile and DMF at various tempera-
tures.
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types of behavior are illustrated in Figure 22 for aceto-
nitrile and DMF, respectively. It is clear that certain
solvents interact with the C221 molecule while others do
not.

This interaction may be simply represented by
C221 + nS 2 C221-Sn AS° < 0

where S stands for a solvent molecule. Due to the negative
entropy assoclated with this "complexation" reaction, the
equilibrium is shifted to the right at low temperature

(AH® 1s independent of temperature), which explains the
evolution of the spectra seen for example in acetonitrile
(Figure 22). 1In this solvent and in all the solvents which
give a separation of the peaks 4 and 5, which we will now
call A-type solvents, the low temperature spectra are of

the K+-type.

A similarity in pattern does not necessarily imply a
similarity in conformation. However, in the case of potas-
sium, the field effect 1s small. Also the data given 1n
Table 23 indicate that in A-type solvents and with decreas-
ing temperaturé the C(4) and C(5) resonance signals tend
toward the corresponding signals in the 0221~K+ cryptate
(Figure 20). This behavior suggests that indeed A-type
solvents force the C221 cryptand to take a conformation

similar to that observed 1n. the C?21-K+ cryptate.
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It 1s not surprising that water, methanol and formamide
interact with C221 since these solvents can form hydrogen
bonds with the bridgehead nitrogen atoms. The oxygen
atoms may also participate in H-bonding with the solvent
molecules; however, according to Lofd and Siamwiza (227),
they probably interact, at best, to a very limited extent.
These authors studied by IR the interaction between C222
and CDCl3 and concluded that the six oxygen atoms appear
to be inaccessible to the chloroform-d. Thelr conclusions
should be valid for the case of C221 in various solvents.
An exception could be water. Water molecules are only
slightly larger than K* ions (2.9 vs. 2.66 K) so that they
can probably penetrate into the C221 cavity as do kK* 1ons.
In this case they may have access tq the oxygen atoms.

It 1s noticeable that A-type solvents are all acidic
even 1f some of them, e.g., CH2012, are very weakly acidic.
Methanol probably interacts via the 0-H group and formamide
via the NH, group. Both acetonltrile and nitromethane have
an electron withdrawing group and most likely interact via
the positively charged methyl group. In order to verify
" this hypothesis, we studied the spectral changes along
the series nitfomethane, nitroethane and l-nitropropane, in a
large temperature range (Figure 23). The differences (Gu-ds)
are plotted as a function of the temperature in Figure 24.

It is seen that, at a given temperature, the quantity (Gu-és)

decreases as the methyl group is removed further from the
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Figure 24. A plot of the difference in chemical shift
between the two NCHp resonances of the free
cryptand 221 as a function of temperature in
several solvents. (O) nitromethane; (@) nitro-
ethane; (A ) l-nitropropane; (@) acetonitrile;
(@) methanol; (¥) ethanol.
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electron wlthdrawing group; the largest decrease occurs, as
expected, between nitromethane and nitroethane.

Consequently the methyl group of these solvents ap-
pears to be responsible for the interaction with the C221
ligand. A decrease of (Gu—ds) was also observed in going
from methanol to ethanol (Figure 23). This result does
not indicate that the methyl group 1s responsible for the
interaction; it simply shows that the interaction 1s weaker
in the case of ethanol. It should be noted that, within a
series of solvents, the differences (64_65) are about the
same when calculated at the same T/Tm.p. ratio.

Ethylene glycol, which is an H-bonding solvent, gives
a difference (54-55) of 0.37 ppm at 24°C. The high melt-
ing point of this solvent precludes a low temperature study.
Toluene and anlisole gave about the same chemical shifts,
indicating that the methyl group of anisole 1is not acidic
enough to interact noticeably with C221 even at low tempera-
ture.

Perhaps the best evidence that the solvent acidity
(defined in terms of acceptor ability) is responsible for
the solvent - C221 interaction is provided by the drastic
spectral change observed between C221 in DMF and C221 in
formamide (Figure 21). At 34°C, peaks 4 and 5 are
superimposed in DMF whereas they are separated by 2.32 ppm
in formamide. The substitution of two methyl groups by

two hydrogen atoms 1increases the acldity. Formamide is
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capable of H-bonding and its acidity is comparable to that
of the lower aliphatic alcohols (150). The spectrum of
C221 in formamide 1s about the same as that observed in
water, which indicates a relatively strong C22l-formamide
interaction.

The only acidic solvent, or acceptor solvent in the
Gutmann sense (150), which does not seem to interact with
€221 is chloroform-d. Dichloromethane, which 1s much less
acidic than chloroform, gives a U4-5 split of about 1 ppm
at =U42°C while chloroform-d does not split the two peaks
at all, even at -60°C. The latter solvent has been shown
by IR (227) to form hydrogen bonds with the nitrogen atoms
of C222, the ligand being presumably in the in-out or the
out-out form. Chloroform-d probably behaves in the same
way with C221. However, the interaction is not detected
by 13C NMR, which indicates that either the interaction is
too weak to affect the spectrum or the conformation of
C221 hydrogen-bonded to chloroform-d is the same as that of
C221 in non acidic solvents such as ethers. The C221-di-
chloromethane interaction might be favored by the presence
of two acidic'hydrogen atoms and by.the larger dipole moment
of dichloromethane as compared to chloroform-d (1.55 vs.
1.0 Debye (165)).

Ethers such as THF and 1,3-dioxolane, which are poor

acceptor solvents (150), appear not to interact with C221,

even at -90°C (Table 22). Tetramethylguanidine is capable
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of hydrogen-bonding (228); however no interaction can be
detected. Steric hindrance due to the four methyl groups
of the TMG molecule may prevent the acidic hydrogen from
gaining access to the nitrogen atoms of C221.

It 1s notliceable that solvents possessing two or three
acidic hydrogen atoms appear to 1nteract with C221 stronger
than solvents having only one acidic hydrogen atom. For
example, formamide gives a much larger 4-5 split than meth-
anol and ethanol although, as previously mentioned, these
solvents have simllar acidities. The same holds for d4i-
chloromethane and chloroform-d. A solvent molecule wilth
two hydrogen atoms may be able to bind the two nitrogen
Aatoms of C221 at the same time 1if the cryptand is in the
in-in conformation and if the solvent molecule 1s small
enough to penetrate into the ligand cavity. Water 1s
probably the only solvent which meets the last condition.
It 1s unlikely that other solvents form 1:1 "complexes"
with C221 because the entropy assoclated with the complexa-
tion reaction would be very small and spectral changes with

decreasing temperature would also be very small.

3. Conclusion

In solvents which exhibit well developed acceptor

properties, the free cryptand 221 appears to have the same

conformation as the one it has in the C221-K+ and C221°Cs+
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cryptates. This conformation 1s favored at low tempera-
ture. Hydrogen-bonding between the acidic hydrogen atoms
of the solvent molecules and the nitrogen atoms of the
cryptand 1s probably responsible for the solvenf-C221
interaction which forces the cryptand to take the con-
formation of the C221-K+ cryptate.

In a series of solvents with the same functional group,
the strength of the C22l-solvent interaction follows the
order of the aciditles. However 1if solvents with different
functional groups are considered, not only the acidity but
also the number of acidic hydrogen atoms, the size of the
"solvent molecule and the steric hindrance around the acidic
group seem to play a determining role in the C22l-solvent
interaction. Dr. J. P. Kintzinger (Université“Louils Pasteur,
Strasbourg, France) is now completing a study of the same

13

system by using lH NMR, C relaxation measurements and

calorimetric techniques.

B. Potassium-39 NMR Study of the C221.-K* Cryptate

1. Introduction

The size of the K’ ion is a 1little smaller than the
cavity size of C221, 2.2 & (229) vs. 2.66 A& (202). 1In the
similar case of Cs¥ ion and C222, Kauffmann et al. (97)

found that the Cs+ ion can form two kinds of complexes with
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€222, an inclusive and an exclusive complex. Therefore it
was of interest to continue the studies of Shih and Popov

(138) in order to determine if one or two modes of complexa-

tion exist for C€221-kK%.

2. Results and Discussion

39% chemical shifts and line widths of the C221-K'

The
cryptate in various solvents are given in Table 23. Cor-
rections due to the use of different lock solvents were
not applied in this table. The corrected values are given
in the footnotes.

The chemical shifts of C221.K' range from 10.2 to 15.2
ppm. The variaﬁion of 5 ppm, which roughly corresponds to
that found in the case of 18C6-k} (Chapter III), shows that
the K+ jion is not completely isolated from the surround-
ing solvent molecules. A chemical shift range of about 50
ppm was reported by Gudlin and Schneider (230) for the
205Tl chemical shift of the c221.T1% cryptate. Consider-
ing that the chemical shift ranges for the free ion via
common solvents are about 40 and 500 ppm for the xt and Tt
ion, respectively, the variations seen for the cryptates
are comparable. This 1s expected since the K+ and the
Tl+ ion have similar sizes and have the same area of theilr
surface exposed to the solvent molecules. Although the
chemical shift range is quite small, it can be said that

the C221-K+ cryptate is an exclusive complex.
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The large paramagnetic shift (the central value is
about 13 ppm) is similar to that found in the case of the
DB18C6‘K+ complex (Chapter V). It indicates a strong over-
lap of the orbitals of the donor atoms of the ligand with
the outer p orbitals of the cation. Such an overlap would
not be possible if the kt ion were displaced from the center
of the 18-membered ring of C221 towards the outside of the
cavity as the crystallographic data indicate (92). Also
a larger solvent dependence would be observed in this case.
Therefore the K+ ion appears to lie inside the ligand cavity
although it is able to come into contact with the solvent
molecules.

When KPF6 i1s replaced by KSCN, the cryptate signal
shifts downfield by 1.5 ppm in acetone and 1.2 ppm in
pyridine (Table 23). The direction of the shift 1s that
found in the absence of C221 (135), which could indicate
some extent of 1lon pairing in the cryptate. However, the
magnitude of the shift 1s almost within experimental error
and does not give a conclusive evidence for ion pairing.

In methanol the results obtained for KSCN and KI are
about the same.

The ratio of the k* ion size over the C221 cavity size,
2.66/2.2 = 1.21, is virtually identical to the correspond-
ing ratio for the Cs® ion and €222, 3.34/2.8 = 1.19. Two
kinds of complexes, one inclusive and one exclusive,

were found in the case of C222-Cs+ (97)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>