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Chapter 1

General Introduction

Radioactivity can cause environmental problems, since a relatively small quantity
of (long-lived) radioactive material is able to give a widespread contamination.' Efficient
removal/concentration of radioactive pollutants would prevent exposure of the world’s
population to their radioactivity.

Advances in molecular (metal ion) recognition are reflected in the Nobel Prize for
Pedersen, Cram, and Lehn.** However, implementing molecular recognition in the
selective removal of radioactive metal ions from aqueous (waste) streams is still a big
challenge. One of the reasons for this is that receptors must be able to differentiate
between highly similar metal ions (Scheme 1).° Furthermore, many different types of
radioactive cations are found, often in very low concentrations and in the presence of a
significant excess of other metal ions.'
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Scheme 1. Schematic representation of radioactive metal ion recognition and

separation in the presence of competing metal ions.



Chapter 1

The research described in this thesis is based on the design and evaluation of new
selective receptor molecules, which can be used for the removal of naturally occurring®
radioactive radium (Ra®") from waste streams of non-nuclear industries.” Because of the
nature of these waste streams, the molecular recognition of Ra*" must be selective in the
presence of an excess of the other alkali(ne earth) cations such as Na”, K*, Ba*", and
Ca*".

Chapter 2 gives an introduction in the radioactive Ra*" contaminations found in
non-nuclear industries, as well as the radiotoxicity of Ra*". Recent developments in the
removal of Ra®" from (aqueous) solutions and in particular the current advances in the
design of Ra”" selective receptor molecules (extractants) are reported.

The synthesis of various thiacalix[4](bis)crown derivatives, and their
conformational assignment based on both 2D NMR spectroscopy and X-ray crystal
structures is discussed in Chapter 3.

In Chapter 4 the synthesis of new thiacalix[4]crown-5 and -6 dicarboxylic acids
and their Ra>" selectivity in a significant excess of other alkali(ne earth) cations is
reported. Additionally, the Ra*" selectivity of known calix[4]crown-5 and —6 dicarboxylic
acids was determined under identical conditions, to allow direct comparison of
thiacalix[4]crowns and calix[4]crowns. In addition, both the effective pH range and the
pH dependent loading and stripping of thiacalix[4]crown-6 dicarboxylic acid are
described.

A systematic study on the essential features of thiacalix[4]arene-based Ra®"
receptors is reported in Chapter 5. The first part of this chapter deals with the synthesis
of new trisubstituted thiacalix[4]arene derivatives. The second part describes the
improved Ra®" extraction by the combination of a crown ether and carboxylic acid
substituents on a thiacalix[4]arene platform over that by a mixture containing both a
crown-ether derivative and an acid derivative. The third part evaluates the influence that
crown-ether bridges and (carboxylic) acid groups have on the Ra®" extraction of
thiacalix[4]crown dicarboxylic acids. The appendix of Chapter 5 describes the proof for
the complex stoichiometries and models used to determine both the KM., values and the

Ra”" selectivity coefficients [log(KX/KMe)].



General Introduction

Chapter 6 deals with the alkaline earth cation affinities of noncovalent
assemblies of guanosine and isoguanosine at equimolar metal ion and ionophore
concentrations, followed by the Ra*" selectivity in the presence of excesses of alkali(ne
earth) cations. Furthermore, the prevention of Ra®" salt formation and the effective pH
range in which Ra>" is extracted are described.

In Chapter 7 both the thiacalix[4]crown-5 and -6 dicarboxylic acids and the
noncovalent assemblies of guanosine and isoguanosine are examined for their Ra®"
extraction ability from actual produced water from the gas industry. The metal ion
content of the produced water was determined, after which extractions were performed
with a produced water sample and a metal ion-based model solution. The chapter ends
with Ra*" recovery experiments.

In the outlook, suggestions are given for modifications/implementations of the

extractants described in Chapters 4 and 6.
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Chapter 2

Naturally Occurring Radioactive Ra’*" Nuclides in Waste Streams

and their Removal by Selective extraction

Abstract: The behavior of the naturally occurring radioactive metal ion Ra’" in
sediments is discussed together with the industries producing Ra’" holding waste. The
radiotoxicity of Ra’" and the need for its (selective) removal from abundant
(competing) metal ions is outlined. This chapter concludes with the currently most

2+ . . . . .
common Ra” " extraction techniques, in particular those based on organic extractants.



Chapter 2

2.1 Introduction

Nearly all rocks, soils, and water streams contain small amounts of Naturally
Occurring Radioactive Material (NORM). The term NORM includes more than

twenty primordial nuclides, e.g. 40K, 87Rb, 232Th, 235U, and *U.! This chapter focuses

on the natural radioactive elements uranium (***U and **°U) and thorium (***Th), and

their daughter products (Figure 2.1).
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Figure 2.1. Decay processes of 2*U, ?*°U, and ***Th, in which the daughter

1 226p . 228y, 224 223 1
nuclides ““"Ra, ““*Ra, ““"'Ra, and “~Ra are formed.

Due to industries that utilize NORM containing sediments, this natural form of

radioactive contamination has - over the years - contributed to the release of

significant amounts (~10* GBg/a)® of radioactive material into the environment. To

reduce the future dose, research is ongoing for the separation of the most radiotoxic
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226 2+
Ra™;

b

and long-living nuclides, in particular that of the highly water soluble radium (
ti2=1600y).

In this chapter, the Ra*"-waste generating industries and their Ra*" containing
waste streams are described, as well as the current Ra’" extraction techniques, with

the focus on organic extractants.

2.2 NORM Occurrence

The parent NORM nuclides U and Th are associated with many different
minerals and rock types. Because, the soil geology is decisive for the U and Th
content, their abundance varies worldwide. On average U concentrations range from
0-59 Bg/kg and Th from 7-81 Bq/kg (Table 2.1) and of all rock types, salic rock holds
the highest background levels (Bq = nuclear decay per second).” Mobilization by
water makes transport to sedimentary rocks (shales, sandstones, and carbonate rocks)

and soil possible, increasing their NORM contents.

Table 2.1. Average background levels of U and Th in crustal rocks (Bq/kg).’

Rock type “*U (Bg/kg) “>Th (Bg/kg)
Igneous

Acidic (Granite) 59 81
Intermediate (Diorite) 23 32
Mafic (Basalt) 11 11
Ultra basic (durite) 0.4 24
Sedimentary

Limestone 27 7
Carbonate 26 8
Sandstone 18 11
Shale 44 44
Upper crust average 34 45
Soil 25 25

Due to their high temperatures and chemically reducing (low redox potential)
nature, highly mineralized formation waters or brines that occur in subsurface

formations, may have a high NORM content. This formation water, of which the
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constituents may vary greatly around the world, holds minerals that have been leached
from the rocks.* The saline conditions of these waters allow for solvation of alkali(ne
earth) cations. However, together with adsorption onto rock particles (FeO), this
reduces the levels of U and Th.>” Consequently, the alkaline earth cation Ra*" is the
most widely encountered form of NORM in saline waters. There are four possible
processes that transport Ra’" from the rock to the water, namely leaching, diffusion,
alpha-recoil, and ion exchange. Of these four examples, the latter seems to be the
most feasible way to give high Ra®" concentrations. Ra>" is desorbed from the surface
of minerals and replaced, mainly by Ca®*, Ba®*, and Sr*",° and to a lesser extent by
Na" and K'. Elution experiments have shown that besides the ion-exchange process,
the type and amount of anions present also have an influence on the immobilization of
Ra’". Larger anions like NOs interfere with the hydrate ion shell around minerals and

enhance the ion exchange process.’

2.3 Technologically Enhanced Naturally Occurring Radioactive Material
(TENORM)

2.3.1 Introduction
The term “Technologically Enhanced NORM” (TENORM) is used to describe

any form of NORM of which the radionuclide concentrations are increased above
levels present in the natural state as a result of human activities.*’ In general,
TENORM wastes are often included in (by-)products from industrial activities such as
mining, phosphate production, coal burning, oil and natural gas production, and water

treatment (for some examples of *°Ra’" emissions see Table 2.2).%"!

Table 2.2. Average annual ore throughput (10° kg/a) and annual release of
2°Ra*" to water (GBq/a).?

Industry Ore throughput Release to water
Phosphor 1645 7.4x10°
Coal 2355 1.1x 107
Mineral sands 1.8 x 10 6.8 x 107
Oil extraction 3.5x 10° 1.7 x 107
Gas extraction 7.2x10% 32x 10

“10° m’/a.
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2.3.2 Ores

Uranium minerals are found in association with many primary metal deposits
such as those of copper, lead, and precious metal sulfide ores.'? Geologists generally
agree that the presence of NORM within a particular ore deposit depends on the
regional geology, the minerals, and the geological formation, rather than on the
mining type or classification.'” For example, lanthanides are mined as bastnasite [(Ce,
La, Y)COsF], monazite [(Ce, La, Th, Nd, Y)POy4], and xenotime (YPO,), which all
contain the chemically similar actinides Th and U."" In the case of uranium mining,
the presence of its daughter nuclides is evident. However, only the overburden and
mine spoils have to be considered as TENORM-waste, since both the source materials
as the mill tailings are specified as under the atomic energy act."'

Phosphate ores contain both U and Th, together with a broad spectrum of other
cations, e.g. Ca2+, Mg2+, Sr2+, Ba®", Fe’*, AI’", Na’, Mn*", and 7t B4t is assumed
that in these ores Ra’" exists as a sulfate salt with Ba®" and possibly Sr*".'* When
phosphate ore is processed, it produces both elemental phosphorus and phosphoric
acid.'"* These are then used in the production of phosphate fertilizers, detergents,
(animal and human) food products, and phosphorus chemicals, all of which may
contain (TE)NORM. For example, phosphate fertilizers, obtained after direct mixing
of phosphoric acid and phosphate rock, contain Ra”" in their matrix and as such
significantly contribute to the Ra*" presence in crops, water streams, and lakes.'® One
of the main side products in the production of phosphoric acid (wet process),
phosphogypsum (gypsum = CaSO4*2H,0), contains about 80% of the Ra*" present in
the original phosphate ores. This side product is produced in 4.8 x 10'’ kg per year

(Table 2.2), and is often used for construction purposes.'®'”

2.3.3 Energy Production
Energy generating industries that use subsurface formations, coal, oil, and gas

can also produce TENORM wastes.’

2.3.3.1 Coal

Coal tends to concentrate trace quantities of U>" and Th*', as well as their
radioactive decay products.'® Waters produced from coalmines were estimated to

contain 13 kBg/m’ of **°Ra*". This would result in a total ***Ra*" emanation of 37
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GBq per year in the Ruhr district alone.'” When coal is burned to produce electricity,
the non-flammable minerals are concentrated in the ash (0.14 Bq/kg; Table 2.2),%

. . .. . . . 21
which is commonly used as an additive in constructing materials.

A very important feature of Ra*"-containing coalmine pit waters, is the co-
existence of significant excesses of other cations (total salinity 230 g/L).” Moreover,
the Ra*" concentration increases with the salinity, caused by Na', K, Mg2+, Ca™",
Sr**, and Ba*" cations.”® Table 2.3 shows that alkali(ne earth) cations are present in

huge excess compared to **°Ra”" (< 63 Bq/L) and **Ra*" (< 28 Bq/L).

Table 2.3. The ionic composition (mg/L) of high-salinity pit waters at pH 6.5
containing **°Ra** (60 Bq/L; 1.6 x 10° mg/L).*’

Na" K" Ca® Mg” Sr’ Ba® CI SO,~ HCOs NOy

70000 1200 9000 1500 700 1500 120000 <5 120 20

* Determined by ICP-OES.

2.3.3.2 Oil and Gas Production

One of the main industries with a TENORM problem is the petroleum
industry. The sedimentary rocks, shales, within which oil and gas deposits are found
have a high level of radioactivity (Table 2.1) and contain formation water in relatively
large quantities. This Ra*" containing formation water (Figure 2.2a) is transported to
the surface together with e.g. sulphate-rich injected (sea) water.>** When the
produced water is brought to the surface, both the pressure and the temperature drop,
causing precipitation of some of the dissolved Ra*" together with other cations such as
Ba”".?** This results in radioactive scales that block and contaminate the production
pipes (Figure 2.2b).*° In most cases Ra®" co-precipitates with BaSO, or SrSOy
scales,”* but Ra*" can also co-precipitate with CaCOs.>"*® In addition, Ra*" cations
can be present in sludges, which are deposits that accumulate at the bottom of storage
and process vessels. Although the majority of Ra>" precipitates, produced water can
still contain traces of Ra*", together with an abundance of other cations and organic
compounds (Table 2.4; Figure 2.2¢).”

3034 1n addition to the

Produced water contains a wide range of metal ions.
cations reported in Table 2.4, it holds traces of various other cations namely: Fe’",

Mn**, Hg*, Pb*>", Cd*", Cu®", Ni*", Th*', zr**, Zn®", and A"

10
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Figure 2.2. A schematic representation of the Ra®" transport in the petroleum
industry (left) and a production pipe with scales (right): (a) Ra”" in formation water,
(b) Ra*" contamination of the production pipes, and (c) Ra”" released with the

produced water stream.

Table 2.4. Cationic composition (mg/L) of formation, sea, and production

water (400 g/L of dissolved solids).?*

Ion Formation water Sea water Produced water™*
Na* 31000 11000 35000

K" 650 460 Not reported
Mg** 380 1400 910

Ca*" 5000 430 3300

Sr** 770 0 130

Ba®' 270 0 95

2.3.4 Water Supplies
Water supplies like streams, lakes, reservoirs, and aquifers contain varying
levels of Ra*" leached from surrounding rocks and sediments.*>~° Most drinking water

sources, however, have such low levels of radioactive contaminants that they are not

11
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considered a public health concern. However, a small percentage of drinking water
samples, including bottled mineral waters,”’ contains a-radiation levels high enough
to pose a health concern (> 100 Bq/L).>***’ Consequently, the waste produced by
water treatment plants may result in TENORM containing sludges with up to 10’
Bg/kg of 2*°Ra*"."?

In different water supplies,’”** Ra>" cations are present together with a wide
range of other cations (for an example see Table 2.5). Studies on spring water from

Slovenia show that Sr** can also be present in high concentrations.*

Table 2.5. Example of the cationic contents (mg/L) of “raw” water (pH 7.3)
taken from waters of the Jordan wells in Washington, lowa (Ra*" 2.7 x 10" Bq/L; 7.2
x 10° mg/L) .**
K" Na" Ca™ Fe' Mg”* Total dissolved solids
22 200 110 0.8 47 1200

2.3.5 General Ra’" Occurrence in Aqueous TENORM Streams
In general, Ra’" is always found in saline waters to a significantly lesser
degree compared with other common alkali(ne earth) cations such as Na*, K, Mg*",

+ + + " :
Ca’ , Sr? , Ba’ , and traces of transition and heavy metal ions.

24 Radium (Ra) Toxicity

44,45
d 5

The element Ra can be ingested with foo and inhaled.*® Subsequently, it

follows similar accumulation pathways as Ca**, namely to the mineral bone tissue, but

748 and contributes considerably to the internal dose of

not into the bone marrow,
radioactivity.*” Furthermore, the Ra daughter nuclide Rn (***Rn, *'’Rn, and **’Rn) is
retained in the lungs as Po and (stable) Pb.>

People that were exposed to internally deposited o-emitters such as **°Ra
nuclides, have shown abundant cancer at heavily contaminated sites.”'™ Most
important is the induction of lung cancer by inhaling the daughter nuclides of Ra, like
222Rn (see Figure 2.1), which is present indoors and causes between 6,000 and 36,000
lung cancer deaths per year in the US.”

2°Ra*" is considered to be among the most toxic long-lived a-emitters present

in environmental samples, as well as one of the most widespread.>* Furthermore, both

12
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the *°Ra and ***Ra radiotoxicities are estimated to be about eight times higher than of
224R a 55

2.5 General Ra®" Separation Techniques

The highly toxic nature of Ra*" isotopes renders effective separation of these
radionuclides from other non-toxic substances highly desirable.

Mme. Curie discovered that pitch-blend (U-oxide ore) contained a small
amount of a new element, which was much more radioactive than U and Th. By
isolating this element, she developed the first isolation method for Ra*". However, her
attempts based on the fractional precipitation of the RaCl, salt (Figure 2.3) from 50 kg
of pitch-blend, did not yield pure RaCl, but mixtures with BaCl,.*°

Figure 2.3. Ra>" separation by fractional crystallization, performed by Mme. Curie

and co-workers.”’

13
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In the following quote Mme. Curie illustrates some of the experimental

procedures involved in this Ra®" isolation method.

“I went ahead with the chemical experiments, which had as their objective the
preparation of pure radium salts. I had to work with as much as twenty kilograms of
material at a time, so that the hangar was filled with great vessels full of precipitates
and of liquids. It was exhausting work to move the containers about, to transfer the
liquids, and to stir for hours at a time, with an iron bar, the boiling material in the
cast-iron basin. I extracted from the mineral the radium-bearing barium and this, in
the state of chloride, I submitted to a fractional crystallization.”

. 58
Mme. Curie

A typical preconcentration technique for Ra®" involves an initial co-
precipitation of Ra*" with Ba®" or Pb*" sulfates, carbonates, or chromates.”® Elution
from (ion exchange) columns, using e.g. ammonium citrate or EDTA, is another
common way to isolate Ra*".®"%* A technique, often used to analyze the Ra*" content
of water-streams, is the non-specific binding of alkaline earth cations on manganese
oxide® or hydrous titanium oxide.®* Furthermore, the properties of Ra®" cations can
be used to immobilize them in synthetic clay. Na-4-mica (NasAl4SisMgsOr0F42xH,0)
has a high Ra®" selectivity;® its high charge density and special layer stacking allows
for the uptake of the less hydrated cations®® such as Ra**. This mica can be used both
to separate Ra”" from Na " and as fixation for safe disposal. Drinking water production
units use separation technologies not specifically designed for the removal of Ra®"
such as ion exchange, reverse osmosis, lime softening, green sand filtration, co-
precipitation with barium sulfate, hydrous manganese oxide filtration, electro dialysis
reversal,*” activated alumina,®’ and enhanced coagulation/filtration.®’

With all these techniques Ra”" cations can be removed from aqueous solutes,
but they are not selective. An alternative approach to remove Ra®" from aqueous

. . . + .
streams is solvent extraction with a Ra>" specific extractant.®®

14
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2.6  Organic Ra* Extractants
2.6.1 Introduction

For the design of Ra’" selective extractants there must be a difference in
complexation properties compared to the alkali(ne earth) cations Na", K*, Mg*", Ca*",
Sr2+, and Ba?".%*’" This is a substantial challenge, since, of all the alkaline earth
cations, Ra*" has the lowest tendency to form complexes.”’

In this section the various approaches to complex Ra’" using organic
extractants are described. A direct comparison between the results of different studies
is not often possible, since the reported results have been obtained with different
extraction techniques and under different conditions. Some techniques use extractants
dissolved in aqueous media to extract Ra*" from complexes in organic media (Figure
2.4a), while other use extractants dissolved in organic media to extract Ra*" cations
from aqueous solutions (Figure 2.4b). Again other systems use the combination of
water-soluble extractants and lipophillic extractants (Figure 2.4c), or a solid support

(Figure 2.4d).

a) |aqueous b) |[aqueous c) [aqueous d) |aqueous
L(1) —=> Ra-L(1) Ra Ra + L(4)
Ra (+ L(4)
Ra-L(2) Ul::>L(2) U ,i:)
2 . L(5 Ra-L(4
L(3) —> Ra-L(3) (5) +'c|1_(5() ) SSCDRaSS(LA))
. .
| organic organic organic

Figure 2.4. The four basic techniques used to determine the Ra*" affinity of

organic extractants.”?

2.6.2 Resin-based Ra’" Extraction

There are two known methods that exploit the use of a solid support for Ra*"
extraction (Figure 2.4d). The first uses neutral extractant immobilized on a solid
support. The complexation behavior of alkaline earth cations by neutral extractants
(Chart 2.1) depends on matching of the size of cation and extractant.”® The extractant
should be large enough to incorporate Ra*" cations (1.48-1.70 A),”* and should

. .
possess oxygen donor atoms, because Ra”" is a hard Lewis-acid.”
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db-18-crown-6 7, n=1 Kryptofix 5 9 TMA10
db-21-crown-7 8, n=2

15-crown-51, n
18-crown-6 2, n
21-crown-7 3, n
24-crown-84, n
27-crown-95, n

n

1
2
3
4
5
30-crown-10 6, 6

Chart 2.1

Benzi et al.”® reported Ra®" extraction by several podands and crown ethers on
either Amberlite XAD resins or Kieselgel. 1,11-Bis(8-quinolyloxy)-6,9-
trioxaundecane [Kryptofix 5 (9)], and tris(2-methoxyethoxyethyl)amine [TMA (10)]
exhibit a high Ra*" extraction under non-competitive conditions, whereas 18-crown-6
(2), 24-crown-8 (4), and dibenzo-18-crown-6 (7) are less effective. However, the
amount of free extractant or Ra’" complex in the aqueous solution has not been
determined, although this could have a significant influence on the extraction
percentages.

Using covalent attachment, the 3M company has immobilized crown ethers

™\ 77
)s

(type not specified) on a silica surface (3M Empore to extract various cations,

such as Ra*" from aqueous solutions.”®”

The second solid support based extraction technique uses a neutral extractant,
dissolved in water, which forms a complex with a negatively charged support. Cation
exchangers are negatively charged and as such can nonselectively bind cations,
including Ra®". Addition of water-soluble crown ethers (1-6) gives rise to a
synergistic effect, inducing selectivity by forming [(solid support)™*Ra*"s(crown-
ether)]™” complexes.® A cation exchanger in combination with a significant excess of
a crown ether, resulted for 18-crown-6 (2) in higher formation constants (log ;) for
Ra®" (3.7) and Ba** (3.9), compared to Ca®" (1.1) and Sr*" (3.0).*° The most efficient

cation exchanger for the cooperative (synergistic) extraction of Ra®" cations is Bio-

Rad AG MP-50.%!
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2.6.3 Anionic Polydentate Extractants

Since Ra>" cations are divalent, to form (neutral) complexes, the charges have
to be compensated. Consequently, a common Ra’" extraction technique is based on
the use of electrostatic effects, applying amino carboxylic, alkyl phosphoric, sulfonic,
and alkyl carboxylic acids (for some examples see Chart 2.2).”"%

Amino carboxylic acids have Ra®" stability constants with log Kec> 5.6 (Table
2.6). This resulted in efficient extraction of Ra’" cations from an organic phase
containing the non-selective extractants 2-thenoyltrifluoroacetone [TTA AD]* and
tributylphosphate (TBP). From Table 2.6 it is clear that in general the extraction
constants of Ra®" are lower than those of the other alkaline earth cations.** This

indicates, that amino carboxylic acids cannot function as selective Ra*" extractants in

waste streams containing competing alkaline earth cations.

(o]

~y” =4
oM 2 ’gﬂ(% ffg ?‘H

TTANM EDTA 12 DTPA 13 HDEHP 14

OH

Chart 2.2

Table 2.6. Stability constants [log(Kex = [ML*')/[M**][L"])] of the alkaline

earth cations with various (water-soluble) amino carboxylic acids.®

Extractant * Mg* Ca™" Sr** Ba™ Ra™
CyDTA 10.3 12.5 10.0 8.0 8.3
DTPA 9.3 10.6 9.7 8.8 8.5
EDTA 8.7 10.7 8.6 7.8 7.5%
EGTA 5.2 11.0 8.5 8.4 7.7
HEDTA 5.2 8.0 6.8 6.2 5.6

a

trans-1,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid, monohydrate
(CyDTA), diethylenetriamine-N,N,N’,N”,N ’-pentaacetic acid [DTPA (13)],
ethylenediamine-N, N, N’ N'-tetraacetic acid [EDTA (12)] 2), ethylene glycol bis(2-
aminoethyl ether)-N,N,N'N'-tetraacetic =~ acid (EGTA), and N’-(2-hydroxy-
ethyl)ethylenediamine-N, N, N -triacetic acid (HEDTA).

17



Chapter 2

Alternatives to amino carboxylic acids are phosphoric acids.
Nitrilobis(methylene)triphosphonic acid (NTTA) has a Ba*" stability constant of log
Kex 6.5 and it is concluded that it has a similar value for Ra*"’! Furthermore, bis(2-
ethylhexyl)phosphoric acid [HDEHP (14)] extracts Ra®", at highly acidic conditions™
from a mixture of **’Ac, 223Ra, 227Th, and *°Fr.Y However, a similar extracting agent,
P, P’-bis(2-ethylhexyl)ethanediphosphonic acid (H,DEH[MDP]), is hardly selective
for the alkaline earth series.® In general, the alkaline earth selectivity of phosphoric
acids is assumed to decrease in the order Ca*" >> Sr** > Ba®" > Ra*" ¥

Despite their general lack of a Ra*" selectivity in the alkaline earth series, both
amino carboxylic acids and phosphoric acids are often used when no real selectivity is

. . + . .
desired e.g. for the non-selective removal of Ra*" from ion exchange resins.****!

I S A

DOTA15 Kryptofix 2.2.2 16 CTA17

Chart 2.3

Hendriksen et al.”” describe the use of p-t-butylcalix[4]arene tetracarboxylic
acid [CTA (17)] as carboxylic acid-based Ra®" extractant.”” The relative extraction
constants of CTA (17) have been obtained by back-extraction experiments using
another water-soluble extractant, DTPA (13), 1,4,7,10-tetraazacyclododecan-1,4,7,10-
tetraacetic acid [DOTA (15)], or 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-
[8.8.8]hexacosane [Kryptofix 2.2.2 (16)].°* The relative extraction constants of CTA
(17) (Kcra) are: 5.7°Kprpa, 2.2°Kpota, and 3.5 * Kkrypiofix 22.2. The difference between
the K-values of DTPA (13) and DOTA (15) might be due to either the difference in
the number of carboxylic acid substituents or the macrocycle effect claimed for
DOTA (15). A similar experiment with EDTA (12), rather than DTPA (13), would
clarify which factor is the most decisive. These data also suggest that in aqueous

media, a neutral strapped macrocyclic cage [Kryptofix 2.2.2 (16)] is almost as
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important for effective Ra*" complexation as the presence of four carboxylic acid

groups on a macrocycle [DOTA (15)].

Unfortunately, extraction results for alkaline earth cations other than Ra*" have
not been reported, making it hard to conclude whether CTA (17) is Ra*" selective.
However, the kinetic stability of a Ra*" complex with 2 mM CTA (17) in the presence
of a mixture of Na* (150 mM), K™ (2.5 mM), Mg*" (2.5 mM), Ca*" (2.5 mM), and
Zn>* (2.5 mM) has been studied. After extractions for 10 min, 5 h, and 15 h, about
62% of the Ra*" cations remained in the organic phase, proving the high Ra*’
complex stability of this particular extractant. Overall, the extraction data seem to
suggest, that electrostatic extractants provide stable Ra*" complexes, but cannot be

used for selective Ra*" extraction in the presence of the other alkaline earth cations.

2.6.4 Synergistic Ra’" Extractants

Since the dehydration and transfer of anions into organic solvents is difficult,
neutral extractants are not very effective for the extraction of Ra’" into organic
solvents.”* A way to improve both the extraction efficiency and selectivity is to make
use of the cooperation (synergism) between two systems. This can be accomplished
by using a non-selective electrostatic agent to drive the extraction in combination with
a selective neutral complexating agent.”**> One example is the combination of TTA
(11) and TBP or trioctylphosphine oxide (TOPO) can be used to extract Ra”" cations,
resulting in (Ra(TTA)(L)s)org complexes (L = TBP or TOPO),”® while TBP and
TOPO alone do not give Ra*" extraction.”” The majority of the research on Ra®"
selective extractants, however, is based on “size-selective synergism”.”** This
approach generally utilizes the macrocyclic cage of a crown ether for size selectivity,
and complementary acidic groups for the neutralization of the divalent cations.”*

A 2:1 mixture of dicyclohexano-21-crown-7 (dc-21-crown-7) and 2-heptyl-2-
methylnonanoic acid (HMHN) gave a Ra®" distribution coefficient (Dra = Ragrg/Rayg)
larger than 200.'” In addition, this extractant combination also has good separation
factors (Dro/Dm; Dm = More/Mag) With the other alkaline earth cations (Table 2.7).101
However, it should be noted that the high separation factors are in the presence of a
fifty-fold excess of dc-21-crown-7 compared to the concentrations of the competing

cations. Ra*" extraction started to decrease significantly at M(NOs), concentrations

19



Chapter 2

between 107 and 10" M. Nevertheless, Ra*" extraction in the presence of large

4. . . 1
excesses of Na' is still effective.'®

Table 2.7. Separation factors (Dr,/Dy) obtained with various crown-ether acid

combinations.

Cation Separation factor (Dra/Dy)
dc-21-crown-7  15-crown-5 (1)  18-crown-6 (2) 21-crown-7 (3)
+ HMHN® + HDNNS® + HDNNS® + HDNNS®

Ba™' 9.3 1.2 1.9 2.7

Sr** 12.3 6.2 2.8 5.5

Ca™* 58 41 140 350

Mg?** 560 - - -

“ The aqueous phase contained 5.0 x 10® M Ra®", 4 M Na’, and 0.0l M
M(NOs), (M*" = Be*", Ca*", Sr*', or Ba®") while the organic phase contained 0.10 M
HMHN and 0.05 M dc-21-crown-7.'% * The aqueous phase contained “*Ca*", 3Sr*",
¥Ba®", and **Ra’" tracers (very low concentrations expected), while the organic

phase contained 0.01 M HDNNS and 0.001 M crown ether.'%*

Ra’" separation can also be achieved using water-soluble crown ethers in
solvent extraction studies similar to the experiments performed with cation exchange
resins (see paragraph 2.6.1; Figure 2.4d).* In this case an organic solution of
dinonylnaphthalenesulfonic acid (HDNNS) has been used as neutralizing agent, and
the Ra®" selectivity of 15-crown-5 (1), 18-crown-6 (2), and 21-crown-7 (3) has been
determined in the presence of the other alkaline earth cations (Table 2.7).'” Since
HDNNS alone showed very little selectivity along the series of the alkaline earth
cations, the obtained Ra’" selectivities have been attributed to the crown ethers. For
Ca®’, Ra*" separation factors (Dra/Dca) between 40 and 350 have been found, while
DRro/Ds; and Dg,/Dg, were rather small (Table 2.7). Increasing the crown ether size
from 15-crown-5 (1) to 21-crown-7 (3) improves the Ra*" separation factors in the
presence of Ca2+, Sr2+, and Ba®".10%104 Furthermore, it has been shown that an excess
of TBP in the organic phase, compared to HDNNS, gave a decrease in extraction,
suggesting that TBP competes in the synergism between the crown ether and

HDNNS.
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The combination of 18-crown-6 (2) and tungstosilicic acid
(H4SiW1,040°30H,0; TSA) has been used to co-precipitate Ra*" with Sr*" or Ca*"
cations.'”® Compared to the stability constants of Ca** (18.2) and Sr*" (776.2), that of
*PRa*" has been estimated to be 2366. Ra®" precipitates have only been observed
when all components were present in equal ratios.

Although the synergistic systems described above are rather similar, they give
slightly different results (Table 2.7). This may be caused by the lack of uniformity
between the studies of different authors; there are differences in the experimental
conditions (concentrations) used to determine the selectivity and in the description of

the results. Nevertheless, it may be concluded that a 21-crown-7 gives the best Ra*"

selectivity.

2.6.5 Combining Acids and Crown Ethers on a Platform

In order to optimize the combination of electrostatic and macrocyclic effects, a
logical step is the use of crown ethers functionalized with pendant acid groups.'**'"’
This system was first introduced by Bartsch et al.'®'® and gives an increased

extraction of alkali(ne earth) cations compared to the crown ether alone.

RZ o P OH OH (° °
Pﬂ\g(OH R‘YDQ%’ o }

D

db-13-crown-4- ma 18; n
db- 16-crown-5-ma 19; n
db-19-crown-6-ma 20; n=2
db-22-crown-7-ma21;n=3

R!=H, phenyl, n-decyl, n-octadecyl

R?=H, n-dodecyl, n-tetradecyl, n-hexadecyl
R3=H, t-butyl

0 PDA22; R = n-tetradecyl CCDA23; R = OCH,CO,H,
1 CCDNA 24; R = OCH ,C(O)NHOH

Chart 2.4
The non-competitive Ra”" extraction behavior of eleven different crown-ether

carboxylic acid derivatives (Chart 2.4; left) has been evaluated by Beklemishev et

al.''® Unfortunately, no direct comparison between the combination of a crown ether-
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carboxylic acid combination and a separate crown ether or carboxylic acid has been
made.

First of all the crown ether cavity size has been evaluated, showing that
dibenzo-22-crown-7 monocarboxylic acid (db-22-crown-7-ma (21); n = 3; R'=R*=
R’ = H) gave the highest distribution coefficient for Ra*" (Dg, = 0.5). Surprisingly,
only the second smallest crown ether, db-16-crown-5-ma (19), has been further
optimized by increasing the lipophilicity; with R' = n-decyl (R* = R? = H) Dg, is 2.0,
with R? = n-hexadecyl (R' = R® = H) Dg, is 2.8, and with R® = r-butyl (R' = R* = H)
Dra is 23. These results reveal the positive influence of an increased crown ether
i

lipophilicity on the Ra*" extraction. In an extension of this study Chu et a

the selectivity of db-16-crown-5-ma (19) (R' = R? = H and R® = -butyl) towards the

reported

alkaline earth cations. Their reason for using db-16-crown-5-ma (19), instead of e.g.
db-22-crown-7-ma (21) is the lower price, rather than an optimized macrocrocyclic
effect. Using an excess of extractant (10~ M), a significant competition in the Ra*"
extraction has been observed when the concentrations of the competing alkaline earth
cations were 10* times higher than that of **°Ra*" (56 Bq/mL = 6.8 x 10 M). Chen et
al.''? reported that in competition experiments, the highest Ra*" separation factor is
found in the presence of Ca®" cations (Table 2.8); the Ra”" extraction percentage
remains below 20% in all cases. Surprisingly, no competition has been observed for
similar K* concentrations, a result that has been attributed to the different valency and
chemical properties of K cations.'"!

Another possibility to combine a crown ether derivative with acidic groups is
the attachment of two acidic substituents to a calix[4]crown.'"® The two phenol groups
of a calix[4]crown allow for two acid groups to be positioned adjacent to the crown-
ether bridge, resulting in both complete neutralization and size selective complexation
of alkaline earth cations.'”® Chen et al.''? reported the Ra*" selectivity in the presence
of alkaline earth cations, using a variety of acid-functionalized extractants (Chart 2.4;
Table 2.8). Under the conditions used, the calix[4]crown diacids CCDA (23) and
CCDNA (24) showed the highest Ba*" and Ra®" selectivities compared to db-16-
crown-5-ma (19) (R' = R*> = H and R’ = r-butyl) and a podant containing two
carboxylic acid groups (PDA (22); Table 2.8). Where CCDA (23) and CCDNA (24)
only showed high affinities for Ba’" and Ra®" cations, db-16-crown-5-ma (19) and
PDA (22) do not give distinct differentiation between the different alkaline earth

cations.
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Table 2.8. Separation factors (Dr./Dym)” of various crown ethers; adapted from

Chen et al.!"?

Extractant Mg2+ Ca™" Sr* Ba™'
db-16-crown-5-ma (19)” 1.1 0.71 0.97 1.1
PDA (22) 0.53 0.66 0.87 12
CCDA (23) >998000 5405 360 13
CCDNA (24) >998000 6867 277 8.1

“ Distribution coefficients were calculated based on Dy = [Morg]/([(Msingle)tot] —
[More]), with M*" = Mg®*, Ca®*, Sr**, Ba®™", or Ra®". Extractions were performed using
a solution of **Ra”" (1.3 x 10”7 M) with Mg2+, Ca®", Sr*", and Ba®" cations (0.2 mM
each), while having an excess of extractant (1 mM). ® The concentration of db-16-

crown-5-ma (19) is not corrected for the 1:2 stoichiometry.

Back extractions with the water-soluble extracting agent EDTA (12) have
been used to determine the relative extraction constants of CCDA (23) and CCDNA
(24) in chloroform: Kcepa = 0.561 ¢ Kgpra, while Kecpna = 12.6 © Kepra.'™ In
addition, pre-formed **’Ra*" complexes of both calix[4]crown-6 derivatives showed a
high kinetic stability. Less than 5% of the Ra®" cations were removed after back
extraction with aqueous phases containing Na', K, Mg2+, Ca2+, and Zn*" (1 M; a
tenfold excess of each cation to extractant).

From these data it can be concluded that the combination of a crown ether and
two acid groups, attached to a molecular platform, gives a high Ra®"
affinity/selectivity. CCDA (23) and CCDNA (24) are the best self-neutralizing

systems for the extraction of Ra*" cations.

2.7 Outlook

Although, various extractants have been reported and some of them are
suggested to be Ra”" selective, none is able to remove Ra*" cations from the actual
TENORM waste streams. To be applied under waste conditions (see section 2.3), the
Ra”" extractants should have large separation factors for cations ranging from Na®,
K, Mg2+, Ca™", Sr*" to Ba*". Furthermore, they should be able to extract Ra’" cations
from solutions containing an excess of salts compared to the amount of extractant(s)

used. In addition, efficient stripping of Ra*" from the extractants, as well as their full
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regeneration are both highly desirable. Therefore, the development of new Ra®"

extractants, which meet the mentioned requirements, is very desirable.

2+
Ra

In this thesis, new Ra’" extractants are described that were evaluated for their

extraction behavior under highly competitive conditions. Chapters 3-5 focus on

the synthesis and evaluation of new thiacalix[4]crown-based Ra®" extractants to get

insight into the most important requirements of a Ra®" extractant. In Chapter 6, a

completely new type of Ra*" extractant is introduced, based on self-assembly. Finally,

in Chapter 7 Ra®" extractions are described under actual TENORM waste stream

conditions.
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Chapter 3

Synthesis and Conformational Evaluation of

p-tert-Butylthiacalix[4]crowns

Abstract  Bridging of  p-tert-butylthiacalix[4]arene  afforded  1,3-dihydroxy-
thiacalix[4]monocrown-5 (3b), 1,3-alternate thiacalix[4]biscrown-5 and —6 (4a,b), and
1,2-alternate thiacalix[4]biscrown-4 and -5 (5a,b), depending on the metal carbonates
and  oligoethylene  glycol ditosylates used. Starting from 1,3-dialkylated
thiacalix[4]arenes the corresponding bridging reaction yielded 1,3-alternate, partial-
cone and cone conformers (10-19), depending on the substituents present. Temperature
dependent studies revealed that the conformationally flexible 1,3-dimethoxy-
thiacalix[4]crowns (10a-c) exclusively occupy the 1,3-alternate conformation.
Demethylation exclusively gave the cone 1,3-dihydroxythiacalix[4]crowns (3a,c), which
could not be obtained by direct bridging of thiacalix[4]arene. The different structures
were determined on the basis of several X-ray crystal structures and extensive 2-D 'H

NMR studies.

* Parts of this work have been published: Van Leeuwen, F. W. B.; Beijleveld, H.;
Kooijman, H.; Spek, A. L.; Verboom, W.; Reinhoudt, D. N. Tetrahedron Lett. 2002, 43,
9675-9678. Van Leeuwen, F. W. B.; Beijleveld, H.; Kooijman, H.; Spek, A. L.;
Verboom, W.; Reinhoudt, D. N. J. Org. Chem. 2004, 69, 3928-3936.
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3.1 Introduction

Thiacalix[4]arenes are being used more and more in supramolecular chemistry
due to the additional features induced by the bridging sulfur atoms, compared to
calix[4]arenes.'” In the past, it was found that calix[4]crowns are highly selective
extractants for e.g. K™ and Cs".®” Therefore one of the obvious classes of extractants
suitable for selective complexation of alkali(ne earth) cations would be the
thiacalix[4]crowns. A number of thiacalix[4]crowns have already been reported by
several groups viz. 1,3-alternate thiacalix[4]biscrowns,” diametrically bridged 1,3-

191" and proximally bridged thiacalix[4]Jmonocrowns. "

alternate thiacalix[4]monocrowns,
Similar to calix[4]arenes, thiacalix[4]arenes can adopt four different conformations viz.
1,2-alternate, 1,3-alternate, partial cone, and cone.*"* Whereas the structures of
calix[4]arenes can be assigned based on the positions of the bridging methylene groups in
the 'H and "C NMR spectra,'>'* in the spectra of thiacalix[4]arenes these characteristic
protons are not present. However, the conformation can often be established using 'H
NMR spectroscopy in combination with X-ray crystal structures.””'’ In some cases,

additional proof was obtained by 2D 'H NMR spectroscopy.'®*!

Except for the X-ray
crystal structures of the 1,3-alternate thiacalix[4]biscrown-5 and -6,* there is little
structural information on thiacalix[4]crown conformers.

In this chapter the results of a systematic study on the formation and

conformations of p-tert-butylthiacalix[4](bis)crowns-4, -5, and - 6 are reported.

3.2 Results and Discussion
3.2.1 Direct Bridging of Thiacalix[4]arene

The reactions of thiacalix[4]arene 1 with tri-, tetra-, and pentaethylene glycol
ditosylates 2a-¢ (Scheme 3.1) in acetonitrile were systematically studied by varying the

reaction conditions. The results are summarized in Table 3.1.
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N
(O OHOOB 3a (

n=20)
— TONRE 3b (n=1)
n=2)

HOSOH OH poH (‘J/\O*\ ((_) Okin
+ AU 4a (n=1)
Tgo :} s 43 (?1 =2)

5a (n=0)
5b (n=1)

Scheme 3.1

The reactions between 1 and 2 (1 equiv) with Na,COs; as a base, gave
diametrically bridged thiacalix[4]monocrowns 3. The template effect induced by the
sodium cation appears favorable for the formation of monocrown derivatives in the cone
conformation. Only thiacalix[4]crown-5 (3b) could be isolated from the obtained reaction
mixtures in low yield (10%). Reaction times of 11-15 days together with conversions of
only 40-50%, indicate that Na,COj; is not the optimal base for the direct bridging of
thiacalix[4]arene.

Reactions of 1 with 2 (1.8 equiv), using K,CO; as base, gave
thiacalix[4]monocrowns (3), 1,3-alternate thiacalix[4]biscrowns (4), and 1,2-alternate
thiacalix[4]biscrowns (5). The shorter reaction times and the formation of biscrowns
show that K,COjs is a more efficient base. Reaction of 1 with 2a gave slow conversion to

1,2-alternate thiacalix[4]biscrown-4 Sa (Table 3.1, entry 2). The reaction of 1 and 2b
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yielded exclusively the 1,3-alternate thiacalix[4]biscrown-5 (4a)9 (Table 3.1, entry 5),
while 1 and 2¢ afforded a mixture of 4b’ and 3¢ (Table 3.1, entry 8).

The reaction between 1 and 2 (1.8 equiv), with Cs,CO; as base, only yielded
thiacalix[4]biscrowns (4 and 5). The reaction of 1 with 2a (Table 3.1, entry 3) exclusively
afforded the 1,2-alternate thiacalix[4]biscrown-4 (5a; 72%). With 2b as a bridging agent,
a mixture of the 1,2-alternate thiacalix[4]biscrown-5 (Sb; 27%) and the corresponding
1,3-alternate conformer 4a (15%) was obtained (Table 3.1, entry 6). Bridging 1 using 2¢
gave conversion to only 4b’ (Table 1, entry 9).

Table 3.1. Direct functionalization of thiacalix[4]arene (1).

Entry Crown Base (equiv)  Reaction Conversion Products formed”
time 1 (%)“ (ratio)

1 2a (crown-4) Na,CO;(12) 15d 50 3a

2 2a K,CO; (4) 2d 40 S5a

3 2a Cs;CO; (4)  ©6h 100 Sa

4 2b (crown-5) Na,CO;(12) 11d 50 3b

5 2b K>,CO; (4) 12h 100 4a

6 2b Cs,CO3 (4) 12h 100 Sb: 4a (1: 1)
7 2¢ (crown-6) Na,CO;(1.2) 15d 40 3¢

8 2¢ K,CO; (4) 7d 100 4b: 3¢ (1: 4)
9 2¢ Cs,COs3 (4) ©6h 70 4b

“Determined from the 'H NMR spectra of the crude reaction mixtures.

Not only the metal carbonate, but also the number of ethylene glycol units in the
bridging agent (2) influences the product formation. The smallest of the crown-ether
bridges 2a only forms diametrically bridged monocrown and proximally bridged 1,2-
alternate biscrowns. Due to steric reasons, formation of diametrically bridged 1,3-
alternate biscrown-4 products is unfavorable. However, tetracthylene glycol ditosylate 2b
gave all three products 3b, 4a, and 5b. The largest of the ethylene glycol ditosylates used
(2¢) only gave rise to diametrically bridging.
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3.2.2 Diametrically Substituted Thiacalix[4]monocrowns
In addition to the direct bridging of thiacalix[4]arene (1), various diametrically

substituted thiacalix[4]arene derivatives (6-9) were reacted with 2 (Scheme 3.2).

10a R=CH4(n=0)

10b R=CH; (n=1)

10c R=CH,(n=2)

11a R = C3H, (n=0)

CB 1b R=C3H, (n=1)
11¢ R=C4H, (n=2)

12a R=CHCgHg(n=0)

OROR 12b R =CH,CgHs (n=1)

12¢c R =CH,CgHs (n=2)

13a R =CH,CO,C,

13b R = CH>C05C>

13c R =CH,CO,C,

LI I
o o
535
mun
r=oo

HO ORORQH 14a R=CH; (n=2)
+ 2a-c 15a R=C3H; (n=1)
16a R = CH,CO,C,Hs (n=2)
6 R=CH,
7 R:C3H7
8 R=CH,CgHs
9 R=CH,CO,C,H, (‘o’\, 17a R=C3H, (n=0)
O o 17b R=C3H; (n=1)
(" orad 17¢ R=C3H; (n=2)
5 O’ 18a R =CHyCgHs (n=0)
18b R =CH,CgHg (n=1)
185 R=CH2C6H5 (n=2)
19a R =CH,CO,C,Hg (n=2)
Scheme 3.2

The known 1,3-dialkoxythiacalix[4]arenes 6-9%'%*"** were reacted with 1 equiv
of oligoethylene glycol ditosylates 2a-c in the presence of 4 equiv of K,COs; in
acetonitrile to give the thiacalix[4]monocrowns 10-19. K,CO; turned out to be the most
efficient base,23 allowing the formation of all three conformers: 1,3-alternate, partial
cone, and cone. The results are summarized in Table 3.2.

Reaction of 1,3-dimethoxythiacalix[4]arene (6) with 2a-¢ gave exclusively the

1,3-alternate products 10a-c (Table 3.2, entries 1, 2, and 3).'""** Crystallization of 10c
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only gave crystals of the partial-cone conformer 14a, underlining the conformational
flexibility of this compound (vide infra).

The reaction of 1,3-dipropoxythiacalix[4]arene 7 with 2a (Table 3.2, entry 4)
mainly gave the 1,3-alternate conformer 11a. Reacting 7 and 2b yielded all possible
conformers (Table 3.2, entry 5): 1,3-alternate (11b'°; 59%), partial cone (15a; 2%), and
cone (17b; 8%). Isolation of the partial cone conformer 15a proves the ability of rotation
by the propoxy groups through the annulus before rigidification by the crown-ether
bridge. The largest ethylene glycol unit 2¢ (Table 3.2, entry 6), as bridging agent, gave

the 1,3-alternate conformer 11¢' (57%).

Table 3.2. Diametrically substituted thiacalix[4]crowns.

Entry  Starting compound  Bridging Reaction Conformers
agent time 1,3-alt: pc: cone (ratio)*
1 6 2a 5d 10a: -: - (1: 0: 0)
2 6 2b 5d 10b: -: - (1: 0: 0)
3 6 2¢ 5d 10c: -: - (1: 0: 0)
4 7 2a 5d 11a: -: 17a° (20: 0: 1)
5 7 2b 5d 11b: 15a: 17b (15: 1: 1)
6 7 2¢ 5d 11c: -: 17¢” (20: 0: 1)
7 8 2a 5d 12a: -: 18a° (2: 0: 1)
8 8 2b 5d 12b: -: 18b (1: 0: 1)
9 8 2¢ 5d 12¢:-: 18¢ (1: 0: 1)
10 9 2a 12 h 13a: -: - (1: 0: 0)
11 9 2b 12h 13b: -: - (1: 0: 0)
12 9 2¢ 12h 13c: 16a": 192 (7: 10: 4)

¢ Ratio obtained from 'H NMR spectra of the crude reaction mixtures; 1,3-
alternate (1,3-alt), partial cone (pc), and cone. ’ Formation deducted from 'H NMR
spectra of the crude reaction mixtures, but not supported by analytical data of the isolated

compounds.
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Bridging of 1,3-bis(benzyloxy)thiacalix[4]arene (8) gave in all cases a mixture of
1,3-alternate 12a-c¢ and cone conformers 18a-c¢ (Table 3.2, entries 7, 8, 9). The formation
of only cone and 1,3-alternate products can be ascribed to the size of the benzyloxy
groups, preventing them from rotating through the annulus.

Bridging of 1,3-thiacalix[4]arene diethyl ester (9) with crown-ether bridges 2a-c¢
proceeded much faster than with 6-8, namely 12 hours instead of five days. The ethyl
ester functionalities may bind the potassium cations,'® hence influencing product
formation. Bridging with 2a,b afforded the respective 1,3-alternate products 13a (29%)>
and 13b (71%). Reacting 9 and 2¢, however, afforded a mixture of 1,3-alternate 13c,
partial cone 16a, and cone conformer 19a (Table 2, entry 12), of which only 13¢ could be
isolated (16%). The formation of 16a suggests that the ethyl ester groups are able to

rotate through the annulus, which is very surprising as they were considered to be bulky

enough to prevent rotation.'’

3.2.3 Indirect Synthesis of Dihydroxythiacalix[4]crowns

Of the diametrically bridged thiacalix[4]crowns (3a-c¢), only the crown-5
derivative 3b could be obtained in pure form upon bridging of thiacalix[4]arene (1) using
Na,COj as base (see above). Therefore, an alternative synthetic approach to synthesize
diametrically bridged dihydroxythiacalix[4]crowns was developed by deprotection of the
diametrically substituted dimethoxythiacalix[4]crowns (10a-c).”*°

Attempts to remove the benzyl group in 1,3-bis(benzyloxy)thiacalix[4]crown-5
(18b) using acetic acid or trimethylsilyl iodide, as is common practice for the
corresponding  calix[4]arene-crowns,”’ were unsuccessful. Starting from 1,3-
dimethoxythiacalix[4]crown-5 (10a), trimethylsilyl iodide also gave partial cleavage of
the crown-ether bridge, which does not occur in the case of the corresponding 1,3-
calix[4]arene-crowns,” while the demethylation agent lithium diphenylphosphide28 gave
no conversion. Reacting 1,3-dimethoxythiacalix[4]crowns (10a-¢) with 5 equiv of sodium
ethanethiolate in DMF (Scheme 3.3), however, gave the corresponding 1,3-
dihydroxythiacalix[4]crowns 3a (18%), 3b (25%), and 3c¢ (16%) in the cone

conformation.?¢
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o)
CH4CH,SNa (
OHo

10a R=CH, (n=0) 3a (n=0)
10b R=CH; (n=1) 3b (n=1)
10c R=CH; (n=2) 3¢ (n=2)

Scheme 3.3

3.2.4 Assignment of the Conformation

The structures of the different conformers of the thiacalix[4]crowns were
determined by a combination of "H NMR spectroscopy and X-ray crystallography. Since
the crown-5 derivatives were available in all the conformers, they were used for the
conformational analysis. These conformers exhibit distinct differences in their 'H NMR
spectra. Using the knowledge obtained with the crown-5 derivatives, extrapolations

towards the crown-4 and -6 derivatives were made.

3.2.4.1 Thiacalix[4]biscrowns

MS values and the double 'H NMR crown-cther bridge peak intensities (see
experimental) can be used to distinguish monocrown from biscrown products, after which
the different conformers can be assigned. Only the 1,3-alternate (diametrical) and 1,2-
alternate (proximal) biscrown conformers were obtained. For both the 1,2-alternate (4)
and 1,3-alternate (5) thiacalix[4]biscrown-5 derivatives, X-ray crystal structures were
obtained (Figure 3.1). The 1,3-alternate thiacalix[4]biscrown-5 (4a) is a highly
symmetrical molecule (C,, 201), consequently all the aromatic and fert-butyl hydrogen
atoms are both present as only one signal in the '"H NMR spectrum. Furthermore, the
crown-ether bridge protons of 4a give a highly symmetrical set of peaks (1: 1: 1: 1;
Figure 3.1a). Compared to 4a, the 1,2-alternate thiacalix[4]biscrown-5 (5b) has one plane
of symmetry less and an inversion point in the thiacalix[4]arene annulus more (I, C,, and
oy).This results in two doublets for the ArH’s (7.72 and 7.56 ppm; Figure 3.1b), whereas
the tert-butyl groups appear as one peak (1.37 ppm), because they are equivalent. The
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crown-ether bridge protons of 5b show an asymmetrical pattern (1: 6: 1; Figure 3.1).
Based on the assumption that the most downfield shifted crown-ether bridge proton peak
belongs to its first methylene group, COSY correlations revealed that most upfield shifted
crown-ether bridge proton peak, also belongs to the first methylene groups attached to the
phenolic oxygens. Consequently, these methylene groups are diastereotopic; the rest of
the methylene groups all appear as one broad multiplet (Figure 3.1). The observed
differences in crown-ether bridge peak order, result in a second diagnostic tool in the 'H
NMR spectra to distinguish the 1,3-alternate conformer 4a and 1,2-alternate conformer

Sb.

a) b)
5b
8 7 4 3 ppm 8 7 4 3 ppm

Figure 3.1. Top: X-ray crystal structures of 1,3-alternate thiacalix[4]biscrown-5
[4a, (a)] and 1,2-alternate thiacalix[4]biscrown-5 [5b, (b)]. Bottom: part of the 'H NMR
spectra for the ArH (left) and crown-ether bridge protons (right) of 4a (a) and 5Sb (b;
CHCI; peak at 7.26 ppm has been removed for clarity).

Thiacalix[4]biscrown-6 (4b)°’ shows a single peak for the ArH’s and fert-butyl
hydrogen atoms (at 7.38 and 1.34 ppm, respectively) in the '"H NMR spectrum indicating
a 1,3-alternate conformation. In addition, a symmetrical pattern of the crown-ether bridge
protons was observed, also pointing to the 1,3-alternate conformation.

Thiacalix[4]biscrown-4 (5a) exhibits two doublets for the ArH protons (7.77 and 7.52
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ppm) and one for the fert-butyl groups (1.37 ppm) in the '"H NMR spectrum. This 'H
NMR pattern shows a high degree of similarity to that of Sb, indicating a 1,2-alternate

conformation.

3.2.4.2 Rigid Thiacalix[4]monocrowns

Diametrically bridged 1,3-thiacalix[4]monocrowns, can be obtained in three
different conformers, namely 1,3-alternate, partial cone, and cone. Both the 1,3-alternate
and the cone conformers having the same symmetry elements (C,, 26;), show similar
peak patterns of the protons of the thiacalix[4]arene platform. The pattern of the crown-
ether bridge protons, however, is different. In the case of the partial cone conformation
the C, rotational symmetry axes is lost, resulting in a distinctly different splitting pattern

for the protons of the thiacalix[4]arene skeleton.

Figure 3.2. X-ray structures of 1,3-bis(benzyloxy)thiacalix[4]crown-5 1,3-
alternate 12b (left) and cone 18b (right).

X-ray crystal structures of both 1,3-bis(benzyloxy)thiacalix[4]crown-5
conformers (12b and 18b) were obtained (Figure 3.2). The benzyloxy groups are too
large for rotation through the annulus, therefore, the conformation is identical both in the
solid state and in solution.

The chemical environment of the crown-ether bridge of 12b is very similar to that
of the 1,3-alternate thiacalix[4]biscrown-5 (4a; Figures 3.1a and 3.2 left). The benzyloxy
groups are positioned perpendicular to each other; one benzyloxy group fills the cavity

between the two aromatic units of the thiacalix[4]arene. In the X-ray crystal structure of
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the cone conformer 18b (Figure 3.2), the benzyloxy groups are parallel and the crown-
ether bridge fills the space between them. Furthermore, also the aromatic rings of the
thiacalix[4]arene to which the benzyloxy groups are attached, are parallel, resulting in a

pinched cone conformation.

1 2 1 2
12b | L 18b -3
e S -3 e I
°o® i I
B B —4
® o - i
B a8 [ 8 ® [
I | L ] L ] Ll 1 1 ] L] l ] ] L] L] I
4 3 ppm 4 3 ppm

Figure 3.3. COSY 'H NMR spectra and the peak order of the crown-ether bridge
methylene units 1,3-bis(benzyloxy)thiacalix[4]crown-5, 1,3-alternate 12b [(1)-(3)-(4)-(2),
left] and cone 18b [(1)-(2)-(3.4), right].

Differences between the 'H NMR spectra of 12b and 18b are solely caused by the
chemical environment of the different crown-ether bridges. Hence, the most obvious
difference lies in the pattern of the crown-ether bridge protons between 3-5 ppm (Figure
3.3). The 1,3-alternate conformer 12b gives four highly symmetrically spaced peaks (1:
1: 1: 1; Figure 3), resembling the "H NMR spectrum of 4a. Since the benzyl substituents
are at the other site of the molecule, they hardly have any influence on the chemical shifts
of the crown-ether bridge. Additional COSY experiments revealed coupling between the
outer peaks of the crown-ether bridge protons. Therefore, the outer peaks are those of the
first two methylene groups of the crown-ether bridge (1 and 2; Figure 3.3). The inner two
peaks also show correlation with each other, indicating they correspond to the second set
of methylene groups (3 and 4; Figure 3.3). The large upfield shift of methylene group 2 is

caused by the anisotropy effect, induced by the aromatic groups of the thiacalix[4]arene
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platform in the 1,3-alternate conformation. Since both 4a and 12b have the same peak
order for the crown-ether bridge protons (Figures 3.1 and 3.3), this tool can be used to
determine the conformation. Additional proof was obtained from the NOE interactions
between the ArH groups and both the benzyloxy groups and outer two peaks of the
crown-ether bridge protons (1 and 2), and between the fert-butyl groups and the inner two
peaks (3 and 4) of the crown-ether bridge. All these interactions are only possible in the
1,3-alternate conformation.

The cone conformer 18b exhibits in its '"H NMR spectrum three unsymmetrical
peaks for the crown-ether bridge protons (1: 1: 2; Figure 3.3). COSY coupling between
the two downfield shifted peaks shows that they belong to the first two methylene groups
of the crown-ether bridge (1 and 2). Using COSY correlations it is possible to
differentiate between the 1,3-alternate and cone conformer based on the difference in
peak order of the crown-ether bridge protons (1)-(3)-(4)-(2) and (1)-(2)-(3,4),”
respectively (for numbers see Figures 3.2 and 3.3). NOESY experiments of the cone
conformer 18b, show interactions between the ArH protons of the, chemically different,
aromatic groups of the thiacalix[4]arene platform. In addition, interactions between the
methylene group of the benzyl substituents and the crown-ether bridge are shown in the
spectrum. These interactions can only occur in the cone conformation and are proof for
this conformation. Based on the X-ray crystal structure, interactions were expected
between the benzyloxy groups and the crown-ether bridge, but none were observed.
Apparently, in solution the benzyloxy groups point outwards.

The 'H NMR spectrum of the 1,3-thiacalix[4]crown-5 diethyl ester 13b shows
two ArH and two tert-butyl peaks. The crown-ether bridge peak order of (1)-(3)-(4)-(2)
was similar to that of 12b (Figure 3.3), indicating a 1,3-alternate conformation, which
was confirmed by its X-ray crystal structure (not depicted).

1,3-Dipropoxythiacalix[4]crown-5 was obtained in all three conformers, viz. 1,3-
alternate, partial cone, and cone. The 1,3-alternate 11b and cone 17b derivatives, both
having two ArH (Figure 3.4) and two fert-butyl signals in their '"H NMR spectra, could be
distinguished using the pattern and peak order of the crown-ether bridge protons. Due to
the absence of a C,-symmetry axis the partial cone conformation 15a can be

distinguished by the four ArH signals (1: 1: 1: 1; Figure 3.4) and the three tert-butyl

40



Synthesis and Conformational Evaluation of p-fert-Butylthiacalix[4]crowns

signals (1: 2: 1). In addition, the upfield shift, due to the anisotropic effect, of the signal
belonging to the propoxy group of the rotated aryl ring is a strong indication for the

partial cone conformation.

11b
J 1,3-alternate
15a
Jl partial cone
17b
cone
8.0 7.5 7.0 ppm

Figure 3.4. "H NMR region of the ArH peaks of the 1,3-dipropoxythiacalix[4]-
crown-5, 1,3-alternate 11b (top), partial cone 15a (middle), and cone 17b (bottom; CHCl;
peak at 7.26 ppm has been removed).

Bridging 6-9 with pentaethylene glycol ditosylate (2¢) gave rise to a different
conformational outcome, compared to that obtained with 2b (Table 3.2). As with the
crown-5 derivatives, two distinctly different "H NMR spectra were observed for the
crown-ether  bridges of the 1,3-alternate and cone conformers. 1,3-
bis(benzyloxy)thiacalix[4]crown-6 could only be obtained in the 1,3-alternate 12¢ and the
cone 18c conformation, probably because of the substituent size. COSY experiments
revealed that the outer peaks of the crown-ether bridge region, in the 1,3-alternate
conformation, couple with each other. Consequently, they correspond to the first and
second methylene protons of the crown-ether bridge, respectively, giving a (1)-(5)-(3,4)-
(2)* peak order. In the cone conformation, the two downfield shifted peaks correspond to
the first two methylene protons of the crown-ether bridge [(1)-(2)-(5)-(3)-(4)]. Since both
conformers behave in a similar manner as their crown-5 analogs, the crown-ether bridge

peak order can be applied to differentiate between the cone and 1,3-alternate crown-6
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conformers. 1,3-thiacalix[4]crown-6 diethyl ester can have three conformers: 1,3-
alternate 13c¢, partial cone 16a, and cone 19a. The 1,3-alternate and cone conformers
could be distinguished by two peaks for the ArH and #-butyl protons, and their crown-
ether bridge peak order, and the partial cone conformer could be distinguished by the
splitting pattern (1: 1: 1: 1) of its ArH protons. In analogy, 1,3-
dipropoxythiacalix[4]crown-6 products, having two ArH and two tert-butyl signals, were
assigned to the 1,3-alternate 11¢'® and cone 17¢ conformers.

The 1,3-thiacalix[4]crown-4 derivatives (11a, 12a, and 13a) have two peaks for
both the ArH and #-butyl protons, indicating either a cone or 1,3-alternate conformation.
Furthermore, the hydrogens of the bridging crown-ether units exhibit almost the same
chemical shifts [3.7-4.1 (m, 4H), 3.4-3.6 (m, 4H), 2.5 (s, 4H) ppm] suggesting they all
have a conformation, in which there is no influence of the substituents. COSY NMR
spectra of the crown-4 derivatives exhibit peak orders similar to those of the cone crown-
5 conformers [(1)-(2)-(3)].***' However, in this case NOE interactions between the
crown-ether bridge and the ArH protons of the thiacalix[4]arene platform were observed.
These interactions are only possible in the 1,3-alternate conformation (see discussion
12b). The 'H NMR spectra of the crude reaction mixtures of 1,3-bis(benzyloxy)- and 1,3-
dipropoxythiacalix[4]crown-4 exhibit an additional set of signals, of which the ArH
peaks have similarities to those of the cone crown-5 isomer 17b (approximately at 7.7
and 6.9 ppm; Figure 3.5). Therefore, it is assumed that the signals correspond to the cone

conformer.

3.2.4.3 Conformationally Flexible Dihydroxy- and Dimethoxythiacalix[4]monocrowns
1,3-Dihydroxythiacalix[4]crowns can be considered as borderline, between rigid
and flexible, thiacalix[4]crowns. Although the size of the hydroxyl groups allows rotation
through the annulus, hydrogen-bonding®' can stabilize the cone conformation. COSY
couplings found for 1,3-dihydroxythiacalix[4]crown-5 and -6 (3b,c) show that they have
the crown-ether bridge peak order corresponding to that of a cone conformation. The X-
ray crystal structure of 3¢ showed a pinched cone conformation with stabilizing hydrogen
bonds between phenolic hydrogens and one of the oxygens of the crown-ether bridge

(Figure 3.5). Unlike the other crown-4 derivatives 11a, 12a, and 13a, the peaks of the
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dihydroxythiacalix[4]crown-4 conformer (3a), peak order (1,2,3), lie downfield [4.76 (t,
4 H), 4.25 (t, 4 H), 3.91 (s, 4 H) ppm]. NOE interactions, ArH/ ArH and OH/ crown-ether

bridge, confirmed a cone conformation of 3a.

10b 14a 3c

Figure 3.5. X-ray crystal structures of flexible thiacalix[4]crown: 1,3-alternate
1,3-dimethoxythiacalix[4]crown-5  (10b;  left), partial cone 1,3-dimethoxy-
thiacalix[4]crown-6 (14a; middle), and cone 1,3-dihydroxythiacalix[4]crown-6 (3c;
right). Dotted lines depict H-bonds observed for the hydroxy group of 3c.

Temperature dependent '"H NMR studies were performed to study the possible
conformational flexibility of the 1,3-dihydroxythiacalix[4]crowns (3a-¢). Samples of 3a-c
measured in CDCl; (steps of ten degrees; temperatures range 223-323 K), showed no
conformational changes. In CD,Cl, (223-313 K) changes in the 'H NMR spectrum of 3a
are observed. The ArH, fert-butyl, Ar-O-CH,, and OH peaks shift downfield upon
increasing the temperature; at lower temperature the two ArH peaks are closer (Figure
3.6). The temperature dependent, linear shifts may indicate a fast exchange between a
non-hydrogen bonded cone and a hydrogen bonded pinched cone conformation. The
reason that only 3a and not 3b,c exhibits this behavior may be caused by the smaller
crown-size of 3a. Smaller crown-sizes favor a pinched cone conformation, due to the
formation of stabilizing hydrogen bonds.

The 'H NMR spectrum of the rotationally flexible  1,3-
dimethoxythiacalix[4]crown-5, in CDCls at 298 K, shows only two peaks for the ArH, the
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tert-butyl, and the crown-ether bridge hydrogens (1:3). COSY correlations revealed an
intermediate peak order [(1)-(2,3,4)].%° In CD,Cl, the resolution of the crown-ether bridge
area is better, showing a similar peak order [(1)-(3)-(4)-(2)] as 12b, which suggests a 1,3-
alternate conformation. Both an X-ray crystal structure and NOE interactions, verify the
1,3-alternate conformation (10b; Figure 3.5). The 1,3-dimethoxythiacalix[4]crown-6
conformer, gives an order of the crown-ether bridge protons [(1)-(2)-(3,4,5)] similar to
cone compound 18c. NOE interactions, however, reveal that it has a 1,3-alternate
conformation (10c¢). Surprisingly, crystallization of 10c from CH,Cl,/ hexane gave
exclusively single crystals of 14a_the X-ray crystal structure of which clearly proved the
partial cone conformation (Figure 3.5). Furthermore, redissolving the crystals of 14a in
CDCl; gave a '"H NMR spectrum identical to that of 1,3-alternate conformer 10c. Since
the anisole units are mobile,”' this gives rise to a different conformation in the solid state
and in solution. 1,3-Dimethoxythiacalix[4]crown-4 has a similar '"H NMR spectrum as
11a, 12a, and 13a, suggesting a 1,3-alternate conformation 10a, which was confirmed

with ROESY NMR.

3a 10c
J 313K J}L 283 K
]
273 K H 253 K
223 K 223 K
I I B E—
9 8 ppm 7.6 7.0 ppm

Figure 3.6. Temperature dependent 'H NMR studies: left OH and ArH peaks of
cone 1,3-dihydroxythiacalix[4]crown-4 3a (top to bottom: 313 K, 273 K, and 223 K) in
CD,Cl,, right ArH peaks of 1,3-alternate 1,3-dimethoxythiacalix[4]crown-6 10¢ in CDCl;
(top to bottom: 283 K, 253 K, 223 K; CHCI; peak at 7.26 ppm has been removed).

44



Synthesis and Conformational Evaluation of p-fert-Butylthiacalix[4]crowns

Temperature dependent 'H NMR studies of 1,3-dimethoxythiacalix[4]crowns
(10a-c), in the range 223-323 K, in CDCIl; only revealed shifts for 10¢ (Figure 3.6).
Although no conformational interconversion was observed, even upon heating for 24 h at
407 K (CDCIL,CDCl,), the shifts are probably the result of the presence of two 1,3-
alternate conformers. This was confirmed by observed NOE interactions and relates to
the pinched-cone pinched-cone transitions observed by Cajan et al’* for
tetrapropoxythiacalix[4]arenes.

Lang et al. have reported that propoxy groups are small enough to rotate through
the thiacalix[4]arene annulus at elevated temperatures.'” Therefore, solutions of 1,3-
alternate conformers 11a-c¢ in CDCI,CDCl, were heated at 407 K for 24 h.*® Surprisingly,
this did not give rise to any change in their conformation, indicating a high stability for

the 1,3-alternate conformers.

3.4 Conclusions

This chapter describes the first synthesis of several thiacalix[4](bis)crown
conformers, viz. the 1,2-alternate thiacalix[4]biscrowns (5), the partial cone (14-16), and
cone conformers of thiacalix[4]monocrowns (3, 17-19). Both the cation of the base and
the length of the oligoethylene glycol used, have a distinct influence on the outcome of
the bridging reaction of thiacalix[4]arene. The structural assignment of the different
thiacalix[4]crown conformers was mainly based on X-ray crystal structures, supported by
different "H NMR techniques. The ArH peaks and the order of the peaks of the crown-
ether bridge, determined with COSY NMR, is very characteristic for a particular
conformation. The '"H NMR spectra of the conformationally flexible 1,3-dihydroxy- (3),
1,3-dimethoxy- (10) and 1,3-dipropoxythiacalix[4]crowns (11) showed no
conformational changes between 223 and 323 K (3,10) and after heating for 24 h at 407
K (3,10,11). The ArH peaks and the crown-ether bridge peak order provide
conformational ‘signatures’ of the different conformers, that can act as a practical tool in

the assignment of conformations of thiacalix[4]crowns.

45



Chapter 3

3.5 Experimental

General Methods. All solvents were purified by standard laboratory procedures.
All other chemicals were analytically pure and used without further purification, except
for pentaethylene glycol di-p-toluenesulfonate, which was prepared from pentaethylene
glycol and tosyl chloride obtained from Across. Acetonitrile, acetone and
dimethylformamide were dried over molecular sieves. ¢-Butylthiacalix[4]arene (1) was
prepared according to a literature procedure.”® All reactions were carried out under an
inert argon atmosphere. Thin-layer chromatography was performed on aluminum sheets
precoated with silica gel 60 F254 (E. Merck); spots were visualized by UV-Absorbancy.
Chromatographic separations were performed on silica gel 60 (E. Merck, 0.040-0.063
mm, 230-240 mesh). Melting points are uncorrected.

MALDI-TOF mass spectra were recorded on a PerSpective Biosystem Voyager-
De-RP spectrometer. 'H NMR spectra were obtained on a Varian INOVA 300
spectrometer; °C NMR spectra were obtained from a Varian Unity 400 spectrometer.
Spectra were recorded at 25 °C in CDCl; and referenced to the (residual) solvent peak
(*CDCl). The 2D DQF-COSY spectra (300 MHz) consisted of 1024 data points in ¢,
and 256 increments in ¢;. The ROESY spectra (400 MHz) were acquired with a mixing
time of 400 ms, 1024 data points in 7, and 128 increments in ¢;, or 2984 data points in #,
and 256 increments in ;.

General Procedure for the Direct Formation of 25,27-Difunctionalized and
25,26,27,28-Tetrafunctionalized 5,11,17,23-Tetra-tert-butyl-2,8,14,20-tetrathiacalix-
[4]arenes monocrown-n (n=4 or 5). To a suspension of p-z-butylthiacalix[4]arene 1
(0.73 g, 1 mmol) in CH3;CN (40 mL) were added MCO3; (M" =Na', K', and Cs") and 1
equiv of tetra-, pentaethylene glycol di-p-toluenesulfonate (2a,b). The solution was
refluxed for 11 d (3b), 6 h (5a), and 12 h (5b). Subsequently, the solvent was evaporated
and CH)Cl, was added (for the reaction mixtures containing 1,2-alternate
thiacalix[4]biscrowns Sa,b chloroform was used). The solution was washed twice with
10% HCI and once with water and evaporated to dryness, whereupon, the crude reaction
mixture was purified further.

5,11,17,23-Tetra-tert-butyl-26,28-dihydroxy-2,8,14,20-tetrathiacalix|4]arene-
monocrown-5, cone (3b). A suspension of 1 and 2b (0.53 g, 1.0 mmol) in CH;CN was
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added NaCOs; (1.3 g, 12 mmol). Column chromatography (CH,Cl,/ MeOH 10/1),
afforded 3b (87 mg, 10%): mp 233-234 °C; 'H NMR & 8.06 (s, 2 H), 7.68 (s, 4 H), 6.94
(s,4H),4.78 (t, 4 H, J= 5.5 Hz), 4.17 (t, 4 H, J= 5.7 Hz), 3.91 (m, 4 H), 3.82 (m, 4 H),
1.37 (s, 18 H), 0.82 (s, 18 H); *C NMR §155.5, 147.4, 134.1, 132.2, 128.6, 121.6, 72.5,
70.3, 70.0, 69.2, 33.7, 33.5, 30.6, 30.2; MALDI-TOF m/z: 901.0 [M+Na], calcd 901.3
[M+Na]+. Anal. Calced for C4sHgrO7S4 * 0.7 H,O: C, 64.67; H, 7.16. Found: C, 64.49; H,
7.04.

5,11,17,23-Tetra-tert-butyl-2,8,14,20-tetrathiacalix[4]arene-biscrown-4, 1,2-
alternate (5a). A suspension of 1 and 2a (0.92 g, 2.0 mmol) in CH3CN was added CsCO;
(1.3 g, 4 mmol). Precipitation from a MeOH/acetone 3/1 mixture yielded Sa (720 mg,
74%): mp > 250 °C; '"H NMR §7.77 (d, 4 H, J = 2.6 Hz), 7.52 (d, 4 H, J = 2.6 Hz), 4.06
(m, 4 H), 3.85 (m, 4 H), 3.45 (m, 11 H), 3.23 (m, 4 H), 1.37 (s, 36 H); °C NMR §157.2,
145.9, 133.9, 129.4, 129.4, 128.2, 71.9, 69.6, 68.4, 33.9, 30.9; MALDI-TOF m/z: 971.0
[M+H]", caled 971.3 [M+H]". Anal. Calcd for Cs;Hg05S4 * 0.2 CHCls: C, 64.41; H, 7.06.
Found: C, 64.18; H, 6.73.

5,11,17,23-Tetra-tert-butyl-2,8,14,20-tetrathiacalix|4]arene-biscrown-5, 1,3-
alternate (4a) and 1,2-alternate (Sb). A suspension of 1 and 2b (0.53 g, 1.0 mmol) in
CH;CN was added CsCO; (1.3 g, 4 mmol). Fractional precipitation from a
MeOH/acetone 3/1 mixture yielded: 4a (16 mg, 15%) and Sb (28 mg, 27%). 4a mp>250
°C (lit.” mp> 250 °C). The spectral data are identical to those reported.” 5b mp > 250 °C;
'HNMR §7.72 (d, 4 H, J=2.4 Hz), 7.56 (d, 4 H, J = 2.4 Hz), 4.25 (t, 2 H, J = 6.9 Hz),
4.22 (t,2 H, J=5.9 Hz), 3.35-3.70 (m, 12 H), 3.12 (t, 2 H, J= 6.2 Hz), 3.09 (t, 2 H, J =
6.4 Hz), 1.37 (s, 36 H); °C NMR & 156.8, 145.6, 133.8, 130.3, 128.8, 128.4, 71.2, 70.9,
69.8, 68.9, 33.9, 30.9; MALDI-TOF m/z: 1037.5 [M+H]", calcd 1037.4 [M+H]". Anal.
Calcd for Cs¢H76010S4: C, 64.83; H, 7.38. Found: C, 64.78; H, 7.38.

General Procedure for the Formation of 25,27-Difunctionalized 5,11,17,23-
Tetra-tert-butyl-2,8,14,20-tetrathiacalix|[4]arenes monocrown-n (n=4, 5 or 6). To a
suspension of 1,3-dialkoxythiacalix[4]arenes (6-9) in CH3CN, were added 4 equiv of
K,COs and 1 equiv of tetra-, penta-, or hexaethylene glycol di-p-toluenesulfonate (2a-c).
The mixture was refluxed for 5 d (12 h in case of 9). CH;CN was removed and the
residue extracted with CH,Cl,/CHCI;. The solution was washed twice with 10% HCI and
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water, and dried on MgSO,. Solvents were removed under reduced pressure and the
residue was triturated with MeOH to remove unreacted glycol di-p-toluenesulfonates,
yielding after drying white solids.
5,11,17,23-Tetra-tert-butyl-25,27-dimethoxy-2,8,14,20-tetrathiacalix|4]arene-
monocrown-4, 1,3-alternate (10a). A suspension of 6 (1.50 g, 2.0 mmol) in CH3CN
(100 mL) was reacted with 2a (0.92 g, 2.0 mmol). After trituration with MeOH, the
residue was triturated with CH,Cl, to give 10a (1.50 g, 87%): mp > 250 °C; '"H NMR &
7.49 (s, 4H), 7.30 (s, 4H), 4.10 (t, 4H, J = 4.0 Hz), 3.54 (t, 4H, J = 4.0 Hz), 3.32 (s, 6H),
2.51 (s, 4H), 1.33 (s, 18H), 1.30 (s, 18H); °C NMR & 157.6, 156.3, 146.3, 145.9, 130.0,
129.3, 127.2, 126.1, 71.0, 70.3, 69.0, 55.7, 34.4, 34.2, 31.4, 31.2; MALDI-TOF m/z:
863.9 [M+H]", 885.8 [M+Na]", 901.8 [M+K]", calcd 863.3 [M+H]". Anal. Calcd for
CagHs206S4: C, 66.78; H, 7.24. Found: C, 66.94; H, 6.95.
5,11,17,23-Tetra-tert-butyl-25,27-dimethoxy-2,8,14,20-tetrathiacalix[4]arene-
monocrown-5, 1,3-alternate (10b)'’. A suspension of 6 (1.50 g, 2.0 mmol) in CH;CN
(100 mL) was reacted with 2b (1.05 g, 2.0 mmol) to give 10b (1.68 g, 93%): mp > 250 °C
(lit."” mp 266-268 °C).The spectral data are identical to those reported.'
5,11,17,23-Tetra-tert-butyl-25,27-dimethoxy-2,8,14,20-tetrathiacalix[4]arene-
monocrown-6, 1,3-alternate (10c)'’. A suspension of 6 (1.75 g, 2.3 mmol) in CH;CN
(100 mL) was reacted with 2¢ (1.26 g, 2.3 mmol). After trituration with MeOH, column
chromatography (Si0,, 2% acetone in CH,Cl,) was performed to give 10c (1.23 g, 59%):
mp > 250 °C (lit."” mp 272-274 °C). The spectral data are identical to those reported.'’
5,11,17,23-Tetra-tert-butyl-25,27-dipropoxy-2,8,14,20-tetrathiacalix[4] arene-
monocrown-4, 1,3-alternate (11a). A suspension of 7 (0.50 g, 0.6 mmol) in CH3CN (50
mL) was reacted with 2a (0.28 g, 0.6 mmol). After trituration with MeOH, column
chromatography (Si0O,, EtOAc/hexane 0.5/9.5) was performed to give 11a (0.33 g, 58%):
mp > 250 °C; '"H NMR §7.37 (s, 4H), 7.31 (s, 4H), 4.00-4.03 (m, 4H), 3.70-3.76 (m, 4H),
3.52 (t, 4H, J = 4.0 Hz), 2.48 (s, 4H), 1.31 (s, 18H), 1.26 (s, 18H), 0.80-0.92 (m, 4H),
0.65 (t, 6H, J=7.3 Hz); °C NMR §158.0, 156.0, 145.9, 145.7, 128.6, 127.8, 126.8, 71.1,
70.0, 69.5, 68.6, 34.4, 34.2, 31.4, 31.2, 30.2, 29.7, 21.3, 9.7; MALDI-TOF m/z: 919.6
[M+H]", 941.6 [M+Na]’, 957.5 [M+K]', caled 919.4 [M+H]". Anal. Calcd for
Cs5:H7006S4 " 0.3 H,O: C, 67.52; H, 7.62. Found: C, 67.50; H, 7.46.
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5,11,17,23-Tetra-tert-butyl-25,27-dipropoxy-2,8,14,20-tetrathiacalix|4]arene-
monocrown-5, 1,3-alternate (11b)'°, partial cone (15a), and cone (17b). A suspension
of 7 (0.50 g, 0.6 mmol) in CH3CN (50 mL) was reacted with 2b (0.30 g, 0.6 mmol). After
trituration with MeOH, column chromatography (SiO,, EtOAc/hexane 0.5/9.5) was
performed to give 11b'° (0.35 g, 59%), 15a (9 mg, 2%), and 17b (50 mg, 8%). 11b: mp >
250 °C (lit."’ mp 262-264 °C). The spectral data are identical to those reported.'® 15a: mp
> 250 °C; '"HNMR §7.63 (d, 2H, J = 2.2 Hz), 7.55 (s, 2H), 7.35 (s, 2H), 7.32 (d, 2H, J =
2.2 Hz), 4.00-4.06 (m, 8H), 3.74-3.76 (m, 4H), 3.51-3.59 (m, 6H), 3.09 (t, 2H, J = 6.2
Hz), 1.85-1.97 (m, 2H), 1.42 (s, 9H), 1.28 (s, 18H), 1.06 (s, 9H), 1.03 (t, 3H, J = 7.5 Hz),
0.38-0.49 (m, 2H), 0.02 (t, 3H, J= 7.3 Hz); >C NMR §158.1, 157.7, 146.4, 146.0, 145.9,
134.0, 131.1, 129.9, 129.4, 128.9, 128.0, 127.7, 79.2, 73.6, 71.2, 71.0, 70.6, 70.3, 34.3,
34.1, 31.4, 31.3, 31.0, 29.7, 23.1, 22.2, 10.6, 10.0; MALDI-TOF m/z: 963.4 [M+H]",
985.4 [M+Na]’, 1001.4 [M+K]", caled 963.4 [M+H]". Anal. Calcd for CssH740S4: C,
67.32; H, 7.74. Found: C, 67.24; H, 7.69. 17b: mp > 250 °C; "H NMR §7.70 (s, 4H),
6.84 (s, 4H), 4.55-4.61 (m, 4H), 4.25-4.31 (m, 4H), 3.90 (t, 4H, J = 7.0 Hz), 3.82 (s, 8H),
1.89-2.01 (m, 4H), 1.34 (s, 18H), 1.10 (t, 6H, J = 7.5 Hz), 0.82 (s, 18H); °C NMR §
160.8, 157.9, 146.1, 145.8, 135.3, 132.5, 131.0, 128.7, 79.3, 72.9, 71.5, 71.0, 69.6, 34.4,
33.8, 31.5, 31.3, 30.9, 23.4, 10.8; MALDI-TOF m/z: 963.6 [M+H]", 985.6 [M+Na],
1001.6 [M+K]", caled 963.4 [M+H]". Anal. Caled for Cs4sH740-S4: C, 67.32; H, 7.74.
Found: C, 67.47; H, 7.99.

5,11,17,23-Tetra-tert-butyl-25,27-dipropoxy-2,8,14,20-tetrathiacalix[4]arene-
monocrown-6, 1,3-alternate (11¢c)'’. A suspension of 7 (0.36 g, 0.4 mmol) in CH3CN
(50 mL) was reacted with 2¢ (0.22 g, 0.4 mmol). After trituration with MeOH, column
chromatography (Si0O,, 2% acetone in CH,Cl,) was performed to give 11c¢ (0.25 g, 57%):
mp > 250 °C (lit."” mp 280-282 °C). The spectral data are identical to those reported.'’

25,27-Bis(benzyloxy)-5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiacalix[4]-
arene-monocrown-4, 1,3-alternate (12a). A suspension of 8 (0.40 g, 0.4 mmol) in
CH;CN (50 mL) was reacted with 2a (0.18 g, 0.4 mmol). After trituration with MeOH,
column chromatography (SiO,, CH,Cly/hexane 1/1) was performed to give 12a (0.15 g,
33%): mp > 250 °C; 'H NMR & 7.39 (s, 4H), 7.07-7.18 (m, 6H), 7.11 (s, 4H) 6.85-6.88
(m, 4H), 5.09 (s, 4H), 4.02-4.05 (m, 4H), 3.52-3.60 (m, 4H), 2.58 (s, 4H), 1.36 (s, 18H),
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0.85 (s, 18H); *C NMR &§157.7, 155.5, 146.2, 146.2, 137.3, 129.3, 128.8, 127.9, 127.8,
127.7, 127.3, 126.9, 71.2, 70.0, 69.9, 68.6, 34.4, 33.8, 31.4, 30.7; MALDI-TOF m/z:
1015.9 [M+H]", 1037.9 [M+Na]", calcd 1015.4 [M+H]". Anal. Calcd for CsoH70O6S4: C,
70.97; H, 6.95. Found: C, 70.82; H, 6.74.
25,27-Bis(benzyloxy)-5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiacalix[4]-
arene-monocrown-5, 1,3-alternate (12b) and cone (18b). A suspension of 8 (0.50 g,
0.6 mmol) in CH3CN (50 mL) was reacted with 2b (0.30 g, 0.6 mmol). After trituration
with MeOH, column chromatography (SiO,, CH,Cl,/hexane 1/1) was performed to give
12b (0.21 g, 33%). Eluent change to 5% acetone in CH,Cl, gave 18b (0.12 g, 20%). 12b:
mp > 250 °C; '"H NMR &7.41 (s, 4H), 7.09 (t, 2H, J = 7.4 Hz), 7.03 (s, 4H), 6.98 (t, 4H, J
=7.5 Hz), 6.84 (d, 4H, J= 7.6 Hz), 5.03 (s, 4H), 3.94 (t, 4H, J = 8.1 Hz,), 3.60-3.67 (m,
4H), 3.36-3.44 (m, 4H), 3.05 (t, 4H, J = 8.2 Hz), 1.38 (s, 18H), 0.85 (s, 18H); ?C NMR &
156.1, 155.9, 146.2, 146.1, 137.4, 128.5, 127.8, 127.5, 127.4, 127.2, 127.0, 126.8, 73.6,
71.4, 70.4, 70.1, 65.4, 34.4, 33.8, 31.5, 30.8; MALDI-TOF m/z: 1059.5 [M+H]", 1081.4
[M+Na]", 1097.4 [M+K]", caled 1059.4 [M+H]". Anal. Calcd for Cs;H740-S4: C, 70.29;
H, 7.04. Found: C, 69.99; H, 7.26. 18b: mp 248-252 °C; 'H NMR §7.69 (s, 4H), 7.60 (d,
4H, J = 6.2 Hz), 7.28-7.39 (m, 6H), 6.86 (s, 4H), 4.99 (s, 4H), 4.45-4.51 (m, 4H), 3.99-
4.05 (m, 4H), 3.41-3.44 (m, 8H), 1.33 (s, 18H), 0.84 (s, 18H); °C NMR & 160.6, 157.1,
146.1, 137.1, 135.2, 132.6, 130.9, 129.6, 129.0, 128.3, 128.0, 79.0, 73.0, 71.1, 70.6, 69.3,
34.3, 33.9, 31.4, 30.9; MALDI-TOF m/z: 1059.7 [M+H]", 1081.6 [M+Na]", 1097.6
[M+K]", caled 1059.4 [M+H]". Anal. Calcd for C;H7407S4: C, 70.29; H, 7.04. Found: C,
70.06; H, 7.27.
25,27-Bis(benzyloxy)-5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiacalix[4]-

arene-monocrown-6, 1,3-alternate (12¢) and cone (18c). A suspension of 8 (1.0 g, 1.1
mmol) in CH3CN (75 mL) was reacted with 2¢ (0.60 g, 1.1 mmol). After trituration with
MeOH, column chromatography (SiO,, CH,Cl,/hexane 1/1) was performed to give 12¢
(0.29 g, 24%), eluent change to 10% acetone in CH,Cl, gave 18¢ (0.25 g, 20%). 12¢: mp
227-230 °C; '"H NMR §7.43 (s, 4H), 7.12 (d, 2H, J = 7.3 Hz), 7.07 (s, 4H), 7.03 (t, 4H, J
= 7.3 Hz), 6.88 (d, 4H, J = 7.0 Hz), 5.06 (s, 4H), 3.96 (t, 4H, J = 7.3 Hz), 3.59 (s, 4H),
3.52 (s, 8H), 3.06 (t, 4H, J = 7.5 Hz), 1.38 (s, 18H), 0.87 (s, 18H); °C NMR & 156.4,
156.1, 146.4, 146.1, 137.4, 128.7, 127.8, 127.6, 127.2, 126.8, 71.5, 71.4, 70.8, 70.2, 69.5,
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66.8, 34.4, 33.8, 31.4, 30.7; MALDI-TOF m/z: 1103.7 [M+H]", 1125.6 [M+Na]", 1141.6
[M+K]", caled 1103.5 [M+H]". Anal. Calcd for C¢4H730sS4: C, 69.66; H, 7.12. Found: C,
69.56; H, 7.10. 18¢: mp 229-234 °C; 'H NMR & 7.67 (s, 4H), 7.58-7.61 (m, 4H), 7.31-
7.41 (m, 6H), 6.87 (s, 4H), 5.01 (s, 4H), 4.43-4.48 (m, 4H), 3.95-4.00 (m, 4H), 3.56 (s,
8H), 3.52-3.55 (m, 4H), 3.37-3.41 (m, 4H), 1.32 (s, 18H), 0.84 (s, 18H); °C NMR &
160.5, 157.2, 146.2, 137.1, 135.2, 132.7, 131.0, 129.5, 129.1, 128.3, 128.1, 79.0, 72.8,
70.9, 70.5, 69.6, 34.4, 33.9, 31.4, 30.9; MALDI-TOF m/z: 1103.5 [M+H]", 1125.5
[M+Na]", 1141.4 [M+K]", caled 1103.5 [M+H]". Anal. Calcd for C¢4sH7505S4: C, 69.66;
H, 7.12. Found: C, 69.75; H, 7.23.

5,11,17,23-Tetra-tert-butyl-25,27-bis[(ethoxycarbonyl)methoxy]-2,8,14,20-
tetrathiacalix[4]arene-monocrown-4, 1,3-alternate (13a). A suspension of 9 (0.30 g,
0.3 mmol) in CH3CN (30 mL) was reacted with 2a (0.14 g, 0.3 mmol). After trituration
with MeOH, column chromatography (SiO,, 10% acetone in CH,Cl,) was performed to
give 13a (98 mg, 29%): mp 213-217 °C; '"H NMR & 7.35 (s, 4H), 7.32 (s, 4H), 4.41 (s,
4H), 4.08 (q, 4H, J = 7.1 Hz), 4.01-4.04 (m, 4H), 3.47-3.50 (m, 4H), 2.57 (s, 4H), 1.32 (s,
18H), 1.24 (s, 18H), 1.78 (t, 6H, J = 7.3 Hz); °C NMR & 167.7, 157.7, 154.2, 146.4,
146.1, 129.8, 128.4, 127.3, 127.2, 71.2, 70.1, 68.9, 64.8, 60.1, 34.4, 34.1, 31.4, 31.0,
14.0; MALDI-TOF m/z: 1007.9 [M+H]", 1029.9 [M+Na]", 1045.9 [M+K]", calcd 1007.4
[M+H]". Anal. Calcd for Cs4H79010S4: C, 64.38; H, 7.00. Found: C, 64.20; H, 6.82.

5,11,17,23-Tetra-tert-butyl-25,27-bis[(ethoxycarbonyl)methoxy]-2,8,14,20-
tetrathiacalix[4]arene-monocrown-5, 1,3-alternate (13b). A suspension of 9 (0.50 g,
0.5 mmol) in CH3CN (50 mL) was reacted with 2b (0.25 g, 0.5 mmol) to give 13b (0.42
g, 71%): mp > 250 °C; '"H NMR &7.36 (s, 4H), 7.34 (s, 4H), 4.36 (s, 4H), 4.06 (q, 4H, J
= 7.2 Hz), 3.75-3.80 (m, 4H), 3.53-3.56 (m, 4H), 3.39-3.41 (m, 4H), 3.12-3.16 (m, 4H),
1.35 (s, 18H), 1.23 (s, 18H), 1.16 (t, 6H, J = 7.1 Hz); °C NMR & 167.9, 156.9, 154.3,
146.2, 129.5,128.3, 127.4, 127.0, 72.8, 70.9, 70.5, 67.6, 65.2, 60.1, 34.3, 34.1, 31.4, 31.0,
29.7, 23.7, 14.1; MALDI-TOF m/z: 1051.8 [M+H]", 1068.8 [M+Na]", 1089.7 [M+H]",
caled 1051.4 [M+H]+. Anal. Caled for Cs¢H74011S4 © 0.5 H,O: C, 63.43; H, 7.13. Found:
C, 63.43; H, 7.36.
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5,11,17,23-Tetra-tert-butyl-25,27-bis[(ethoxycarbonyl)methoxy]-2,8,14,20-
tetrathiacalix[4]arene-monocrown-6, 1,3-alternate (13c). A suspension of 9 (0.30 g,
0.3 mmol) in CH3CN (30 mL) was reacted with 2¢ (0.16 g, 0.3 mmol). After trituration
with MeOH, column chromatography (SiO,, EtOAc/hexane 1/9) was performed to give
13¢ (60 mg, 16%): mp > 250 °C; 'H NMR &7.39 (s, 4H), 7.37 (s, 4H), 4.39 (s, 4H), 4.09
(g, 4H, J = 7.1 Hz), 3.74 (t, 4H, J = 6.6 Hz), 3.55 (s, 4H), 3.48-3.51 (m, 4H), 3.42-3.45
(m, 4H), 3.21 (t, 4H, J = 6.8 Hz), 1.33 (s, 18H), 1.24 (s, 18H), 1.18 (t, 6H, J = 7.1 Hz);
PC NMR 6167.6, 157.0, 154.3, 145.8, 130.2, 128.2, 127.4, 127.0, 70.9, 70.7, 70.6, 69.5,
68.8, 65.2, 59.9, 33.9, 33.7, 30.9, 30.6, 29.3, 13.6; MALDI-TOF m/z: 1095.8 [M+H],
1117.8 [M+Na]", 1133.8 [M+K]", calcd 1095.4 [M+H]". Anal. Calcd for CssH7501,S4: C,
63.59; H, 7.18. Found: C, 63.70; H, 7.18.

General Procedure for the Indirect Formation of 5,11,17,23-Tetra-tert-butyl-
25,27-dihydroxy-2,8,14,20-tetrathiacalix[4]arene-monocrown-n (n = 4, 5, or 6). A
suspension of 1,3-dimethoxy-p-tert-butylthiacalix[4]arene-monocrown-n (10a-c¢) and 5.5
equiv of CH3SNa or C,HsSNa in DMF was heated at 80 °C for 5 d. DMF was removed
under reduced pressure and the residue was redissolved in CH,Cl,/CHCls. The organic
layer was washed with 1 N HCI (2 x 20 mL) and dried on MgSO,. The solvents were
removed and the residue was purified by column chromatography and/or precipitation
from MeOH, yielding white solids.

5,11,17,23-Tetra-tert-butyl-25,27-dihydroxy-2,8,14,20-tetrathiacalix|4]arene-
monocrown-4, cone (3a)’’. A suspension of 10a (0.50 g, 0.6 mmol) in DMF (50 mL)
was reacted with C,HsSNa (0.28 g, 3.3 mmol). Column chromatography (SiO,,
EtOAc/hexane 1/9) was performed to give 3a (87 mg, 18%): mp > 250 °C (lit.”” mp 272-
273 °C). The spectral data are identical to those reported.”’

5,11,17,23-Tetra-tert-butyl-26,28-dihydroxy-2,8,14,20-tetrathiacalix|4]arene-
monocrown-5, cone (3b). A suspension of 10b (0.50 g, 0.55 mmol) in DMF (25 mL)
was reacted with CH3;SNa (0.21 g, 3.0 mmol). Column chromatography (SiO,,
EtOAc/hexane 1/9), followed by precipitation from MeOH, gave 3b (120 mg, 25%): mp
233-234 °C (lit.*® mp 240-243 °C). The spectral data are identical to those reported above.

5,11,17,23-Tetra-tert-butyl-26,28-dihydroxy-2,8,14,20-tetrathiacalix[4]arene-
monocrown-6 cone (3¢). A suspension of 10¢ (0.30 g, 0.26 mmol) in DMF (30 mL) was
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reacted with C;HsSNa (0.12 g, 1.4 mmol) to give 3¢ (39 mg, 16%): mp 175-185 °C; 'H
NMR 6 8.04 (s, 2H), 7.66 (s, 4H), 6.92 (s, 4H), 4.75 (t, 4H, J = 4.4 Hz), 4.13 (t, 4H, J =
4.6 Hz), 3.85-3.88 (m, 4H), 3.79-3.82 (m, 4H), 3.74 (s, 4H), 1.33 (s, 18H), 0.77 (s, 18H);
PC NMR 6156.0, 147.9, 142.5, 134.6, 132.6, 129.1, 122.2, 73.8, 71.0, 70.9, 70.8, 34.2,
34.0, 31.5, 30.7; MALDI-TOF m/z: 923.3 [M+H]", 945.3 [M+Na]", calcd 923.4 [M+H]".
Anal. Calcd for CsoHgsOgS4: C, 65.04; H, 7.20; S, 13.89. Found: C, 64.97; H, 7.13; S,
13.83.

X-ray Crystallographic Data. Crystal data for 3¢, 4a, Sb, 10b, 12b, 14a, and
18b. Diffraction data were collected at 150 K on a Nonius KappaCCD diffractometer on
rotating anode (Ayoke = 0.71073 A). All structures were solved using direct methods
(SHELXS86) and refined on F* (SHELXL-97%). The structures contained a number of
disordered moieties that could be satisfactorily described with two-site disorder models:
tert-butyl groups in 3¢, 4a, 5b, 12b, 13b, 14a, and 18b; crown ether moieties in 10b and
14a; and benzyloxy groups in 18b. Severely disordered solvent molecules in structures
10b, 12b, 13b, and 18b were treated with corrections based on numerical Fourier
transformations of the solvent area (SQUEEZE®"). Ordered non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms were included on
calculated positions riding on their carrier. Full details of the structure determinations are

given in the supporting information.

Compound 3c¢: CsoHesOsS4, M, = 923.3, triclinic, PT (no. 2) with a =
13.7693(10), b = 18.219(2), ¢ = 20.773 (2) A, a = 77.239 (15), B = 88.394 (12), y =
86.938 (12) deg, V' = 5074.5 (8) A°, Z=4, RI[14423 I > 20 (I)] = 0.0650, wR2 (23162
refl.) = 0.1903.

Compound 4a: CscH76010S4, M, = 1037.4, orthorhombic, Pbca (no. 61) with a =
16.7260(10), b = 17.4914(10), ¢ = 38.238(2) A, ¥ =11187.0(11) A, Z=8, RI[7795 > 2
o(I)] =0.052, wR2 (10221 refl.) = 0.130.

COIl’lpOU.l’ld 5b: Cs¢H76010S4, M, = 1037.4, triclinic, PT (no. 2) with a =

10.4720(10), b = 11.2486(15), ¢ = 11.4484(15) A, a = 88.533(10), B = 84.495(10), y =
84.610(10)°, ¥ = 1336.2(3) A>, Z = 1, RI[for 4526 1 > 25(I)] = 0.055, wR2 (6070 refl.) =
0.155.
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Compound 10b: CsoHesO7S4, M, = 907.3, orthorhombic, Pnma (no. 62) with a =
28.704 (2), b =12.6928 (10), ¢ = 14.2236 (10) A, V'=5182.1 (7) A’, Z=4, RI1[4732 ] >
20 (I)] =0.0613, wR2 (6218 refl.) = 0.1646.

Compound 12b: C¢H7407S4, M, = 1059.5, monoclinic, P2;/c (no. 14) with a =
15.327 (2), b=15.272 (2), ¢ = 27.561 (4) A, f=96.322 (12) deg, V' =6412.1 (15) A’, Z =
4, R1[7483 1> 20 (I)] = 0.0766, wR2 (11606 refl.) = 0.1796.

Compound 13b (not depicted in the text): Cs¢H74011S4, M, = 1051.4, monoclinic,
P2;/c (no. 14) with a = 40.260 (5), b = 14.164 (3), ¢ = 29.4749 (10) A, p = 93.712 (12)
deg, V'=16773 (4) A’, Z=8, RI[15976 I > 20 (I)] = 0.1004, wR2 (30234 refl.) = 0.2966.

Compound 14a: Cs;H700sS4, M, = 951.4, monoclinic, P2;/c (no. 14) with a =
15.2781 (10), b = 12.2052 (15), ¢ = 28.622 (2) A, f=103.12 (2) deg, V' =5197.9 (8) A’
Z=4,RI[7745 1> 20 (I)] = 0.0645, wR2 (11884 refl.) = 0.1882.

Compound 18b: Ce,H7407S4, M, = 1059.5, triclinic, PT (no. 2) with a = 13.986

(2), b = 14.416 (2), ¢ = 33.061 (6) A, & = 92.229 (16), B = 91.131 (14), y = 99.872 (10)
deg, V= 6559.8 (18) A>, Z=4, RI[7675 I > 20 ()] =0.1007, wR2 (15964 refl.) = 0.3031.
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Chapter 4

Tonizable (Thia)calix[4]crowns as Highly Selective Ra*" Extractants”

Abstract: The Ra** selectivity of the ionizable (thia)calix[4]crowns (1-4) was determined
in the presence of a large excess of the most common alkali and alkaline earth cations.
Selective Ra’" (2.9 x 10°° M) extraction occurs even at extremely high M""/Ra’" ratios of
3.5x 107 []\4"+ = Na', K', Rb", Cs", Mg2+, Ca2+, and Sr2+; (1 M)] and an extractant
concentration of 10° M. The selectivity coefficients log(K"./K"..) are about 3.5 for
Mg, Ca’*, and S**. In the presence of Ba’', which has very similar chemical
properties to Ra’", only the thiacalix[4]crown-6 derivative 4 showed a Ra’" selectivity,
with a Ba’*/Ra’" ratio of up to 3.5 x 10°. In addition to the remarkable Ra’" selectivities,
the effective pH range (pH 8-13) of the thiacalix[4]crown dicarboxylic acids (3 and 4)

allows for full regeneration of the extractants at lower pH values (pH < 6).

" Parts of this chapter have been published in: Van Leeuwen, F. W. B.; Verboom, W_;
Shi, X.; Davis, J. T.; Reinhoudt, D. N. J. Am. Chem. Soc. 2004, 126, 16575-16581; Van
Leeuwen, F. W. B.; Beijleveld, H.; Miermans, C. J. H.; Huskens, J.; Verboom, W.;
Reinhoudt, D. N. submitted for publication.
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4.1 Introduction

Due to the presence of large quantities of alkali' and alkaline earth cations™ in
“produced water” streams of the TENORM generating industries, selective removal of
Ra*" demands highly selective Ra*" extraction methods. The main challenge is the
development of re-usable extractants, which have a sufficiently high Ra*" selectivity and
are effective in low concentrations compared to the bulk of the waste.

This chapter will focus on Ra*" extractants, using the synergism of acidic groups
and a crown ether, for size-dependent selectivity, brought together on a
(thia)calix[4]arene platform.4'7 Calix[4]arene-based crown ether derivatives are known to
provide highly selective extractants for a variety of cations.®” Ungaro et al.'” have
previously functionalized calix[4]crown-5 with additional carboxylic acid groups to give
efficient extractants (1) for Ca>", Sr*" and Ba®". Chen et al.” have shown that an excess of
the corresponding calix[4]crown-6 dicarboxylic acid (2) can be used to extract Ra”"
effectively from a mixture of alkaline earth cations.'' Extractant 2 exhibited a higher Ra*"
selectivity than a 16-crown-5-ether functionalized with one carboxylic acid group® and a
podant functionalized with two carboxylic acid moieties.’

An alternative to the conventional calix[4]|crowns are the thiacalix[4]crowns, as
described in Chapter 3.'"*'® One of the differences is the increased cavity size of the
thiacalix[4]arene platform, which will influence the complexation of smaller cations.'®!’

In this Chapter, the synthesis of the p-tert-butylthiacalix[4]crown dicarboxylic
acids (3 and 4) is described. Their complexation behavior is compared with that of the
calix[4]crown dicarboxylic acids (1 and 2; Chart 4.1). Changing the platform from a
calix[4]arene (1 and 2) to a thiacalix[4]arene (3 and 4) results in significant

improvements of the Ra®" selectivities.
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%y, 1* @ \ |°

0 0]
ORon) I
j@
1X =CH,, R=CH,CO,H (n=0)
2 X = CHy, R = CH5CO,H (n = 1)

3X=S,R=CH,CO,H(n=0)
4X=S,R=CHyCO,H (n=1)

Chart 4.1

4.2 Results and Discussion
4.2.1 Synthesis

Reaction of thiacalix[4]crowns 5'% and 6'? with 2 equiv of ethyl bromoacetate in
the presence of 1 equiv of K,CO; gave the thiacalix[4]crown dicarboxylic esters 7 and 8
in 58% and 49% yield, respectively (Scheme 4.1). The presence two ArH and two tert-
butyl peaks in the "H NMR spectra of 7 and 8 together with crown-ether bridge peak
orders of (1)-(2)-(3)-(4) and (1)-(2)-(3)-(4)-(5),'*"® respectively, suggest the cone
conformation in analogy with Chapter 3. Subsequent hydrolysis of the ethyl esters of 7
and 8 with tetramethylammonium hydroxide afforded the respective carboxylic acids 3

and 4 in near quantitative yields.

M
41e ol
( O_B]n ]”
OHoRY'.  BrCH,CO,C,H, QRORYs  (CH,),NOH 3
= — > (n=20)
K2003 4 (n = 1)
5(n=0) 7 R=CH,CO,C,H,(n=0)
6(n=1) 8 R = CH,CO,C,H, (n = 1)
Scheme 4.1
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4.2.2 Extraction of Alkali(ne Earth) Cations by (Thia)calix[4]crown Dicarboxylic Acids
The relative extraction capacities of 1, 2, 3, and 4 towards the alkali and alkaline

earth cations Cs*, Mg>", Ca®", Sr*’, and Ba’" were determined using non-competitive

liquid-liquid extraction experiments at an equimolar salt to extractant ratio, using equal

volumes of both the aqueous and the organic phase (Table 4.1).

Table 4.1. Extraction percentages [py = [M* Jor/[M* Tt (%)] of *'Cs’, Mg*",
Ca®", *’Sr*", and "*Ba”" at pH 8.9, determined both with tracers and Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS).”

Extractant  'Cs'°(%)  Mg™ (%) Ca’ (%) Sr** (%) Ba™ (%)

1 0.2 3 70 99 99
2 0.1 3 30 &3 99
3 0.8 4 20 60 80
4 0.2 3 20 10 95

“ Non-competitive conditions, equal concentrations of [L] and [M*] (10 M), in
equal volumes of the organic (extractant in CH,Cl,; 1 mL) and aqueous phases (nitrate
salt in pH 8.9 tris-HCI buffer; 1 mL). ° Extraction percentages were determined by

measuring the activity of the '*’Cs” tracer in both the organic and aqueous phase.

Extraction experiments with Cs™ showed hardly any "*’Cs" extraction (< 1%) for
all four extractants (1-4). Although, the size of Cs* (1.67- 1.88 A)," is similar to Ra*"
(1.48-1.70 A)," this monovalent cation does not effectively bind to the extractants 1-4.
The smallest and hardest alkaline earth cation, Mg*", gave low extraction percentages (<
5%) with all four extractants studied. In addition to a high Ca®" extraction (70%),
calix[4]crown-5 extractant 1 gave near-quantitative extraction of Sr** and Ba’".
Increasing the crown-ether bridge to crown-6 (2) reduces the extraction of Ca*" and Sr**
to 30% and 83%, respectively. A similar reduction of the extraction of Ca®" and Sr** was
observed going from calix[4]arene (1 and 2) to thiacalix[4]arene (3 and 4). It is clear that
extractants with two anionic groups disfavor the extraction of monovalent cations similar
in size to Ra*". Furthermore, the cavity size of the (thia)calix[4]crowns influences the

extraction of the smaller alkaline earth cations.
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Due to its radiotoxic nature Ra®" concentrations of 10* M are not desirable to
work with.”® For this reason Ba®" was used as a model for Ra*"*' Solutions of Ba(NO3),
(concentrations 0.2 - 3 x 10 M), spiked with '**Ba®" tracer, were extracted with a
constant extractant concentration of 10™ M.

Ba’" extraction percentages obtained for the extractants 1, 2, 3, and 4 are close to 100%
extraction for a 1:1 stoichiometry (Figure 4.1). Therefore, it is assume that the

(thia)calix[4]crowns 1-4 also bind Ra*"in a 1:1 binding stoichiometry.

........

N 80 1
X 60| —o—maxE%
© -B-1exp
40 401 —e—2exp
—-%--3 exp
20 ---A-- 4 exp
0 , :
45 43 41 -39 -35 -37

log[Ba>"]

Figure 4.1. Ba®" extraction percentages [ps. = [133Ba2+]0rg/[133Ba2+]t0t (%)] for
extractants 1-4 (10™* M) as a function of the Ba(NOj3), concentration. The line through the
closed circles gives the extraction percentages calculated for a 1:1 [BaL]’ complex. The
experiments were performed with equal volumes of the organic and aqueous phases (1

mL).

4.2.3 Precipitation of Ra*"

During blank Ra*" extraction experiments (no extractant present in the organic
phase) performed in the presence of varying concentrations of alkali and alkaline earth
metal nitrates, a deficit in detected Ra** cations, as compared to the actual amount added,
was observed. Experiments showed a decrease of Ra’" cations in the aqueous phase
(Figure 4.2); however, Ra*" cations could not be detected in the organic phase.”* This
suggests that under these extraction conditions Ra®" salts precipitates on the glass wall of
the vials used, which would be a form of “scale/sludge formation” similar to that causing

contamination of production pipes in industry (see Chapter 2). To obtain insight into the
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influence of the different competing cations and their abundance on this “precipitation”
of Ra’" salts, reduction of the Ra®>" concentration ([226Ra2+]add =29 x 10® M) was
monitored in the presence of varying concentrations of different salts (M = Na', K', Rb",

Cs’, Mg2+, Ca®", Sr*', and Ba™).

log[M]

Figure 4.2. Ra*" % present in aqueous solutions [ = [ Ra* Tson/[2°Ra* Taaq (%)]
with varying concentrations of alkali(ne earth) cations at blank conditions. Different salt
concentrations M"(NOs), [(a) M = Na", K, Rb", and Cs";(b) M = Mg*", Ca*", Sr*", and

Ba”*"] and fixed Ra*" ([***Ra*"Jaaa = 2.9 x 10™® M) concentrations were used.

Monovalent alkali cations (Figure 4.2a) gave rise to large reductions of Ra”"
cations in solutions with low concentrations of alkali cations (< 10 M). In particular, the
presence of the smallest and hardest cation (Na") caused a significant loss of Ra*" cations,
even at 10” M. The other cations (K", Rb", and Cs") gave smaller losses at concentrations
of 10> M and a highly similar Ra*" “precipitation” behavior.

In the case of the alkaline earth cations (Figure 4.2b), the detected reductions of
[Ra”"] was significantly lower than that observed with the alkali cations. This may be a
result of the similar chemistry of the alkaline earth cations, including Ra*". As a result
Ba2+, the cation most similar to Ra®", caused the smallest loss of Ra®" cations.
Nevertheless, the smaller and harder alkaline earth cations, viz. Mg2+, Ca’’, and to a
lesser extent Sr*, showed significant “precipitation” of Ra’" at the lower salt
concentrations (Figure 4.2b (log[M] < -2)). At salt concentrations of 102 M the

“precipitation” of Ra*" salts significantly decreased in all cases.
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The “deficiency” data (Figure 4.2) suggest that in extraction experiments (vide
infra), the actual amount of Ra>" cations present in solution can be somewhat lower than
the amount (2.9 x 10® M) of Ra’" cations added. However, it was found that the
extractants used (1-4) provide not only excellent Ra*" selective extractants, but also for

the greater part reduce the amount of Ra** salt precipitates.

4.2.4 Competitive Ra’" Extraction Experiments in the Presence of Alkali(ne Earth)
Cations

To assess the Ra*" ([P**Ra*1 =29 x 10 M) extraction behavior in competition

with alkali or alkaline earth cations, Ra®" extractions were performed with 10* M

extractant and in the presence of an excess of the competing cations Na', K', Rb", or Cs"

(10'4 — 1 M; Figure 4.3) and Mg2+, Ca2+, Sr2+, or Ba?" (10'5 — 1 M; Figures 4.4).

c) 100

b) 1008 N A& & d) 100 F—o-& 55 n—e—@
80 TR 80 |
£ 601 RURN S 60| -o- ;exp
3 N e —— 2exp
o= 40 AN £ 40 —-%-- 3exp
20 =) 201 ---A-- dex
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0 : =55 0
4 -3 2 -1 0 -4 3 -2 1 a
log[K"] log[Cs"]

Figure 4.3. Ra®" extraction percentages [pra = [226Ra2+]Org/[226Ra2+]tot (%)] for
extractants 1-4 (10 M), as a function of the M(NOs) [M = Na” (a), K'(b), Rb'(c), and
Cs*(d)] concentration, with 2.9 x 10® M Ra®". The experiments were performed with
equal volumes of the organic and aqueous phases (1 mL).

Competition experiments with Ra’" and Na' revealed that the (thia)calix[4]crown

dicarboxylic acids 1, 2, and 4 cease to extract Ra’" at 10" M Na’, which means at a 3.5 x
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10° excess of Na' (Figure 4.3a). This suggests [2Na‘s(L)*]]° salt formation.* This is
consistent with the white soapy third phase, that was observed in between the organic and
aqueous phase, while all Ra’" remains in solution.”> However, the thiacalix[4]crown-5
derivative 3 extracts Ra’" (~ 70%) even in the presence of 1 M Na* (a 3.5 x 10" excess of
Na“ compared to Ra*").

In the presence of K*, both crown-5 derivatives 1 and 3 ceased to extract Ra*" at
10" M K* (Figure 4.3b). The crown—6 derivatives 2 and 4, however, extract ~40% of
Ra®" even at a K'/Ra®" ratio of 3.5 x 10’ (1 M K"). Apparently, both crown-5 derivatives
favor the formation of neutral [2K"+(L)*]° salts, whereas the crown-6 derivatives do not.

Independent of the cavity size, Rb" competes significantly less than K for all
extractants (Figure 4.3c), all four extractants still showed ~60% Ra®" extraction even at 1
MRb".

The presence of Cs* cations does not seem to perturb the Ra** extraction, not even
at a Cs"/Ra’" ratio of 3.5 x 10’ (Figure 4.3d), a result which is consistent with the low
133Cs™ affinity (< 2%) found at [Cs'] = 10 M (see section 4.2.2).

In summary, the (thia)calix[4]arene derivatives 1-4 (10 M) extract Ra*" in the
presence of huge excesses of competing alkali cations, even up to M'/Ra*" ratios of 3.5 x
107, at 1 M of competing cations (Figure 4.3). The competition increases with the charge
density of the competing cations (Cs" > Rb" >> K", Na").

The experimentally obtained Ra®" extraction curves, obtained with the divalent
alkaline earth cations are shown in Figure 4.4. The corresponding selectivity coefficients

are reported in Table 4.2.
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Figure 4.4. Ra’" extraction percentages [pra = [226Ra2+]org/[mRaer]wt (%)] for

extractants 1-4 (10 M), as a function of the M(NO3), [M = Mg”" (a), Ca*" (b), Sr*" (c),

or Ba®(d)] concentration, with 2.9 x 10® M Ra*". The experiments were performed with

equal volumes of the organic and aqueous phases (1 mL).

Comparison of the extraction constants of the competing alkaline earth cations
and of Ra’" enables the quantification of the differences in extraction efficiency between
the extractants 1-4.

Since the pKa of tris(hydroxymethyl)aminoethane (tris) is 8.1** and all the
extraction experiments were performed at pH 8.9 ([tris]i; = 5.0 x 102 M), [Hitris Joq = 6.8
x 107 M. Consequently, the uncomplexed ligands ([L]w; = 10 M) in the organic phase
are assumed to exist as (Htris),L salts. Assuming a 1:1 complex stoichiometry (Figure
4.1), the equilibrium for the extraction of the competing divalent cations can be written as

equation 1, with equation 2 describing the corresponding extraction constants.

[M*aq + [(Htris)sL]org #= [ML]org + 2[Htris o (1)
KMex = [ML]org[Htris Jog/[M*Taq [(Htris)sL]org 2)
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Because of the equal volumes used, a decrease of [M*'],, in the aqueous phase leads to an
equal increase of [ML],, in the organic phase, allowing for direct comparison of the
concentrations of the two phases. This results in equations 3 and 4 for the mass balances

of M*" and L, respectively.

[M* ot = [M* g + [ML]org 3)
[L]oe = [(Htris)2L Jorg + [ML]org 4)

If the extraction percentages obtained for the competing cations (see Table 4.1) are
incorporated as py = [ML]org/[M* Tt then [ML]org is equal to py[M* o, and [M* g =
(1-pm) [M2+]tot-

The extraction percentages of M>" (Table 4.1) provide single-point indications of
KMeX, which allows calculation of p,, at other [M2+]tot. For Ba2+, for which extraction is
quantitative using the (thia)calix[4]crowns 1, 2, and 4 (see Table 4.1), the p,, values at
other [Ba’"]i; are based on this quantitative extraction behavior, applying the 1:1
stoichiometry found above (calculated and shown in Figure 4.1).

When the Ra*" experiments, in competition with the divalent cations Mg**, Ca*',
Sr**, and Ba®" (Figure 4.4), are modeled, additional equilibria and mass balances have to
be considered. The extraction equilibrium and its extraction constant are given in
equations 5 and 6, respectively. The Ra*" mass balance is given in equation 7, and the

ligand mass balance (equation 4) is now expanded to equation 8.

[Ra”aq + [(Htris)sL]org &= [Ra L]org + 2[Htris o (5)
K" = [RaL]org[Htris Tag/[Ra> Jag[(Htris)2L]org (6)
[Ra*Jio = [Ra*Taq + [RaLorg (7
[Lliot = [(Htris),L]org + [ML]org + [RaL]org (8)

However, because of the small amount of [Ra2+]wt (29 x 1078 M), [RaL]y, can be
neglected in equation 8. Similar to py for the competing cations, pg, is defined as [Ra
Llore/ [Ra2+]tot, resulting in [RaL]or, = pRa[Ra2+]tot, and [Raer]aq = (l-pRa)[Ra2+]tot. Thus the

KR, /KM, ratio (equation 9) can be written as equation 10.
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K®/KMex = ([RaL]org/[Ra” 1ag)([M* Tag/[ML]org) 9)

K" /KM ox = (Pra/Par)(1-par)/(1-Pra) (10)

Since the KM, values are based on single concentrations, and because constants
for some metals (Mg”>", Ba®") cannot be determined accurately anyway, only K*%. /KM,
ratios are given. These ratios are then obtained by fitting calculated pg, values to the
experimentally determined values (Figure 4.4), using a non-linear least squares fitting
procedure. The log(K**.,/KM.,) ratios are given in Table 4.2.

Table 4.2 shows that the differences in Ra*"selectivity of the four extractants are
only evident in the case of the larger alkaline earth cations Ca®", Sr*", and Ba>", where the
selectivity coefficient observed for Mg*" gave an average of 4.0 for all four extractants.
In the case of Ca’’ only the extractant with the smallest cavity, calix[4]crown-5
dicarboxylic acid (1), gives a relatively low selectivity coefficient (1.1), where the others

maintain selectivity coefficients of about 3.4.

Table 4.2. The Ra*" Selectivity Coefficients (log(KRaeX /KMex)) for the Extractants

1-4 in the Presence of Mg*", Ca*", Sr**, and Ba®" cations.

Extractants  log(K"%x /K%)  log(KM /K™) log(KM /K )  log(K e /K%y)

1 3.7 1.1 0.3 -1.3
2 4.2 3.4 2.6 -0.5
3 4.2 3.5 1.7 -0.5
4 3.8 33 34 +0.9

With Sr*" and Ba", the positive influences of both the larger crown-6-ether bridge
size and the larger thiacalix[4]arene-cavity size on the Ra®" selectivity is evident. With
Sr**, the selectivities (KR /Kcaex) of the crown-6 derivatives (2 and 4) are 212 and 52
times larger, respectively, than those of the corresponding crown-5 derivatives (1 and 3).
Furthermore, both thiacalix[4]arene derivatives (3 and 4) give an improved Ra”"/Sr**
selectivity over their parent calix[4]arene derivatives (1 and 2), 25- and 6-fold

respectively. In the case of Ba®", thiacalix[4]crown-6 derivative 4 is the only extractant
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studied that actually prefers Ra*" over Ba", exhibiting a 25-fold improvement of the Ra*"
selectivity compared to the known calix[4]crown-6 derivative 2. This makes 4 the most
Ra”" selective of the four extractants studied; it gives Ra®" extraction up to [M*"]/[Ra*"]
ratios of 3.5 x 10’ for Mg2+, Ca’" and Sr*" (1 M), and a [Ba®"]/[Ra*"] ratio of 3.5 x 10°
([Ba*]1 =107 M).

4.2.5 Dissolution of Precipitated Ra’" Salts

In section 4.2.3, it was demonstrated that Ra®" cations have the tendency to form
insoluble salts at the extraction conditions used, causing a loss of Ra*".** In the present
study only the least Ra®" selective extractant, 1, gave significant losses of Ra®" at lower
concentrations of the competing alkali(ne earth) cations (Figure 4.5)” making 1 less
suited for Ra*" extraction. However, the quantitative amount of Ra>" cations present in
solution in the case of the (thia)calix[4]crowns 2, 3, and 4, shows that these extractants
are able to fully dissolve precipitated Ra-salts, a result that further strengthens their

potential as selective Ra*" extractants in waste stream applications.
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Figure 4.5. Ra”" % present [ = [*°Ra* soi/[*2°Ra* Taaa (%)] versus [M™] after
extractions with calix[4]crown-5 derivative 1; (a) with competing alkali cations and (b)

alkaline earth cations.

4.2.6 Effective pH Range of Thiacalix[4]crown-6 Dicarboxylic Acid (4)
Since thiacalix[4]crown-6 dicarboxylic acid (4) is the best overall Ra*" extractant,
only in this case the effective pH range was determined (Figure 4.6); because the

extractants 3 and 4 are very related, differences in their pH profiles are not expected.
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Thiacalix[4]crown-6 4 still extracts Ra®" above pH 11, this pH range gives an
improvement over that reported for the corresponding calix[4]crown-6 derivative 2, with
which Ra®" extraction ceases at pH 11. Below pH 6 the carboxylic acid groups are

protonated, and consequently neutral complexes cannot be formed and Ra*" extraction

ceases.
100 1 U N S S\
80 '
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Figure 4.6. pH dependent Ra®" extraction curve of thiacalix[4]crown-6
dicarboxylic acid (4).

4.2.7 Loading and Regeneration of Thiacalix[4]crown-6 Dicarboxylic Acid (4) by pH
Variation

The pH dependent effectiveness of thiacalix[4]crown-6 dicarboxylic acid (4)
allows for loading and regeneration; 4 can be loaded with Ba’" above pH 7, while
stripping takes place at lower pH values (pH < 6) (Figure 4.7).

Extraction experiments were performed with thiacalix[4]crown-6 dicarboxylic
acid (4) (10° M) in CDCl; using a ten-fold excess of Ba(NOs), (102 M), so that complex
formation could be accurately monitored with "H NMR spectroscopy. The difference
between the two 'H NMR spectra and the fact that in both cases the methylene hydrogens
adjacent to the carboxylic acid groups only give one signal, indicate that in the Ba*'-
complex ([Ba*"*(4)*]°) both carboxylic acid groups participate in the complexation of
Ba”" cations. Moreover, significant shifts of all the crown-ether bridge peaks indicate the
full involvement of the crown-6-ether bridge in binding Ba®" cations and thus suggests

quantitative complex formation.
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Figure 4.7. The pH dependent loading (pH 8.9) and stripping (pH 1.2) of
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thiacalix[4]crown-6 dicarboxylic acid (4). Parts of the 'H NMR spectra of
thiacalix[4]crown-6 dicarboxylic acid (4) (left) and its Ba®* complex [Ba®"e(4)*7]° (right).
The COSY NMR spectra of 4 and [Ba®"+(4)*"]° show no couplings for the marked peak,
which indicates that it belongs to the methylene protons next to the carboxylic acid

groups.

Washing the organic phase containing the [Ba*"+(4)*]° complex with water of pH
1.2 quantitatively stripped Ba®", giving free extractant 4 (Figure 4.7), while reloading the
stripped organic phase again gave full conversion to [Ba*"+(4)*]°. This result clearly
proves the possibility to recycle thiacalix[4]crown-6 dicarboxylic acid (4) and thus

underlines its practical applicability.

4.3 Conclusions

The thiacalix[4]crown dicarboxylic acids 3 and, in particular, 4 have significantly
improved Ra®" selectivities over their corresponding calix[4]crown derivatives 1 and 2,
respectively. Extremely high Ra®" selectivities were found, using a 10* excess of [M™']
(M" = alkali and alkaline earth cations) to [extractant]; 3.5 x 10" excess of Na", K*, Rb",
Cs", Mg”", Ca®", and Sr* (1 M) and a 3.5 x 10’ excess of Ba’" (10? M), compared to
Ra* (2.9 x 10® M). In addition, precipitated Ra>" salts could be fully dissolved by the
thiacalix[4]crowns 3 and 4, which may suggest that these extractants can re-dissolve Ra

from industrial precipitates. Consequently, thiacalix[4]crown-6 dicarboxylic acid (4) is
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the best Ra®" extractant reported so far. The obtained extremely high Ra*/M™ (n =1 and
2) selectivities for common competing cations, using an excess of [M"] to fully
recyclable extractant, is a significant step towards the removal of Ra®" cations from waste

streams under waste conditions.

4.4 Experimental
4.4.1 Synthesis

General Methods. The preparation of calix[4]crown dicarboxylic acids (1'° and
2") was done according to literature procedures. All solvents were purified by standard
laboratory procedures. All other chemicals were analytically pure and used without
further purification. Acetonitrile and toluene were dried on molecular sieves, whereas dry
THF was obtained by distillation over sodium. tert-Butylthiacalix[4]crown-5 and -6 (5
and 6) were prepared according to recently described procedures.'**® All reactions were
carried out under an inert argon atmosphere. All NMR experiments were performed in
CDCls. MALDI-TOF experiments were performed with a dithranol matrix.

Thin-layer chromatography was performed on aluminum sheets precoated with
silica gel 60 F254 (E. Merck); spots were visualized by UV-absorbency.
Chromatographic separations were performed on silica gel 60 (E. Merck, 0.040-0.063
mm, 230-240 mesh) or on preparative thin layer chromatography (Silica gel 60 Fjsa,
2mm). Melting points are uncorrected.

MALDI-TOF mass spectra were recorded on a PerSpective Biosystem Voyager-
De-RP spectrometer. 'H NMR spectra were obtained on a Varian INOVA 300
spectrometer; °C NMR spectra were obtained from a Varian Unity 400 spectrometer.
Spectra were recorded at 25 °C in CDCl; and referenced to the (residual) solvent peak
(*CDCly).

5,11,17,23-Tetra-tert-butyl-26,28-bis[(ethoxycarbonyl)methoxy]-2,8,14,20-
tetrathiacalix[4]arene monocrown-5 (7). A suspension of 5 (420 mg, 0.48 mmol), ethyl
bromoacetate (160 mg, 0.96 mmol), and K,COs (66 mg, 0.48 mmol) in CH3CN (75 mL)
was refluxed for 24 h. Subsequently, the CH3;CN was removed and the residue extracted
with CH,Cl, (75 mL). The solution was washed with 10% HCI (2 x 100 mL) and water (2
x 100 mL), and dried with MgSO,. After evaporation of the solvent the residue was
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purified by column chromatography (SiO,, EtOAc/hexane 1/3) to give 7 (289 mg, 58%):
mp 196-199 °C; 'H NMR § 7.36 (s, 4H), 7.25 (s, 4H), 5.49 (s, 4H), 4.45 (t, 4H, J = 6.2
Hz), 4.15 (q, 4H, J = 7.3 Hz), 4.12 (t, 4H, J = 6.2 Hz), 3.78-3.80 (m, 4H), 3.72-3.73 (m,
4H), 1.21 (t, 6H, J = 7.1 Hz), 1.13 (s, 18H), 1.03 (s, 18H); *C NMR § 169.9, 159.0,
157.3, 145.8, 145.4, 129.2, 129.1, 73.4, 70.6, 70.3, 69.8, 69.6, 59.9, 33.7, 33.6, 30.8, 30.7,
13.8; MALDI-TOF m/z: 1050.8 [M]", 1072.8 [M+Na]", 1088.8 [M+K]", calcd. 1050.4
[M]+. Anal. Calcd for Cs6H74011S4: C, 63.97; H, 7.09. Found: C, 63.57; H, 6.96.
5,11,17,23-Tetra-tert-butyl-26,28-bis[(ethoxycarbonyl)methoxy]-2,8,14,20-

tetrathiacalix[4]arene monocrown-6 (8). A suspension of 6 (360 mg, 0.39 mmol), ethyl
bromoacetate (137 mg, 0.82 mmol), and K,CO; (51 mg, 0.37 mmol) in CH3CN (120 mL)
was refluxed for 64 h. Subsequently, the acetonitrile was removed and the residue
extracted with CH,Cl, (120 mL). The solution was washed with 10% HCI (2 x 150 mL)
and water (2 x 150 mL), and dried with MgSQ,. After evaporation of the solvent the
residue was purified by column chromatography (SiO,, EtOAc/hexane 2/3) to give 8 (427
mg, 49%): mp 118-120 °C; 'H NMR § 7.58 (s, 4H), 7.00 (s, 4H), 4.93 (s, 4H), 4.53 (t,
4H, J = 7.0 Hz), 4.16-4.25 (m, 8H), 3.82-3.85 (m, 4H), 3.75-3.79 (m, 4H), 3.75 (s, 4H),
1.28 (t, 6H, J = 7.0 Hz), 1.25 (s, 18H), 0.91 (s, 18H); °C NMR ¢ 169.2, 160.2, 156.9,
146.3, 146.2, 135.1, 133.0, 130.5, 128.8, 73.5, 71.9, 71.0, 70.8, 70.7, 70.0, 60.8, 34.2,
33.9, 31.3, 30.9, 14.2; MALDI-TOF m/z: 1094.4 [M]", 1116.4 [M+Na]", 1132.4 [M+K]",
calcd. 1094 .4 [M]+. Anal. Calcd for CsgH73012S4 ¢ 0.2 CH,Cl,: C, 63.59; H, 7.18. Found:
C, 63.01; H, 6.96.

General Procedure for the Hydrolysis of 7 and 8. To a suspension of
thiacalix[4]crown-6 dicarboxylic esters 7 or 8 in THF/H,O (1/1) was added an excess of
tetramethylammonium hydroxide (TMAH) (25%) in MeOH, whereupon the mixture was
refluxed for 12 hours. The organic solvents were removed, the water layer was extracted
with CH,Cl, (100 mL) and washed with 10% HCI (2 x 100 mL), the organic layer was
dried with MgSQO,, and the solvent was removed.

5,11,17,23-Tetra-tert-butyl-26,28-bis(carboxymethoxy)-2,8,14,20-
tetrathiacalix[4]arene monocrown-5 (3). Reaction of 7 (773 mg, 0.74 mmol) and
TMAH (7 mL) in THF/H,0 (30 mL) yielded 3 (698 mg, 95%): mp 247-250 °C; 'H NMR
0 7.74 (s, 4H), 7.02 (s, 4H), 5.79 (s, 4H), 4.29-4.32 (m, 4H), 3.99-4.02 (m, 4H), 3.79 (q,
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8H, J = 6.0 Hz), 1.35 (s, 18H), 0.84 (s, 18H); °C NMR ¢ 171.2, 158.4, 157.7, 147.1,
147.0, 135.6, 134.1, 129.3, 128.0, 75.2, 70.7, 69.7, 34.4, 33.9, 31.4, 30.7; MALDI-TOF
m/z: 994.1 [M]", 1016.1 [M+Na]", 1032.1 [M+K]", calcd. 994.3 [M]". Anal. Calcd for
Cs,Hgs011S4: C, 62.75; H, 6.68. Found: C, 62.56; H, 6.79.
5,11,17,23-Tetra-tert-butyl-26,28-bis(carboxymethoxy)-2,8,14,20-

tetrathiacalix|[4]arene monocrown-6 (4). Reaction of 8 (209 mg, 0.19 mmol) and
TMAH (2 mL) in THF/H,0 (20 mL) yielded 4 (189 mg, 94%): mp 226-229 °C; '"H NMR
0 7.75 (s, 4H), 6.94 (s, 4H), 5.43 (s, 4H), 4.11-4.13 (m, 4H), 3.98-4.00 (m, 4H), 3.86-3.89
(m, 4H), 3.81 (s, 4H), 3.78-3.79 (m, 4H), 1.35 (s. 18H), 0.85 (s, 18H); °C NMR 6 170.5,
169.5, 159.2, 157.8, 147.1, 135.9, 133.3, 129.7, 128.4, 71.6, 71.0, 70.8, 70.2, 34.4, 34.0,
31.4, 30.8; MALDI-TOF m/z: 1038.1 [M]", 1060.1 [M+Na]’, 1076.1 [M+K]", calcd.
1038.4 [M]+. Anal. Calcd for Cs4H70012S4: C, 62.40; H, 6.79. Found: C, 62.51; H, 6.71.

4.4.2 Extraction

Materials. Tris(hydroxymethyl)aminoethane (tris) 99.8+% was obtained from
Alrich. The acids (concentrated HCl and HNO3) and CH,ClI, were of p.a. grade and used
as received. The nitrate salts of K (>99.5%) and Rb" (p.a.) were obtained from Fluka
Chemie and Na” (p.a.), Cs™ (99%), Mg*(p.a.), Ca®" (p.a.), Sr*" (p.a.), and Ba’>" (p.a.)
were obtained from Acros Organics. *>Ba*" stock solutions were obtained from Isotope
Products Europe Blaseg GmbH. **Ra’" stock solutions were purchased from AEA
Technology QSA GmbH; **°Ra was used due to its long half-life (t;, = 1.6 x 10’ y).
(Note: ***Ra has a very high radiotoxicity and should be handled with care and
under radionuclear supervision)

Solutions. All basic experiments were performed using an aqueous phase with pH
8.9 (tris-HCI buffer) and an organic phase containing 10 M extractant in CH,Cl,. The
different nitrate salt concentrations were obtained by diluting stock solutions to the
required concentration. From a carrier free stock solution of *’Cs", a dilution of 9.8
kBg/g in 0.1 M HCI was made. From a 10 pg Ba*"/mL carrier containing stock solution
of **Ba*" in 0.1 M HCl, a dilution of 45.18 kBq/g in water was made. From a carrier free
stock solution of ***Ra*" in 0.5 M HCI, a dilution of 1.2 kBq/g (1.4 x 10° M) in 0.1 M
HNO; was made.
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General Extraction Procedures. Equal volumes (1.0 mL) of the organic and
aqueous solutions were transferred into a screw cap vial with a volume of 4 mL. The
samples were shaken (1500 rpm) at ambient temperatures (22-24 °C) for 1 h to ensure
complete settling of the two-phase equilibration. After extraction, the solutions were
disengaged by centrifugation (1600 rpm for 5 min) and aliquots (0.5 mL) of the organic
and aqueous phases were pipetted out. Experiments were performed in duplicate; average
values are reported, with an estimated error of 10-15%.

ICP-MS Monitored Extraction Procedures. The solvent of the aliquot taken
from the organic phase was evaporated and the residue destructed in 0.5 mL of
concentrated HNO;. The cation concentrations were measured on a Perkin-Elmer Sciex
Elan 6000 ICP-MS instrument, using a Cross-flow nebulizer. The extraction percentage is
defined as 100% times the ratio of cation concentration in the organic phase ([M,]) and

the added cation concentration ([Maqq]) (eq 11).

E% = 100%([Mo]/[Mada]) (11)

Non-competitive ICP-MS (Table 4.1). In the non-competitive extraction
experiments the salt concentrations (M(NO3)»; M = Mg®", Ca*", Sr*", and Ba*") were
equal to those of the extractants (107 M).”’

Tracer Monitored Extraction Procedures. The extraction percentages were
determined using the appropriate tracer in individual M*(NO3), (M = Cs", Sr*", or Ba*")
solutions. In each case individual salt concentrations (10 M) were equal to that of the
extractant concentration (10 M). The obtained extraction percentagse are defined as

100% times the ratio of activity in the organic phase (A,) and the total activity (A, + Aaq)
(eq 12).

E% = 100%(A,/(4o + Aag) (12)
7Cs Tracer Experiments (Table 4.1). The Cs™ extraction percentages were

determined using 20 uL of *’Cs" tracer (196 Bq; 4.6 x 107 M). The gamma-activity was

determined using a Nal scintillation counter.
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3Ba Tracer Experiments (Figure 4.1). In 133Ba?" extraction experiments the
Ba(NOs), concentration was varied slightly compared to the extractant concentration (10
* M). But in this case, 10 pL of '*’Ba tracer (452 Bq; 3.6 x 107" M) were added. The

gamma-activity was determined using a Nal scintillation counter.

226 226

Ra’" Extraction Procedures. In the case of the *°Ra®" extraction experiments,
to the aqueous phase 20 uL of *°Ra*" tracer (240 Bq; 2.9 x 10® M) were added. The
gamma-activity was determined with a Ge(Li) scintillation counter.

Competitive >**Ra’" Extraction Curves (single competing cation; Figures 4.3
and 4.4; Table 4.2). In the competitive extraction experiments, aqueous phase pH 8.9
(tris-HC1), the ratio of competing M"(NO3), (M = Na', K", Rb", Cs*, Mg*", Ca*", Sr*",
and Ba”") salt concentrations compared to a fixed extractant concentration (1 mL; 10™* M)
was altered to provide competing cation-concentration dependent extraction curves.

Precipitation Experiments (Figures 4.1 and 4.4). Extraction experiments were
performed as described above, but in this case the total amount of detected **Ra”" tracer
was determined. The organic phase contained no extractant (blank) or 10* M extractant in
226p 42+

dichloromethane. The **Ra*" percentage is defined as 100% times the ratio of

detected in the aqueous phase (A,q) and the amount of *2°Ra*" added (Aaaq) (eq 13).
Ra% = 100%(Aaq/Aada) (13)

Extraction vs. pH Curves (Figure 4.6). Experiments were performed using fixed

2°Ra*" (2.9 x 10™® M). The pH values were set using

concentrations of 4 (10* M) and
different buffer solutions: pH 4-6: HCI, pH 7-10: tris-HCI, and pH 10-13: tris-
(CH3)3;NOH.

'"H NMR Monitored Loading and Stripping Experiments (Figure 4.7).
Loading experiments (30 min) were performed with 4 (3 mL; 10° M) in CDCl; and a ten-
fold excess of Ba(NOs), (102 M) in water at pH 8.9 (tris-HCI) so that complex formation
could be monitored via '"H NMR spectroscopy of a 1 mL sample of the organic phase.
Removing the aqueous phase, followed by adding a strip solution at pH 1.2 (HCI)
allowed for full regeneration of the starting material, which followed from the '"H NMR

spectrum determined with '"H NMR of a 1 mL aliquot, after shaking for 15 min.
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Chapter 5

Thiacalix[4]arene Derivatives as Ra’" Extractants: a Systematic

Study on the Requirements for ’Ra’* Extraction”

Abstract: The synthesis and NOE-based structural characterization of
thiacalix[4]arene tricarboxylic acid (7), thiacalix[4]crown-5 and -6 monocarboxylic
acids (2 and 5), and the bis(N-methylsulfonyl)thiacalix[4]crowns-5 and —6 (4a,b) is
described. The Ra’" selectivity coefficients, log (KR”ex/KMex), of the new
thiacalix[4]arene derivatives are compared directly with those of thiacalix[4]crown-5
and -6 (la,b), thiacalix[4]crown-5 and -6 dicarboxylic acids (3a,b), and
thiacalix[4]arene di- and tetracarboxylic acid (6 and 8). Thiacalix[4]arene
dicarboxylic acid (6) already exhibits a high Ra’" selectivity, but this is significantly
improved in the case of 3b, having an additional crown-(6-)ether bridge. The covalent
combination of a crown ether and carboxylic acid substituents as in the
thiacalix[4]arenes 2, 3a,b, 4a,b, and 5 gives a better Ra’" selectivity in the presence
of Sr¥* or Bd’" than mixtures of dibenzo-21-crown-7 and thiacalix[4]arene

dicarboxylic acid (6) or of pentadecanoic acid and thiacalix[4]crown-6 (1b).

" This chapter has been submitted for publication: Van Leeuwen, F. W. B.; Beijleveld,
H.; Velders, A. H.; Huskens, J.; Verboom, W.; Reinhoudt, D. N.
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5.1 Introduction

In order to transfer Ra®" efficiently from an aqueous into an organic medium,
the extractant needs to neutralize the divalent cation and to meet its coordination
preference (see Chapter 2).' In a recent study by Hendriksen et al.”> aminocarboxylic
acids,’ tetraazacyclododecane tetraacetic acid, and calix[4]arene tetracarboxylic acid
have been used for Ra*" extraction. However, most work on Ra®" extraction is focused
on so-called synergistic extraction, using mixtures of crown ethers and an acid for
neutralization."* Alternatively, Bartsch et al.'” functionalized crown ethers with

"3 1n Chapter 4 the excellent Ra*" complexation properties of the

acidic groups.
thiacalix[4]crown dicarboxylic acids (3a,b) are reported.'

In this chapter a systematic study of the influence of the different structural
elements of thiacalix[4]crown dicarboxylic acids on the Ra*" selectivity is described.
The following structural variations were studied: (i) the crown ether size, (i7) the
number and type of acidic groups, and (iii) the covalent attachment of acidic groups
vs. mixtures of ligands and acids (Chart 5.1). Finally, the synthesis of new

trisubstituted thiacalix[4]arenes is described.

o
)

S

1a R'= R2= OH (n=1) 5 R'= OH, R?= OCH,CO,H (n=2)
1b R'=R%= OH (n=2)

2 R'=OH, R?= OCH,CO,H (n= 1)

3a R'=R?= OCH,CO,H (n=1)
3b R'=R%= OCH,CO,H (n=2)

4a R'= R?= OCH,CONHSO,CH,(n= 1)
4b R'= R?= OCH ,CONHSO,CH;(n= 2)

6 R'=R®= OH, R?= R*= OCH,CO,H
7 R'=OH, R?= R®= R*= OCH,CO,H
8 R'=R?=R>=R*= OCH,CO,H

Chart 5.1
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5.2 Results and Discussion

5.2.1 Synthesis and Characterization of Extractants 2-8

(N
e,
0 R R
S, (CH,),NOH

9 R'=0OH, R?= OCH 2CO,C,H; (n=1)

10a R R2 OCH ,CO,C,H; (n= 1)
10b R'= R?= OCH,CO,C5H; (n=2)

BrCH,CO,C,H, (CH5),NOH
1a,b - _ 5
M,CO;
11 R'= OH, R?= OCH,CO,C,H; (n= 2)
e
12 R'=R?= OCH,CO,C,H; (n=2)
Scheme 5.1

The thiacalix[4]crown monocarboxylic acids (2 and 5) were synthesized
starting from dihydroxy thiacalix[4]crowns 1a,b (Scheme 5.1). Reaction of

1516 \vith ethyl bromoacetate in the presence of Na,CO; (0.5

thiacalix[4]crown-5 (1a)
equiv) in refluxing acetonitrile for 64 h gave a mixture of unreacted 1a (~30%), cone
thiacalix[4]crown-5 monoethyl ester (9), and cone thiacalix[4]crown-5 diethyl ester
(10a) (~10%)."” From this mixture, 9 was isolated in 59% yield. The corresponding
reaction of thiacalix[4]crown-6 (1b)'® using K,COj3 (2 equiv) as a base gave a mixture
of cone thiacalix[4]crown-6 diethyl ester (10b),"* partial cone thiacalix[4]crown-6
monoethyl ester 11, and the 1,3-alternate thiacalix[4]crown-6 diethyl ester (12) (~
10%),'® from which 10b and 11 were isolated in 38% and 19% yield, respectively.'®
Hydrolysis of the esters 9 and 11 with tetramethylammonium hydroxide

afforded the thiacalix[4]crown monocarboxylic acids (2 and 5) in 81% and 85% yield,
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respectively. The thiacalix[4]crown dicarboxylic acids (3a,b) were prepared as

described in Chapter 4."*

o 0]
S S S "5
H H g
b :‘ H a }l_al
2 (n=1)
1
3 # 5 (n=2) 13 #
2a4a
2b,4b
OH 2bA4bl>, 4a
OH
a) b)
3.0 3.0
. i e .
c s F 4.0 ¢ - L 4.0
> E
-
- -
- -
F5.0 - 5.0
- - L _
2t 5F
||||1|||||||||||||!6‘0 l|||t|||r]|||||||||6v0
8.0 7.0 Ppm 8.0 7.0 ppm

Figure S5.1. ROESY (a) and NOESY (b) spectra of the thiacalix[4]crown
monocarboxylic acids [2; cone; and 5; partial cone], respectively, in CDCl; at 25 °C.

The resonances of CHCl; are indicated with #

In their '"H NMR spectra, the thiacalix[4]crown monocarboxylic acids (2 and
5) show two singlets and two doublets for the ArH peaks of which the two singlets in
5 overlap (Figure 5.1b). On the basis of the symmetry the doublets can be assigned to
the ArH2a/ArH4a and ArH2b/ArH4b protons of the crown-ether bridge containing
aryl groups, while the protons of the other two aryl groups (ArHla,b and ArH3a,b)
give singlets. A significant difference in the '"H NMR spectra of 2 and 5 (the relative
shifts of the ArH2b/ArH4b resonances) points to a difference in conformation. The
conformations of 2 and 5 have unambiguously been determined via ROESY and

NOESY NMR spectroscopy (Figure 5.1)."
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Most characteristic for thiacalix[4]crown-5 monocarboxylic acid (2) is the
presence of NOE cross peaks between the OH resonance with both methylene
resonances of the crown-ether bridge and that of the methylene group adjacent to the
carboxylic acid moiety (see Figure 5.1a). This indicates that thiacalix[4]crown-5
monocarboxylic acid (2) is in the cone conformation.

NOESY experiments performed on the thiacalix[4]crown-6 monocarboxylic
acid (5) revealed strong couplings between the methylene protons next to the
carboxylic acid moiety and the ArH2b/ArH4b protons (Figure 5.1b).' The ArH3
peak® shows NOE interactions with the crown-ether bridge, while the ArHI peak
interacts with the ArH2a/ ArH4a peak (not shown in Figure 5.1b).>! Furthermore, the
OH resonance shows NOESY couplings with the protons of the crown-ether bridge,
but not with the methylene protons adjacent to the carboxylic acid moiety (see Figure
5.1b). All these NOE interactions indicate that compound 5 has the partial-cone
conformation, in which the carboxylic acid group is situated on the opposite side of

both the crown-ether bridge and the OH group.

O
cic(0)c(o)Cl (o R Rﬁ) NH;80,CHj,

3ab —— s @ — 4a,b
NaH

13a R'=R%= OCH,C(0)CI (n=1)
13b R'=R?= OCH,C(O)CI (n=2)

Scheme 5.2

The cone thiacalix[4]crown bis(methylsulfonyl carboxamides) (4a,b) were
prepared in 58% and 60% yield, respectively, by reaction of the corresponding cone
crown dicarboxylic acids 3a,b (see Chapter 4) with 2.5 equiv of oxalyl chloride to
give the acid chlorides 13a,b, followed by reaction with 2.5 equiv of
methanesulfonamide in the presence of 10 equiv of NaH in THF (Scheme 5.2). The
formation of 4a,b clearly followed from the presence of characteristic signals for the

methylsulfonyl groups at & 3.19 and 3.24 ppm, respectively, in the '"H NMR spectra.
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2 4 3

! R? R
OHOHOHO BICH ,CO,C,H NS (CH;) ,NOH
» _  » 6,7, and 8
Na,CO,
1_ p3_ 2_ 4_
14 15 R'= R®= OH, R?= R*= OCH,CO,C,H5

16 R1= OH, R%= R%= R*= OCH,C0,C5Hs
17 R'= R2= R= R*= OCH,CO,C,f;

Scheme 5.3

For comparison, the thiacalix[4]arene di- (6),% tri- (7), and tetracarboxylic
acids (8)* were synthesized. Reaction of thiacalix[4]arene (14) with 3 equiv of ethyl
bromoacetate in the presence of 1.5 equiv of Na,COs in acetone gave a mixture of the
esters 15-17 (Scheme 5.3), from which 16 was obtained in 7% yield. Subsequent
hydrolysis of the ester groups in 16 with tetramethylammonium hydroxide gave
thiacalix[4]arene tricarboxylic acid 7 in 92% yield.

Indicative for the cone conformation of 16 are the NOE couplings between the
four ArH resonances and the NOE couplings between the -OH resonance and all three
the -OCH,CO,- methylene resonances, which were similar to those observed for the

cone thiacalix[4]crown-5 monocarboxylic acid (2) (see Figure 5. la).?

5.2.2 The Role of Covalently Attached Carboxylic Acid Groups

It is not a priori obvious that the covalent combination of carboxylic acids and
the thiacalix[4]crown-6 platform (3b) binds Ra®>" better than a mixture of the
thiacalix[4]crown-6 (1b) with pentadecanoic acid or of thiacalix[4]arene dicarboxylic
acid (6) with dibenzo-21-crown-7. Therefore, the Ra*" extraction behavior of the
different systems was studied in standard competition experiments in the presence of
an excess of Ca®’, Sr*’, or Ba’" (10® — 1 M; Figure 5.2).** The experiments were

performed using equal volumes of the organic and aqueous phases.
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Figure 5.2. Ra”" extraction percentages [prs, = [*>°Ra’ Jorg/[>°Ra” ior (%)] for
different ratios of extractant [L = 3b, 6, and 6 + dibenzo-21-crown-7] to M(NOs3),
[M*" = Ca®" (a), Sr*" (b), or Ba*"(c)], and fixed extractant ([3b] = [6] = [dibenzo-21-
crown-7] = 10 M; 1 mL of CH,Cl,), and [***Ra*"Je: (2.9 x 10™ M; pH 8.9 tris-HCI)

concentrations.

Figure 5.2 shows that dibenzo-21-crown-7, a crown ether known for its
optimal crown-cavity' to Ra®" radius® fit, only improves the Ra®" selectivity of the
thiacalix[4]arene dicarboxylic acid (6) in the presence of Ca”" cations. For Ca*" the
Ra’" extraction curve of this mixture is identical to that of thiacalix[4]crown-6
dicarboxylic acid (3b;" Figure 5.2a). (Dibenzo-)21-crown-7-ethers clearly favor
binding of Ra** over Ca”", a result that agrees with data published by Chiarizia et al.”
In the presence of Sr** and Ba®" there is no influence of dibenzo-21-crown-7 on the
Ra”" extraction by 6 (Figure 5.2b and c). These data support the literature results,*’
where it is demonstrated that when the radius of the competing cations™ increases, the

influence of a 21-crown-7 ether on the Ra*’ selectivity diminishes in a synergistic
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mixture with acids (Ca®" >> Sr* > Ba?"). Nevertheless, thiacalix[4]crown-6
dicarboxylic acid (3b)"* still allows for separation of Ra*" from Sr*" and Ba**. These
results clearly show the improved Ra”" selectivity of thiacalix[4]crown-6 dicarboxylic
acid (3b) over a mixture of thiacalix[4]arene dicarboxylic acid (6) and dibenzo-21-
crown-7.

The other combination, thiacalix[4]crown-6 (1b) and two equiv of
pentadecanoic acid,”® did not extract Ra*" ion in competition with Ca®’, Sr*", and
Ba®*.*’ So it can be concluded that the mixture of thiacalix[4]arene dicarboxylic acid
(6) and dibenzo-21-crown-7 is far more Ra®’ selective than the mixture of

thiacalix[4]crown-6 (1b) and pentadecanoic acid.

5.2.3 Ra’" Extraction by Thiacalix[4]arene Derivatives 3, 3a,b, 4a,b, 5, 6, 7, and 8.

The influence of the different structural elements of thiacalix[4]crown
dicarboxylic acids, on the Ra*" selectivity was determined based on the extraction
behavior of thiacalix[4]crown monocarboxylic acids (2 and 5), thiacalix[4]crown
dicarboxylic acids (3a,b), thiacalix[4]crown bis(methylsulfonyl) carboxamides (4a.b),
thiacalix[4]arene dicarboxylic acids (6), thiacalix[4]arene tricarboxylic acid (7), and
thiacalix[4]arene tetracarboxylic acid (8). First the extraction strengths of the alkaline
earth cations Ca*', Sr**, and Ba*" by these extractants were determined using both
inductively coupled plasma-mass spectrometry (ICP-MS) and radiotracers.

The extraction constants (KMeX) of the competing cations Ca2+, Sr2+, and Ba*"
were obtained by a non-linear least squares fitting procedure with five experimental
points in the range of (0.2 — 5) x 10 M of M*" cations (Table 5.1). The complete
models and extraction curves are given in the appendix of this chapter.

For the thiacalix[4]crown monocarboxylic acids 2 and 5 the extraction curves
obtained for Ca®", Sr*", and Ba®" suggest a 1:1 complex stoichiometry. Consequently,

2+ 2+
, Sr

the extraction constant of M>* (Ca , and Ba®") can be expressed as in equation

1.
KMoy = [IMLX Jorg[Htris Jag/[M* Tag[HtriSL]org[ X Tagq (1)

For the extractants with two or three carboxylic acids 3a,b,14 4a,b, 6, and 7, the 1:1
complex stoichiometry was determined in the same way. The extraction constant of

2+ : : 14
M~ can be expressed as in equation 2.
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KM = [ML]org Htris Tog/ [M* Tag[(Hitris),L]org (2)

The Ca*", Sr**, and Ba*" extraction data of thiacalix[4]arene tetracarboxylic acid (8)
suggests a 1:2 (ML,) complex stoichiometry. Consequently, the extraction constant of

M?*"is expressed as in equation 3.
KMy = [M((Htris ")3L)2Jorgl Htris Jag/[M* Tag[ (Htris)sL]ore” (3)
Since the extraction constants (K™y) reported in Table 5.1 do not have the
same dimensions, a direct comparison between the KMex values of the different

extractants is not possible.

Table 5.1. Extraction constants® of extractants 2, 3a,b, 4a,b, 5, 6, 7, and 8.28.%

Extractant K%, K>, K52,

2 3.8x 10°M 32x10° M 3.7x10° M

5 12x10*M’ <6.5x 10°M™!'° <1.0x 10°M'?
3a 12M 3.7M 23 M

3b <95x10"'M" 1.9x10'M > 50 M°

4a 12M <32x10"'MP° 20M

4b 1.0M <65x10°M° <57x10"'M"
6 21M 72x10'M 23M

7 54 M 58M 6.0 M

8 7.6x 10° 1.6x 10’ 2.1x10°

“ Liquid-liquid extractions with extractant (10° M; 1 mL of CH,Cl,) and
M(NO3), salts (M*" = Ca*", Sr*", and Ba®"; (0.2 - 5) x 10* M; 1 mL of pH 8.9 tris-
HCI buffer). ” This value indicates an upper limit, due to the very low extraction
percentages obtained,. ¢ This value indicates a lower limit, due to the very high

extraction percentages obtained.
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With the stoichiometries and KMy values of the different extractants, the Ra*!
selectivity coefficients were determined from competition experiments performed

.. . + .
under standard conditions (see above). Representative Ra’" extraction curves are

depicted in Figure 5.2 (6) and Figure 5.3 (2, 3a,b, and 5).

2 R'=OH, R%= OCH ,CO,H (n= 1) 5 R'= OH, R%= OCH,CO,H (n=2)

3a R= R%= OCH,CO,H (n= 1)
3b R'= R%= OCH,CO,H (n=2)

log([Ca™"])
b) 10048 -A-AA.. A 20
80M “~q¥-\ A0
a
- oy
0

log(IS*"))

Figure 5.3. Ra”" extraction percentages [prs = [226Ra2+]0rg/ [226Ra2+]t0t (%)] for

extractants 2, 3a,b, and 5 (10™* M), as a function of the M(NO;), [M** = Ca®’ (a), Sr**

(b), or Ba®"(c)] concentration, with 2.9 x 10° M Ra*".

If the extraction percentages of the competing cations, calculated with KM,
are incorporated in the equations 1-3 as py = [ML]ore/ [M*' ot and the experimentally
determined Ra*" extraction percentages as pr, = [226Ra]0rg/ [226Ra2+]t0t, the K®./ KM,

values can be determined using a fitting procedure of the extraction curves of Ra®"

(see equation 4).77
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KR /KMo = (pra/par)(1-pm)/(1-Pra) 4

The KRaex/KMex values allow for a direct comparison of the Ra*" selectivity

coefficients of the different extractants used (Table 5.2).

Table 5.2. Selectivity coefficients (log(K**/K™)), obtained under standard

conditions, of extractants 2, 3a,b, 4a,b, 5, 6, 7, and 8.%"

Extractant log (KRan/Kcaex) log (KRan/KsreX) log (K /KP2)
2 1.7 1.1 <-0.77°

3a 3.5 1.7 -0.45

3b 33 34 0.92

4a 1.9 1.1 -0.060

4b 1.6 1.5 1.1

5 1.1 1.2 <0.34°

6 1.2 1.5 -0.36

7 -1.2 0.22 -0.18

8 <-0.56" <-1.2° <-045°

“ These values indicate upper limits, due to the low Ra’" extraction

percentages obtained,.

The influence of the number of carboxylic acid substituents, the conformation,
and the crown bridge on the Ra®" selectivity of a thiacalix[4]crown was deduced from
the Ra®" extraction abilities of thiacalix[4]crown monocarboxylic acids (2 and 5) and
thiacalix[4]crown dicarboxylic acids (3a,b) (Figure 5.3; Table 5.2).

The Ca®", Sr*’, and Ba®" extraction constants of the cone (2) and partial cone
(5) thiacalix[4]crown monocarboxylic acids differ; 5 has significantly lower K.,
values for Sr** and Ba®" (Table 5.1). Surprisingly, in the presence of Ca" their Ra*"
selectivity coefficients [log(K*.w/KVe)] clearly differ, 1.7 and 1.1, respectively,
while with Sr*” the difference is minor, 1.1 and 1.2, respectively (Table 5.2). With
Ba®" both thiacalix[4]crown-6 derivatives 3b and 5 are Ra’’ selective, with log
(KR /KB%)  values of 092 and <0.34%, respectively, whereas both
thiacalix[4]crown-5 derivatives 2 and 3a favor Ba®" over Ra*". Nevertheless, in the

presence of Ca”>" and Sr*", both thiacalix[4]crown monocarboxylic acids (2 and 5)
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give significantly lower Ra®’ selectivity coefficients than the thiacalix[4]crown
dicarboxylic acids (3a,b).'* Comparison of the latter two compounds, which both
have the cone conformation, shows a clear influence of the size of the crown-ether
bridge size, with the highest log (KRan/KMeX) values for thiacalix[4]crown-6
dicarboxylic acid (3b).

The Ra®" extraction of partial cone thiacalix[4]crown-6 monocarboxylic acid
(5), together with the complete lack of Ra®" extraction in the case of
thiacalix[4]crown-6 (1b), indicates that a carboxylic acid group at the opposite side of
the thiacalix[4]arene platform can still partially neutralize Ra*" cations complexed in
the crown-ether bridge. This was supported by NOE spectra of the [Ba®"*5 Pic]’
complex.™

Apparently, the co-extraction of an anion, needed in the case of the
thiacalix[4]crown monocarboxylic acids (2 and 5), has a negative influence on the
Ra”" selectivity coefficients, compared to thiacalix[4]crown dicarboxylic acids (3a,b).

Hendriksen et al. have reported that a calix[4]arene platform functionalized
with four carboxylic acid moieties gives stable Ra*" complexes.” Therefore, the effect
of the number of carboxylic acid groups on the Ra*" extraction was studied. The Ra*"
selectivity coefficients of thiacalix[4]arene di- (6; Figure 5.2a), tri- (7), and
tetracarboxylic acid (8) are given in Table 5.2.

Since thiacalix[4]arene tetracarboxylic acid (8) shows near quantitative
extraction of Sr** and Ba>" (Table 5.1), but poor Ra*" selectivity coefficients, it seems
that four carboxylic acid groups have a negative influence on the Ra®" selectivity.
Thiacalix[4]arenes with two and three carboxylic acid moieties (6 and 7) are rather
effective extractants for Ca®" and Sr*™ (Table 5.1), but still show Ra*" extraction. Only
thiacalix[4]arene dicarboxylic acid (6) has a Ra2+selectivity in the presence of Ca*,
while thiacalix[4]arene tricarboxylic acid (7) and dicarboxylic acid (8) show a Ra*"
selectivity in the presence of Sr’’. The Ra*" selectivity coefficients of
thiacalix[4]arene dicarboxylic acid (6) towards Ca’" and Sr*', 1.2 and 1.5,
respectively, are similar to those of the thiacalix[4]crown monocarboxylic acids (2
and 5; Table 5.2). This suggests that the presence of two carboxylic acid substituents
on a platform is as favorable for the Ra>" selectivity as the combination of a crown-(6-
)ether bridge and one carboxylic acid moiety. However, thiacalix[4]arene dicarboxylic
acid (6) is not Ra?"/Ba”" selective, in contrast to thiacalix[4]crown-6 monocarboxylic

acid (5).
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Compared to thiacalix[4]crown-5 dicarboxylic acid (3a), only the Ra*"/Ca*
selectivity of thiacalix[4]arene dicarboxylic acid (6) is significantly lower (214 times).
On the other hand, thiacalix[4]crown-6 dicarboxylic acid (3b), shows significantly
higher Ra®" selectivities than 6 for all competing cations.

Thiacalix[4]crown bis(methylsulfonyl carboxamides) (4a,b) could provide
alternatives for the known thiacalix[4]crown dicarboxylic acids (3a,b).'* Their Ra®"
selectivities were determined under standard conditions (Table 5.2; for Ra*" extraction
curves see Appendix Chapter 5). However, the extraction constants of the
thiacalix[4]crown bis(methylsulfonyl carboxamides) (4a), and in particular (4b), for
Sr*" and Ba®", are considerably lower than those of the thiacalix[4]crown dicarboxylic
acids (3a,b; Table 5.1). In competition experiments with Ca”’, thiacalix[4]crown
bis(methylsulfonyl carboxamides) (4a,b) give significantly lower Ra®" selectivity
coefficients than the thiacalix[4]crown dicarboxylic acids (3a,b), viz. 1.9 and 1.6 vs.
3.5 and 3.3, respectively. In the presence of Sr*" only thiacalix[4]crown-6
dicarboxylic acid (3b) gives a significantly higher selectivity coefficient than 4a and
4b (3.4 vs. 1.1 and 1.5, respectively). In the case of thiacalix[4]crown
bis(methylsulfonyl carboxamides) (4a,b), no distinct crown-ether size influence could
be observed in the presence of Ca®” and Sr*". However, the crown-6 derivative 4b has
a Ra’"/Ba*" selectivity (1.1),"' which is slightly higher than that of the
thiacalix[4]crown-6 dicarboxylic acid 3b (0.95). In general, the thiacalix[4]crown
bis(methylsulfonyl carboxamides) (4a,b) show lower selectivities than the

thiacalix[4]crown dicarboxylic acids (3a,b).

100 - A A A
80
g 60 “A--3b
& 40 —a—4b
20
0 f—a—ft : , : : _
4 5 6 7 8 9 10 11 12 13

pH
Figure 5.4. pH dependent Ra®" extraction curve of thiacalix[4]crown-6

dicarboxylic acid (3b) and thiacalix[4]crown-6 bis(methylsulfonyl carboxamide) (4b).
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The difference in acidity of methylsulfonyl carboxamide, compared with
carboxylic acid groups, might have enlarged the effective pH range.” However, the
non-competitive Ra>" extraction with 3b and 4b gave identical curves over a pH range

of 4 - 9 (Figure 5.4).1

5.3 Conclusions

The results of this systematic study clearly show the advantage of bringing
together the crown ether and acid components of a synergistic system on a molecular
platform, resulting in much higher Ra*" extraction efficiencies and selectivities. The
use of a thiacalix[4]arene with two carboxylic acid groups already gives a high Ra*"
selectivity, a result that is further improved by the introduction of a crown-(6-)ether
bridge at the thiacalix[4]arene platform. The latter significantly improves the Ra®"
selectivity compared to that of the mixtures consisting of thiacalix[4]arene
dicarboxylic acid (6) and dibenzo-21-crown-7, or thiacalix[4]crown-6 (1b) and
pentadecanoic acid. The thiacalix[4]crown-6 dicarboxylic acid (3b), is unambiguously

the best Ra>" selective extractant in the presence of Ca2+, Sr2+, or Ba*".

5.4 Experimental
5.4.1 Synthesis

General Methods. All solvents were purified by standard laboratory
procedures. All other chemicals were analytically pure and used without further
purification. Acetonitrile, acetone, and toluene were dried on molecular sieves,
whereas dry THF was obtained after distillation over sodium. ¢-
Butylthiacalix[4]crown-5 and -6 (1a,1b; Chapter 3), t-butylthiacalix[4]crown-5 and -6
dicarboxylic ethyl esters (10a,b; Chapter 4), #-butylthiacalix[4]crown-5 and -6
dicarboxylic acid (3a,b; Chapter 4), t-butylthiacalix[4]arene dicarboxylic ethyl ester
(15), t-butylthiacalix[4]arene dicarboxylic acid (6), t-butylthiacalix[4]arene
tetracarboxylic ethyl ester (17), and ¢-butylthiacalix[4]arene tetracarboxylic acid (8)

were prepared according to the reported procedure.'*'**

Except for the hydrolysis, all
reactions were carried out under an inert argon atmosphere. MALDI-TOF
experiments were performed with a dithranol matrix.

MALDI-TOF mass spectra were recorded on a PerSpective Biosystem
Voyager-De-RP spectrometer. 'H NMR spectra were obtained on a Varian INOVA

300 spectrometer; “C NMR spectra were obtained from a Varian Unity 400
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spectrometer. Spectra were recorded at 25 °C in CDCl; and referenced to the
(residual) solvent peak ("?CDCl3). The HH-NOESY and ROESY spectra (recorded at
the 400 MHz spectrometer) were acquired using the standard Varian pulse sequences
with mixing times ranging from 100 to 500 ms, 1024 to 2048 data points in #, and 128
to 256 increments in ¢;.

Thin-layer chromatography was performed on aluminium sheets precoated
with silica gel 60 F254 (E. Merck); spots were visualized by UV-absorbancy.
Chromatographic separations were performed on silica gel 60 (E. Merck, 0.040-0.063
mm, 230-240 mesh) or with preparative thin layer chromatography (Silica gel 60 Fasa,
2mm). Melting points are uncorrected.

5,11,17,23-Tetra-tert-butyl-26-[(ethoxycarbonyl)methoxy]-2,8,14,20-tetra-
thiacalix[4]arenemonocrown-5 (9). A suspension of 1a (200 mg, 0.23 mmol),
ethyl bromoacetate (38 mg, 0.23 mmol), and Na,COs (12 mg, 0.11 mmol) in CH3;CN
(40 mL) was refluxed for 64 h. Subsequently, the CH;CN was removed and the
residue dissolved in CH,Cl, (50 mL). The solution was washed with 10% HCI (2 x
100 mL) and water (2 x 100 mL), and dried on MgSO,. After evaporation of the
solvent the residue was separated by column chromatography (SiO,, EtOAc/hexane
2/3) to give 9 (130 mg, 59%): mp 241-243 °C; '"H NMR ¢ 8.32 (s, 1H), 7.48 (s, 2H),
7.29 (s, 2H), 7.22 (s, 4H), 5.40 (s, 2H), 4.63-4.70 (m, 2H), 4.44-4.37 (m, 2H), 4.01-
4.22 (m, 6H), 3.77-3.97 (m, 8H), 1.26 (t, 3H, J = 7.3 Hz), 1.23 (s, 9H), 1.06 (s, 9H),
0.99 (s, 18H); *C NMR ¢ 170.0, 158.1, 157.2, 156.5, 147.0, 146.2, 142.0, 134.6,
134.5, 134.1, 133.4, 129.9, 129.5, 121.8, 74.7, 70.5, 70.3, 70.0, 69.8, 60.5, 34.1, 34.0,
31.3, 31.2, 31.0, 14.2; MALDI-TOF m/z: 965.9 [M+H]", 987.9 [M+Na]", 1003.8
[M+K]+, calcd 965.4 [M]+. Anal. Calcd for Cs;HegOoS4: C, 64.70; H, 7.10. Found: C,
64.38; H, 7.00.

5,11,17,23-Tetra-tert-butyl-26-[(ethoxycarbonyl)methoxy]-2,8,14,20-tetra-
thiacalix[4]arenemonocrown-6 (11). A suspension of 1b (479 mg, 0.52 mmol),
ethyl bromoacetate (182 mg, 1.09 mmol), and K,CO; (68 mg, 0.49 mmol) in CH3;CN
(160 mL) was refluxed for 24 h. Subsequently, the CH3;CN was removed and the
residue dissolved in CH,Cl, (150 mL). The solution was washed with 10% HCI (2 x
150 mL) and water (2 x 150 mL), and dried on MgSO,. After evaporation of the
solvent the residue was separated by column chromatography (SiO,, EtOAc/hexane
2/3) to give 10b'* (218 mg, 38%). Subsequent eluent change to EtOAc yielded 11
(100 mg, 19%): mp 174-179 °C; "H NMR § 7.83 (s, 1H), 7.61 (s, 4H), 7.44 (d, 2H, J =
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2.6 Hz), 7.23 (d, 2H, J = 2.6 Hz), 4.59 (s, 2H), 4.44 (m, 2H), 3.96-4.05 (m, 4H), 3.78-
3.91 (m, 6H), 3.64-3.73 (m, 10H), 1.43 (s, 9H), 1.33 (s, 9H), 1.07 (s, 18H), 0.99 (t,
3H, J = 7.1 Hz); >C NMR ¢ 167.8, 157.1, 156.9, 156.6, 146.9, 146.6, 141.8, 134.7,
133.9, 132.7, 131.2, 129.0, 128.4, 127.0, 121.6, 73.4, 71.1, 70.9, 70.7, 69.9, 67.1,
60.4, 34.5, 34.1, 34.0, 31.5, 30.9, 13.8; MALDI-TOF m/z: 1008.6 [M]", 1030.6
[M+Na]", 1046.6 [M+K]", calcd 1008.4 [M]". Anal. Calcd for Cs4H7,010S4: C, 64.25;
H, 7.19. Found: C, 64.21; H, 7.19.

5,11,17,23-Tetra-tert-butyl-25,26,27-tris[(ethoxycarbonyl)methoxy]-
2,8,14,20-tetrathiacalix[4]arene (16). A suspension of 14 (1.0 g, 1.39 mmol), ethyl
bromoacetate (689 mg, 4.17 mmol), and Na,CO; (220 mg, 2.02 mmol) in dry acetone
(50 mL) was refluxed for 24 h. Subsequently, the acetone was removed and the
residue, containing a mixture of the esters 15, 16, and 17, dissolved in CH,Cl, (75
mL). The solution was washed with 10% HCI (2 x 100 mL) and water (2 x 100 mL),
and dried on MgSO,. After evaporation of the solvent the residue was separated by
column chromatography (SiO,, CH,Cl,) to give 16 (95 mg, 7%): mp 134-137 °C; 'H
NMR ¢ 7.61 (s, 2H), 7.58 (s, 2H), 7.01 (d, 2H, J = 2.6 Hz), 6.98 (d, 2H, J = 2.6 Hz),
5.34 (s, 2H), 5.22 (s, 2H), 5.17 (s, 2H), 4.83 (s, 1H), 4.77 (s, 1H), 4.28-4.36 (m, 6H),
4.13 (q, 2H, J = 7.2 Hz), 1.18-1.37 (m, 9H), 1.30 (s, 9H), 1.26 (s, 9H), 0.86 (s, 18H);
PC NMR ¢ 169.6, 169.1, 168.5, 168.2, 157.2, 156.4, 156.1, 148.6, 148.1, 147.4,
146.5, 142.1, 135.2, 134.4, 133.7, 133.0, 132.4, 129.9, 128.9, 127.1, 121.6, 71.7, 71.5,
71.4,71.2, 68.6, 34.2, 33.9, 31.8, 31.7, 31.5, 31.4, 31.2, 31.1, 31.0, 30.7, 30.6, 30.2,
14.6, 14.27, 14.1, 13.9, 13.8; MALDI-TOF m/z: 978.6 [M]", 1001.5 [M+Na]", 1017.5
[M+K]+, caled 978.4 [M]". Anal. Calcd for Cs,HgsO10S4: C, 63.77; H, 6.79. Found: C,
63.75; H, 7.00 .

General Hydrolysis Procedure. To a suspension of 9, 11, or 16 in THF/H,O
(1/1) was added an excess of tetramethylammonium hydroxide (TMAH) (25%) in
MeOH, whereupon the mixture was refluxed for 12 h. The organic solvents were
removed and the residue was dissolved in CH,ClI, (100 mL). The solution was washed
with 10% HCI (2 x 100 mL), dried with MgSO,, whereupon the solvent was removed.

5,11,17,23-Tetra-tert-butyl-26-carboxymethoxy-2,8,14,20-tetrathia-
calix[4]arenemonocrown-5 (2). Reaction of 9 (81 mg, 84 umol) and TMAH (1.5
mL) in THF/H,0 (20 mL) yielded 2 (64 mg, 81%): mp >250 °C; '"H NMR ¢ 7.97 (s,
1H), 7.75 (s, 2H), 7.64 (s, 2H), 7.03 (d, 2H, J = 2.6 Hz), 7.00 (d, 2H, J = 2.6 Hz), 5.58
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(s, 2H), 4.31-4.37 (m, 2H), 4.24 (m, 2H), 4.00-4.23 (m, 4H), 3.95 (t, 4H, J = 5.3 Hz),
3.78-3.88 (m, 4H), 1.35 (s, 9H), 1.33 (s, 9H), 0.83 (s, 18H); °C NMR § 171.1, 158.1,
157.2, 156.5, 147.6, 147.4, 142.0, 135.7, 134.3, 133.7, 133.5, 129.4, 129.0, 127.8,
122.0, 71.4, 70.7, 70.0, 69.8, 34.4, 34.1, 31.5, 31.3, 30.7, 29.7, MALDI-TOF m/z:
937.8 [M+H]", 959.7 [M+Na]", 975.7 [M+K]", calcd 937.3 [M+H]". Anal. Calcd for
CsoHe409S4: C, 64.07; H, 6.88. Found: C, 63.95; H, 6.91.

5,11,17,23-Tetra-tert-butyl-26-carboxymethoxy-2,8,14,20-tetrathia-
calix[4]arenemonocrown-6 (5). Reaction of 11 (85 mg, 84 umol) and TMAH (1.5
mL) in THF/H,O (16 mL) yielded 5 (70 mg, 85%): mp 241-244 °C; '"H NMR ¢ 7.81
(s, 1H), 7.62 (s, 2H), 7.54 (s, 2H), 7.45 (d, 2H, J = 2.6 Hz), 7.30 (d, 2H, J = 2.6 Hz),
4.59 (s, 2H), 4.28-4.34 (m, 2H), 4.11-4.18 (m, 2H), 3.73-3.83 (m, 6H), 3.72-3.61 (m,
10H), 1.43 (s, 9H), 1.33 (s, 9H), 1.13 (s, 18H); °C NMR ¢ 167.3, 156.9, 156.5, 153.0,
148.6, 148.4, 142.7, 135.9, 133.5, 130.1, 129.0, 128.9, 128.8, 126.4, 121.2, 73.3, 71.0,
70.9, 70.8, 69.6, 64.4, 34.7, 34.3, 34.1, 31.4, 30.8, 29.7, MALDI-TOF m/z: 980.0
[M+H]", 1002.9 [M+Na]’, 1018.9 [M+K]", calcd 980.4 [M+H]". Anal. Calcd for
Cs2Hes010S4: C, 63.64; H, 6.98. Found: C, 63.71; H, 6.91.

5,11,17,23-Tetra-tert-butyl-25,26,27-tris(carboxymethoxy)-2,8,14,20-tetra-
thiacalix[4]arene (7). Reaction of 16 (263 mg, 269 umol) and TMAH (2.5 mL) in
THF/H,O (20 mL) yielded 7 (221 mg, 92%): mp > 250 °C; 'H NMR 6 7.61 (dd, 4H, J
=2.6 and 2.6 Hz), 7.38 (s, 2H), 7.16 (s, 2H), 5.97 (s, 1H), 5.91 (s, 1H), 4.78 (m, 2H),
4.62 (s, 1H), 4.57 (s, 1H), 1.22 (s, 18H), 1.11 (s, 9H), 0.92 (s, 9H); *C NMR 6 174.5,
170.2, 158.8, 155.0, 148.1, 143.2, 135.5, 134.6, 133.9, 129.2, 128.9, 128.8, 120.8,
34.3, 33.9, 31.6, 31.3, 30.9, 30.5, 29.6; MALDI-TOF m/z: 894.3 [M]', 917.4
[M+Na]", 933.3 [M+K]", calcd 894.3 [M]". Anal. Calcd for C4sHs4010S4: C, 61.72; H,
6.08. Found: C, 61.44; H, 6.10.

General Procedure for the Preparation of N-methylsulfonyl
Carboxamides 4a,b. To a solution of 3a,b in dry toluene (10 mL) was added oxalyl
chloride (2.5 equiv). The solution was refluxed for 12 h, whereupon the toluene was
removed at reduced pressure. The residue was dissolved in dry THF (20 mL) and the
resulting solution added to a suspension of NaH (60% dispersion in mineral oil) (10
equiv) and methanesulfonamide (2.5 equiv) in dry THF (5 mL). The mixture was

stirred at room temperature for 72 h. Excess NaH was carefully neutralized by adding
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water. After the work up as described for the general hydrolysis procedure,
preparative thin layer chromatography (SiO,, EtOAc) was performed to yield 4a,b.

5,11,17,23-Tetra-tert-butyl-26,28-bis[(methylsulfonyl)carbamoylmethoxy]-
2,8,14,20-tetrathiacalix[4]arenemonocrown-5 (4a). Reaction of 3a (185 mg,
0.19 mmol), oxalyl chloride (69 mg, 54 mmol), sodium hydride (87 mg, 1.86 mmol),
and methanesulfonamide (52 mg, 55 mmol) gave 4a (125 mg, 58%): mp >250 °C; 'H
NMR o6 11.27 (s, 2H), 7.73 (s, 4H), 7.00 (s, 4H), 5.83 (s, 4H), 4.31-4.33 (m, 4H),
4.06-4.08 (m, 4H), 3.85-3.86 (m, 4H), 3.77-3.79 (m, 4H), 3.19 (s, 6H), 1.35 (s, 18H),
0.84 (s, 18H); °C NMR § 169.9, 158.2, 157.5, 147.0, 146.9, 135.4, 134.2, 129.5,
128.0, 74.7, 71.1, 70.6, 70.4, 41.5, 34.4, 33.9, 31.4, 30.7, 29.7, MALDI-TOF m/z:
1148.4 [M]", 1170.4 [M+Na]", 1186.4 [M+K]", calcd. 1148.3 [M]". Anal. Calcd for
Cs4H72N2013S6# 0.7 H,O: C, 55.81; H, 6.37. Found: C, 55.78; H, 6.23.

5,11,17,23-Tetra-tert-butyl-26,28-bis[(methylsulfonyl)carbamoylmethoxy|-
2,8,14,20-tetrathiacalix[4]arenemonocrown-6 (4b). Reaction of 3b (80 mg, 77
umol), oxalyl chloride (25 mg, 0.19 mmol), sodium hydride (31 mg, 0.77 mmol), and
methanesulfonamide (19 mg, 0.19 mmol) gave 4b (55 mg, 60%): mp >250 °C; 'H
NMR ¢ 11.11 (s, 2H), 7.71 (s, 4H), 6.92 (s, 4H), 5.66 (s, 4H), 4.14-4.17 (m, 4H),
4.03-4.06 (m, 4H), 3.86-3.90 (m, 4H), 3.77-3.81 (m, 4H), 3.75 (s, 4H), 3.24 (s, 6H),
1.35 (s, 18H), 0.85 (s, 18H); °C NMR 6 169.5, 158.5, 157.4, 147.0, 146.8, 135.8,
133.3, 129.3, 128.1, 76.4, 71.0, 70.7, 70.5, 70.4, 70.2, 41.3, 34.4, 34.0, 31.4, 30.8,
29.7; MALDI-TOF m/z: 1191.9 [M]", 1213.9 [M+Na]", 1229.9 [M+K]', 1235.9
[M+2Na]", 1251.9 [M+Na+K]", 1257.9 [M+2K]", caled. 1192.4 [M]". Anal. Calcd for
Cs6H76N2014S6: C, 56.35; H, 6.42. Found: C, 56.10; H, 6. 49.

[Ba®*e57Pic]’ complex formation. A mixture of 5 (9.8 mg, 10” mmol),
Ba(NO3) (29 mg, 10”" mmol) and LiPic (24 mg, 10" mmol) in CH,Cl/acetonitrile 1/1
(5 mL) was stirred at 40 °C for 1 h. The solvents were evaporated and the residue

dissolved in CDCl; (1 mL), after which the solution was filtered.

5.4.2 Extraction

Materials. The acids (concentrated HCI and HNO3) and CH,Cl, were of p.a.
grade and used as received. The nitrate salts of Ca®" (p.a.), St** (p.a.), and Ba*" (p.a.)
were purchased from Acros Organics. *°Sr”" isotope solutions were purchased from

Amersham UK. '’Ba®" isotope solutions were purchased from Isotope Products
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Europe Blaseg GmbH. Ra”" stock solutions were purchased from AEA Technology
QSA GmbH; **°Ra was used because of its long half-life (t;, = 1.6 x 10’ y). (Note:
226Ra has a very high radiotoxicity and should be handled with care and under
radionuclear supervision)

Solutions. All basic experiments were performed using an aqueous phase with
pH 8.9 (tris-HCI buffer) and an organic phase containing 10* M of extractant in
CH,Cl,. The different nitrate salt concentrations were obtained by diluting stock
solutions to the required concentration. From a carrier free stock solution of *°Sr**, a
dilution of 2.5 MBgq/g was made in 0.1 M HNO;. From a 10 pg Ba*/mL carrier
containing stock solution of '**Ba*" in 0.1 M HCl, a dilution of 45.18 kBq/g was made
in water. From a carrier free stock solution of **Ra*" in 0.5 M HCI, a dilution of 1.2
kBq/g (1.4 x 10°® M) was made in 0.1 M HNOj3.

General Extraction Procedures. Equal volumes (1.0 mL) of the organic and
aqueous solutions were transferred into a screw cap vial with a volume of 4 mL. The
samples were shaken (1500 rpm) at ambient temperatures (22-24 °C) for 1 h to ensure
complete settling of the two-phase equilibration. After extraction, the solutions were
disengaged by centrifugation (1600 rpm for 5 min) and aliquots (0.5 mL) of the
organic and aqueous phases were pipetted out. Experiments were performed in
duplicate; average values are reported, with an estimated error of 10-15%.

Non-competitive Extraction Experiments (Table 5.1). In the non-
competitive extraction experiments the concentration of [M(NOs),] (M*" = Ca*", Sr*,
and Ba®") was varied (0.2-3) x 10°* M compared to the extractant concentration (10*
M)

ICP-MS Monitored Extraction Procedures (Table 5.1). The solvent of the
aliquot taken from the organic phase was evaporated and the residue destructed in 0.5
mL of concentrated HNOj. The cation concentrations were measured on a Perkin
Elmer Sciex Elan 6000 ICP-MS instrument, using a cross flow nebulizer.”* The
extraction percentage is defined as 100% times the ratio of cation concentration in the

organic phase ([M,]) and the added cation concentration ([Mad4]) (eq 5).

E% = 100%([Mo]/[Maaa]) )
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Tracer Monitored Extraction Procedures (Table 5.1). The extraction
percentages were determined using the appropriate tracer in individual M(NO3), [M =
S (°°Sr’™), or Ba®" ('**Ba’")] solutions. In the case of Sr(NOs), the extraction

percentages were determined using 2.5 uL of *°Sr*"

tracer (616 Bq). The activity was
determined using a liquid scintillation counter to detect the Cherencov radiation. In
the case of Ba(NOs), the extraction percentages were determined using 10 pL of '**Ba
tracer (452 Bq). The gamma-activity was determined using a Nal scintillation counter.
The obtained extraction percentages are defined as 100% times the ratio of the activity

in the organic phase (A,) and the total activity (A, + Aaq) (€q 6).

E% = 100%(Ao/(40 + Aay) (6)

Competitive Ra’" Extraction Curves (single competing cation; (Figures
5.2 and 5.3 and Table 5.2). In the competitive extraction experiments, aqueous phase
pH 8.9 (tris-HC), the ratio of competing M"(NO3), (M = Ca®", Sr*", and Ba®") salt
concentrations compared to a fixed extractant concentration (1 mL; 10* M) was
altered to provide competing cation-concentration dependent extraction curves. To the
aqueous phase 20 pL of *°Ra”" tracer (240 Bq) were added and the gamma-activity
was determined with a Ge(Li) scintillation counter. The obtained extraction
percentages are defined as 100% times the ratio of activity in the organic phase (A,)
and the total activity (A, + Aaq) (eq 6).

Extraction vs. pH Curves (Figure 5.4). Experiments were performed using
fixed concentrations 3b and 4b of (10™* M) and **°Ra*" (2.9 x 10" M). The pH values
were set using different buffer solutions: pH 4-6: HCI, pH 7-10: tris-HCI, and pH 10-
13: tris-(CH3);NOH.
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The difference in reactivity of the two hydroxyl groups of a thiacalix[4]crown
may allow for selective functionalization, a feature that could be useful for the
preparation of mixed substituent thiacalix[4]crowns.

Attempts to form the cone crown-6 monoester with Na,CO; as a base (2 equiv)
only gave partial conversion of thiacalix[4]crown-6 (1b) to the partial cone
thiacalix[4]crown-6 monoester (11). The preferred formation of partial cone 11 is
rather surprising, since a crown-5-ether bridge only allows for the formation of the
monoester in the cone conformation (9).

All conformational assignments are fully confirmed by NOESY data, including
the NOE interactions of the #-butyl group resonances.

In the "H NMR spectra of 7 the ArH1 and ArH3 peaks perfectly overlap.

The NOE couplings between the ArH peaks allows to discriminate the low field
peaks to ArH2a/ArH4a and as a consequence the upfield peaks to ArH2b/ArH4b.
Iki, N.; Morohashi, N.; Narumi, F.; Fujimoto, T.; Suzuki, T.; Miyano, S.
Tetrahedron Lett. 1999, 40, 7337-7341.

Due to the sharper OH resonance found for the thiacalix[4]arene tricarboxylic
ester (15), with respect to the corresponding thiacalix[4]arene tricarboxylic acid
(7), compound 15 was used to assign their conformation.

Due to the lack of differences in extraction behavior, described in Chapter 4 for
the competition of Mg®* cations, only Ca>", Sr**, and Ba>" were used as competing
cations in this work.

Shannon, R. D. Acta Cryst. A 1976, 32, 751-767.

To determine whether pentadecanoic acid is lipophilic enough to remain in the
organic phase, its presence in the organic phase was verified with '"H NMR
spectroscopy after extraction with a tris-HCI buffer of pH 8.9. Furthermore, a
clear organic/aqueous phase separation was obtained after the extraction
experiments.

Thiacalix[4]crown-5 and —6 (1a,b) alone did not give any" extraction under the
conditions studied.

At lower salt concentrations (< 10> M) a third phase was observed with these
extractants.

Since the thiacalix[4]crowns 1a,b showed no Ra*" affinity under the standard
conditions used, their extraction constants for Ca®’, Sr**, and Ba®" were not
determined.

Since the concentration of [226Raz+]0rg can maximally be 2.9 x 10® M, compared to
a [L] of 10™* M, the selectivity coefficients are not influenced by the fact that pg, is
determined by [*°Ra’]o/((P°Ra* Tl + [°Ra*]y), rather than
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31.

32.

33.

34.

100

[226Ra2+]]0rg/ [***Ra’".. The precipitation of Ra®" salts does not influence the
selectivity coefficients obtained and as such is not discussed.
The relatively high Ra®* selectivity coefficients are mainly caused by the low Ba*"
extraction constants.
Partial cone thiacalix[4]crown-6 monocarboxylic acid (5) shows NOE cross peaks
between the ¢-butyl3 resonances of the inversed aromatic unit of the
thiacalix[4]arene and the crown-ether bridge, while its [Ba’+5 Pic]’ complex
does not. Nonetheless, NOE interactions between the resonances of the methylene
group adjacent to the carboxylic acid moiety and ArH2 and ArH4 (strong) and #-
butyl2 and #-butyl4 (weak) resonances, still confirm the partial cone conformation.
Furthermore, the ArH2b and ArH4b peaks shift down field significantly (0.3 ppm)
for the [Ba*"+5" Pic’]” complex. These NMR data suggest outward rotation of the
t-butyll peak, to allow for inward rotation of the carboxylic acid group. To the
best of our knowledge this is the first example that in the partial cone
conformation a carboxylic acid moiety rotates into the cavity to interact with a
cation at the other side of the thiacalix[4]arene platform.
Talanova, G. G.; Hwang, H.-S.; Talanov, V. S.; Bartsch, R. A. Chem. Commun.
1998, 419-420.
;l;he isotope *Ca was corrected for the interference of the doubly charged isotope
Sr.



Appendix Chapter 5

Derivation of Extraction Constants and Ra”" Selectivity Coefficients”

A.1 Introduction

Based on the Ca2+, Sr2+, and Ba®" extraction data, the complex stoichiometries
of the extractants described in Chapter 5 are reported. These stoichiometries are used
to derive the extraction constants (KMe; M = Ca*", Sr**, Ba*", and Ra"), allowing for
the determination of Ra*" selectivity coefficients (KRan/KMeX). In turn, these Ra*
selectivity coefficients enable a direct comparison of the Ra®" extraction data of

extractants with different complexation stoichiometries is possible.

A.2 General

Comparison of the extraction constants of the competing cations (Ca>", Sr*",
and Ba*") and of Ra>", allows the quantification of the differences between the various
extractants used (2, 3a,b, 4a,b, 5, 6, 7, and 8). In order to obtain these extraction
constant ratios, several equilibria have to be considered.

Since the pKa of tris is 8.1' and all the competition experiments were
performed at pH 8.9 ([tris]it = 5.0 x 102 M), [Htris Joq = 6.8 x 107 M. Consequently,
because of the basic nature of the aqueous phase, the uncomplexed ligands ([L]i =
10* M) in the organic phase are assumed to exist as neutral (Htris)L, (Htris),L,

(Htris)s;L, or (Htris)4L salts, depending on the charge of the ligand.

" This Appendix has been submitted for publication: Van Leeuwen, F. W. B.;
Beijleveld, H.; Velders, A. H.; Huskens, J.; Verboom, W.; Reinhoudt, D. N.
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A.3 Singly Charged Extractants, 1: 1 Stoichiometry (2 and 5)

N
C..5

2 R'=0OH, R?= OCH,CO,H (n= 1) 5 R'= OH, R?= OCH,CO,H (n=2)

45 -43 41 -39 -35 -37 45 43 41 39 35 -37
Iog[Ca2+] log[Ba" ]

e 2 exp
—8—5exp
=©=max E%
0 G- g = g
45 -43 -41 -39 -35 37
log[Sr* ]

Figure A.l. M>" extraction percentages (py = [M>Jore/[M* Jit(%)) for
extractants 2 and 5 (10" M; 1 mL of CH,Cl,) as a function of log[M%] M* =
Ca*'(a), Sr*'(b), and Ba**(c); 1 mL of water pH 8.9 tris-HCI buffer). The line through
the circles gives the extraction percentages calculated for the full complex formation

ofa 1:1 [M**¢(L)*X ]’ complex.

Extraction of M®" cations by the singly charged thiacalix[4]crown
monocarboxylic acids (2 and 5) is shown in Figure A.1. The best fits were obtained
assuming a 1:1 complex stoichiometry, the maximal extraction percentages are
depicted in Figure A.1, and therefore the equilibrium for the extraction of the divalent
cations can be written as equation 1, with equation 2 describing the corresponding

extraction constant.
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[M*aq + [X laq + [HtrisL]org &= [MLX]org + [Htris Jaq (1)
KMoy = [IMLX Jorg[Htris Jog/[M* Tag[HtrisL]org[ X Tag (2)

Because of the equal volumes used, a decrease of [M2+]2lq in the aqueous phase leads
to an equal increase of [ML]or, in the organic phase, allowing for direct comparison of
the concentrations of the two phases. This results in the equations 3 and 4 for the mass

balances of M*" and L, respectively.

[M* ot = [M* Tag + [MLX Jorg 3)
[L]tot = [(Htris)zL]Org + [MLX]Org (4)

The extraction percentages obtained for the competing cations (see Figure A.1) are
incorporated as py = [MLX]or,/ [M2+]tot, therefore, [MLX]o is equal to pM[M2+]tot, and
[M2+]aq = (l'PM)[M2+]tot-

The extraction percentages of the competing M>" cations in a concentration
range of (0.2 - 3.0) x 10*M are provided in Figure A.1. From these extraction curves,
KM can be obtained by fitting calculated py, values to the experimentally determined
values (Table 5.2), using a non-linear least squares fitting procedure.

When the Ra®" experiments, in competition with the divalent cations Ca®’,
Sr**, and Ba®" (Figure 5.3), are modelled, additional equilibria and mass balances
have to be considered. The extraction equilibrium for Ra*" and its extraction constant
are given in equations 5 and 6, respectively. The Ra*" mass balance is given in

equation 7, and the ligand mass balance (equation 4) is now expanded to equation 8.

[Ra”aq + [X Jaq+ [HtrisL]org == [RaLX]org + [Hitris Jaq (5)
K. = [RaLX]org[Htris Ta/[Ra* Tag[HtrisL]ore[ X Tag (6)
[Ra* ot = [Ra* Jag + [RALX Jorg (7)
[Liot = [(Htris)sL]org + [MLXJorg + [RALXJorg (8)

However, because of the small amount of [Ra* ] (2.9 x 10 M), [RaL]ore can be
neglected in equation 8. Similar to py, for the competing cations, pg, is defined as
[RaLX]ore/[Ra*Jor, resulting in [RaLX]org = pra[Ra* T, and [Ra*Tlq = (1-pra)l

Ra2+]t0t. Thus the K*?.,/KM., ratio (equation 9) can be written as equation 10.
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K" /KM = ([RALX Jorg/[Ra* Tag) (M* g/ [MLX ]org) 9)
KRaex/ KMex = (Pra/Pm)(1-p1)/(1-pra) (10)

Since the KM, values of the different extractants have different dimensions, only
KR*W/KM, ratios are given. These ratios are obtained by fitting calculated pg, values
to the experimentally determined values (Figure 5.3), using a non-linear least squares

fitting procedure.

A.4 Doubly or Triply Charged Extractants, 1: 1 Stoichiometry (3a,b, 4a,b, 6, and

7)
N
]! R g B1 R R R

3a R:= R2= OCH,CO,H (n=1) 6 R'=R%=0OH, R?=R4= OCH,CO,H
3b R'= R*= OCH2CO,H (n=2) 7 R'= OH, R%= R®= R*= OCH,CO,H

4a R11 = R§= OCH ,CONHSO,CH,(n= 1)
4b R'= R®= OCH;CONHSO,CHj (n= 2)

45 -43 -41 -39 -35 -37 45 -43 -41 -39 -35 -37
log[Ca’"] log[Ba®"]

==Q==max E%

45 -43 -41 -39 -35 -37
log[S2*]

Figure A.2. M*" extraction percentages (py= [M*Jor/[M* ot (%)) for
extractants 3a,b, 4a,b, 6, and 7 (10'4 M; 1 mL of CH,Cl,) as a function of log[M%]
(M*" = Ca**(a), Sr**(b), and Ba*"(c); 1 mL of water pH 8.9 tris-HCI buffer). The line
through the circles gives the extraction percentages calculated for a 1:1 [MZo(LH)]°

complex.
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In Chapter 4 the equations used to determine the extraction constants and
selectivity coefficient of the divalently charged thiacalix[4]crown dicarboxylic acids
(3a,b) are described.” For thiacalix[4]crown bis(methylsulfonyl) carboxamides (4a,b),
thiacalix[4]arene dicarboxylic acid (6), and thiacalix[4]arene tricarboxylic acid (7) the
same equations can be used, which results in equation 10 for the Ra*" selectivity
coefficient. Here only the extraction behavior of 3a,b, 4a,b, 6, and 7 towards Ca*,
Sr**, and Ba*" are depicted in Figure A.2, as well as the Ra®" extraction curves of 4a,b

and 7 (Figure A.3).

R' R?
Q
SN N
4a R'= R2= OCH,CONHSO,CH, (n= 1) 7R'= OH, R?= R%= R*= OCH,CO,H
4b R'= R*= OCH,CONHSO; CH; (n= 2)

-2 - -1 C
log((B&" )

4a fit
&> 4a exp
TT T T 4bfit
0 4b exp
"""" 7 fit
A Texp

log(ISr™))

Figure A.3. Ra®" extraction percentages (pr, = [*°Ra’Jor/[*>°Ra” Jiot (%)) for
extractants 4a (a), 4b (b), and 7 (c) (10* M; 1 mL of CH,Cl,), as a function of the
M(NOs), concentration (M*" = Ca®", Sr**, or Ba®"; 1 mL of water pH 8.9 tris-HCI
buffer), with 2.9 x 10° M Ra*".
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A.5 Quadruply Charged Extractants, 1: 2 Stoichiometry (8)

1001 —_— Caz2+ exp 'R R R
80+ -3 - Sr’exp R
< 60- ---A--- Ba®exp
E 0,
& 401 —e—max E%
01 e P 8 R'= R2= R®= R*= OCH,CO,H
0
-5 -4 -3.7 -3.5

log(IM*"))

Figure A.4. M?*" extraction percentages (pu= [M2+]0rg/ [M*iot (%)) recorded
with 8 at different extractant to M(NOs), ratios (M>" = Ca®", Sr*", and Ba®"; 1 mL of
pH 8.9 tris-HCI buffer), using a fixed extractant (10* M; 1 mL of CH,CL). The line
through circles shows the maximal extraction percentage expected for a 1:2 [M*"

(Htris);L),]° complex stoichiometry .

Surprisingly, extraction data obtained for the thiacalix[4]arene tetracarboxylic
acid (8), with the competing cations Ca®", Sr**, and Ba®" (Figure A.4) suggest a 1:2
(ML,) complex stoichiometry. Models based on a 1:2 stoichiometry could be used to
fit these curves, while models based on more plausible 1:1 and 2:1 stoichiometries or
a combination, did not give proper fits. As a result thereof, the equilibrium for the
extraction of the divalent cations can be written as equation 11, with equation 12

describing the corresponding extraction constant.

[M*aq + 2[(Htris)sL]org == [M((Htris)sL)2]org + 2[Htris o (11)
KM, = [IM((Htris)sL); Jorg[Htris ag™/[M* Jag[ (Htris)aL]org” (12)

Because of the equal volumes used, a decrease of [M2+]aq in the aqueous phase leads
to an equal increase of [M((Htris);L):]ore in the organic phase, allowing for direct
comparison of the concentrations of the two phases. This results in the equations 13

and 14 for the mass balances of M*" and L, respectively.

[M* Tior = [M? Taq + [M((Htris)sL)2]ore (13)
[L]ot = [(Htris)sL]org + 2[M((Htris)3L)2]org (14)
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The extraction percentages obtained for the competing cations (see Table 1) are
incorporated in equations 12-14 as py = [M((Htris)sL)2]ore/ [M* Tiot, [M((Htris)3L)2]org
= pa[M* Jor, and [M*"laq = (1-p1)[M* Tt

The extraction percentages of the competing M*" cations in a concentration
range of (0.2-3.0) x 10*M are provided in Figure A.4. From these extraction curves,
KM, can be obtained by fitting calculated py values to the experimentally determined

values (Table 5.2), using a non-linear least squares fitting procedure.

100

80 —e— C&** fit RRF Rs
£ 60- --B-- Sr¥*fit m\
L]
4 ‘o
o 401 ---&--- Ba”'fit
20<-x¢‘ 8 R'=R?=R®%= R*= OCH,CO,H
0 Tt A2 T —
4 -3 2 1 0

log([M**])

Figure A.S. Ra®" extraction percentages (pr, (%)) for extractant 8 (10'4 M; 1
mL of CH,Cl,), as a function of the M(NOs), concentration (M = Ca2+, Sr2+, or Ba2+;
1 mL of water pH 8.9 tris-HCI buffer), with 2.9 x 10® M Ra”". The fitted curves are
depicted.

When the Ra®" experiments, in competition with the divalent cations Ca®’,
Sr**, and Ba®" (Figure A.5), are modelled, additional equilibria and mass balances
have to be considered. The extraction equilibrium and its extraction constant are given
in equations 15 and 16, respectively. The Ra’" mass balance is given in equation 17,

and the ligand mass balance (equation 4) is now expanded to equation 18.

[Ra”aq + 2[(Htris)sL]org == [((Htris);L)sRa]org + 2[Htris o (15)
K", = [Ra((Htris);L)2Jorg[ Htris Jag/[Ra> Jaq[ (Htris)aL]ore (16)
[Ra* ot = [Ra* T + [Ra((Htris)s L) Jorg (17)
[Lliot = [(Htris)sL]org + 2[M((Htris)3 L), ]org + 2[Ra((Htris)s L), ]org (18)

However, because of the small amount of [Ra* T (2.9 x 10° M), [RaL]ore can be

neglected in equation 18. Similar to pys for the competing cations, pr, is defined as
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[RaL]or/ [Ra2+]tot, resulting in [Ral]o, = pRa[Ra2+]tot, and [Raz+]aq = (l-pRa)[Ra2+]t0t.

Thus the K*./KM ratio (equation 19) can be written as equation 20.
KoK Mex = ([Ra((Htris)sL)Jorg/ [Ra” Tag) (M Tag/ [M((HtriS 3L )2 ]ore) (19)

KRaex/KMex = (pRa/pM)( 1 'pM)/( 1 'pRa) (20)

Since the KM, values of the different extractants have different dimensions, only
KR"‘M/KMex ratios are given. These ratios are obtained by fitting calculated pg, values
to the experimentally determined values (Figure A.5), using a non-linear least squares

fitting procedure.
References

1. Kearns, A.; Cole, L.; Haws, C. R.; Evans, D. E. Plant Physiol. Biochem. 1998, 36,
879-887.
2. Equations previously derived in Chapter 4.
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Chapter 6

Selective Ra’*" Extractants Provided by Self-assembly of Guanosine and

. . . *
Isoguanosine Derivatives

Abstract: The self-assembled guanosine (G 1)-based hexadecamers and
isoguanosine (isoG 2)—based decamers are excellent Ra’" selective extractants even in
the presence of excess alkali (Na*, K', Rb", and Cs*) and alkaline earth (Mg**, Ca’",
Sr**, and Ba’") cations over the pH range of 3-11. G 1 requires additional picrate anions
to provide a neutral assembly, whereas the isoG 2 assembly extracts Ra’" cations without
any such additives. Both G 1-Picrate and isoG 2 assemblies show Ra’" extraction even at
a 0.35 x 10° fold excess of Na*, K, Rb*, Cs*, Mg**, or Ca®* (10° M) to Ra** (2.9 x 10°®
M) and at a hundred-fold salt to extractant excess. In the case of the G 1-Picrate
assembly, more competition was observed from S’ and Ba’®, as extraction of Ra’"
ceased at a M°*/Ra’" ratio of 10° and 10°, respectively. With the isoG 2 assembly Ra’"
extraction also occurred at a S”**/Ra®" ratio of 10°, but ceased at a 10° excess of Ba’".
The results clearly demonstrate the power of molecular self-assembly for the construction

of highly selective extractants.

" This chapter has been published in: Van Leeuwen, F. W. B.; Verboom, W.; Shi, X.;
Davis, J. T.; Reinhoudt, D. N. J. Am. Chem. Soc. 2004, 126, 16575-16581.
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6.1 Introduction

The known Ra”" extraction procedures (Chapter 2) mainly use crown ether-like
compounds with ionizable groups that allow for overall neutrality of the resulting salt-
crown complexs,'™ a conventional approach described in Chapters 2, 4, and 5. However,
the drawbacks to these crown ethers as extractants include the considerable effort often
required for their synthesis and the limitation that they function only above pH 6, since
cation extraction depends on the ionization state of the acidic groups.

Nature uses molecular self-assembly to form many receptors and this would also
provide a powerful tool for the formation of selective extractants.” Guanosine-rich
nucleic acids are well known to coordinate alkali and alkaline earth cations using the G-
quartet motif.>” Synthetic guanosine derivatives also form highly organized and well

. . . . 8
characterized structures in the presence of a range of monovalent and divalent cations.

CEQ:::»

1 Q

a 0
N o 7
0’/
-0

picrate AG 1 O
- =M (2+)

I
HH
N’H

[M,(G 1), Pic,]

-0

[M(isoG 2), ((NO, ), |

isoG 2

Scheme 6.1. The cation induced self-assembly of guanosine (G 1) and picrate
giving a [2M*"+(G 1),¢*4Pic] complex, which corresponds to a 8:1 extractant-cation
stoichiometry. The cation induced self-assembly of isoguanosine (isoG 2) giving a 10:1
stoichiometry. These stoichiometries are based on their Ba’" and Cs™ complexes,

: 10,11
respectively.

110
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As schematically depicted in Scheme 6.1, X-ray crystallography has shown that
the guanosine (G 1) derivative forms non-covalent assemblies stabilized by picrate, that
are based on (G 1)s-M™™ octamers, while the isoguanosine (isoG 2) derivative forms
decamers in the presence of a templating cation. The G 1 assembly has a relatively high
K", Sr**, and Ba®* affinity,”'* whereas the isoG 2 assembly shows strongest affinity for

the larger Cs™ and Ba®" cations.'"""

This cation binding selectivity is attributed to the
geometry of the hydrogen bond donors and acceptors: G 1 forms tetramers, whereas i1s0G
2 prefers to form hydrogen-bonded pentamers in the presence of the cation template. In
addition, recent calculations on a series of (isoG),-M™ complexes support our
experimental observations that (is0G)s-M' pentamers are favored over the (is0G)s-M"
tetramers by the alkali metal cations larger than Li"."> The macrocycle cavity size of these
self-assembled extractants determines the cation binding selectivity.

In separations of Group I and II cations, selectivity is often controlled by the
extractant cavity size. A self-assembled receptor with multiple oxygen donors and a
cavity that fits the Ra’" coordination sphere is a logical start for identifying Ra*"
extractants. Since G 1-Picrate and isoG 2 assemblies were shown to possess high
affinities for cations similar to Ra*", we reasoned they might be excellent candidates for
Ra”" coordination.

In this Chapter, the extremely high Ra”" extraction selectivity of assemblies

formed by the lipophilic nucleosides G 1 and isoG 2, even in the presence of alkali and

alkaline earth cations and over a wide pH range is reported.

6.2 Results and Discussion
6.2.1 Non-competitive Ra’" Extraction Experiments

To evaluate the Ra® " extraction ability of G 1 and isoG 2 assemblies, liquid-liquid
extractions were first performed under non-competitive conditions. In each experiment
the aqueous phase contained the same concentration of added Ra*" cations ([**Ra*Jaaa =
2.9 x 10°*M) and the organic phase contained 10°* M of self-assembled extractant,
assuming complete formation of the (G 1)s-M>" and the (isoG 2);-M>" complexes. The G
1 assembly only extracted Ra®" cations when picrate anions were present in the aqueous

phase (100% extraction). In marked contrast, the isoG 2 assembly extracted 100% of the
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Ra”" cations, both with and without picrate anions in the aqueous phase. These extraction

results are consistent with previous findings that additional “stabilizing" picrate anions

9,10
1,”

are needed for the formation of neutral G-quadruplex structures using G whereas

cation-templated formation of the isoG 2 decamer is known to be anion independent.'"'?

6.2.2 Binding Potential of G 1-Picrate and IsoG 2 Assemblies for Divalent Alkaline Earth
Cations

To study whether G 1-Picrate and isoG 2 assemblies have a binding affinity for
alkaline earth cations (Mg>", Ca®", Sr*", and Ba®") the relative extraction ability of G 1-
picrate and isoG 2 assemblies under non-competitive conditions, using non-radioactive
nitrate salts (10 M), were determined with Inductively Coupled Plasma-Mass

Spectrometry (ICP-MS). The results are summarized in Table 6.1.

Table 6.1. Extraction percentages [pir= [M* Jorg/[M* Tt (%)] of Mg®*, Ca®*, Sr**,
and Ba®" cations by G 1-Picrate and isoG 2 assemblies, at an equimolar self-assembled

extractant to cation concentration (10 M), determined by ICP-MS.*

Extractant Mg (%) Ca” (%) ST (%) Ba’ " (%)
G 1-Picrate 2 39 90 34
IsoG 2 1 57 32 48

“In all cases metal nitrate salts were used. ” Extraction percentages were verified

. . .. . 133
under identical conditions with a “~"Ba tracer.

The G 1-Picrate assembly shows high relative extraction abilities for Sr** and
Ba”", compared to Ca>" and Mg®" cations. In the case of the isoG 2 assembly generally a
lower extraction ability is observed, which may be due to the lack of a lipophilic anion
such as picrate to facilitate partitioning of metal ions into the organic phase. However, the
isoG 2 assembly still allows about 50% extraction of Ca®" and Ba*" cations under these

conditions.
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6.2.3 Competitive Ra’" Extraction Experiments in the Presence of Alkaline Earth Cations

In order to determine whether Ra*" would be extracted in competition with Mg*",
Ca2+, Sr2+, and Ba2+, extractions were performed under the same conditions as were used
for the ICP-MS analyzed extractions (Table 6.1). For these Ra*" extraction experiments a
ratio of Ra®" cations to competing alkaline earth cations of 2.9 x 10® M to 10* M was
used. After adding the Ra®" cations, extraction experiments with G 1-Picrate and isoG 2
assemblies revealed high Ra>" selectivities with all four competing cations. This means
that both nucleosides are able to selectively extract Ra*" from a 3.5 x 10° fold excess of

Mg2+, Ca*", Sr*", and Ba' cations (Figure 6.1; 10g[M2+] =-4).

M2 1?2Ra 2] [Sr2*Y226Ra 2+}add
3.5 x 102 3.5x10% 35x10°  3.5x10° 3.5 x 10% 3.5 x 10°
a) --B-3 c) 1068 -~ _
| B
80 80 N
g 60 g 5o
at 40 & 401
20 o0
5 -4 -3 2 -1 5 -4 -3 2 A
log[Mg”] log[Sr2*]
{Caz+}/{225:‘?a 2«}1,30rd [B 32+]4'226Ra 2+ }add
3.5x10° 35x10°  35x10°  35x10? 3.5 x 10 3.5 x 10°
d ©—e1004
8 &
= 60 \ —0— G1exp
) *\ -O-- isoG 2 exp
&£ 40 =
B--g
20 .
o al & b
5 -4 3, -2 -1 5 -4 3 -2 R
log[Ca“"] log[Ba™ ]

Figure 6.1. Ra®" extraction percentages [pz, = [226Ra2+]Org/[z%Ra%]tot (%)] for
different ratios of extractant to M(NO3), (M = Mg2+ (a), Ca*'(b), Sr2+(c), or Ba?'(d)),
using fixed extractant ([(G 1)g+ 2(Pic)] = [(is0G 2)10] = 10* M), and Ra®" (2.9 x 10® M)
concentrations. The log[M?'] values correlate directly with [M*"]/[**Ra* Jaqq values; -4 =

35x10°-3=35x10*-2=35x10°, and-1.6 =0.8 x 10%."*
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To determine the range in which G 1-Picrate and isoG 2 assemblies are effective
Ra”" extractants, competition experiments with the single cations (Mg”", Ca*", Sr**, and
Ba”") were carried out. The smallest of the alkaline earth cations Mg”" showed high
Ra’"/Mg*" extraction selectivities for both the G 1-Picrate and isoG 2 assemblies. At a
10° fold excess of Mg®" to Ra*" cations (salt to extractant ratio of 240), 63% of the Ra*"
cations were still extracted (Figure 6.1a; log[Mg*] = -1.6) by the G 1-picrate assembly.
However, the isoG 2 assembly (without added picrate) did not show any interference in
its Ra extraction percentage by Mg®", which is a common cation in saline waters

. . —+
containing Ra™"."

The isoG 2 assembly can quantitatively remove Ra”" cations from
solutions containing more than a million-fold excess of Mg”" cations, and the G 1-Picrate
assembly maintains a significant Ra®" selectivity under identical conditions.

At a Ca**/Ra*" ratio of 106, 45% and 25% of the Ra®" cations were still extracted
by both the G 1-Picrate and isoG 2 assemblies, respectively (Figure 6.1b; log[Ca*'] = -
1.6). These comparative extraction data show that assemblies of both the lipophilic
nucleosides G 1 and isoG 2 are able to selectively remove Ra’" from a million-fold
excess of Ca”" cations.

In the presence of Sr* cations, the isoG 2 assembly shows a remarkable Ra*
cation selectivity (53%; Sr*"/Ra*" = 10°), but the G 1-Picrate assembly fails to extract
Ra”" above a ratio of 10° (Figure 6.1c). This results in a more than hundred-fold higher
selectivity in the case of the isoG 2 assembly, allowing for Ra®" extraction at a million-
fold excess of competing Sr** cations.

In the case of Ba’’, the cation most similar in size to Ra*",** the Ra*"/Ba’*"
extraction selectivities are significantly lower for both extractants (Figure 6.1d). Whereas
the G 1-Picrate assembly shows a sharp drop as soon as the Ba®" concentration exceeds
that of [(G 1)g] (at a Ba®>"/Ra*" ratio of 3.5 x 10°; Figure 6.1d; 10g[Ba2+] = -4), the 150G 2
assembly continues extracting Ra*" up to a ratio of 10°. The ability to differentiate
between the similar chemical properties and sizes of Ba®" (1.35-1.61 A) and Ra®" (1.48-

1.70 A)'® cations suggests that the self-assembled extractants prepared from isoG 2 are

excellent Ra®"/Ba’" selective extractants.
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In comparing the Mg, Ca*", Sr*", Ba*", and Ra®" selectivities and the relative
extraction ability of the G 1-Picrate assembly, a trend related to the cation size can be
observed. The G 1-Picrate assembly has the highest affinity for Sr*” and Ba®" (Table 6.1),
which is in direct agreement with previous findings that G 1 based octamers have the
optimal coordination sphere for Sr** and Ba®" cations.'? Therefore, the lowest Ra®"
selectivities were observed in competition experiments with these cations (Figures 6.1c
and d). In the case of Mg”" and Ca”" hardly any affinity of the G 1-Picrate assembly was
observed (Table 6.1); as a consequence, very high Ra®" selectivities by the G 1-Picrate
assembly were obtained for these cations (Figures 6.1a and b). While the isoG 2 assembly
shows relatively low extraction abilities for the alkaline earth cations (Table 6.1), it has
impressive Ra”" selectivities in their presence (Figure 6.2; Scheme 6.2). This indicates
that the isoG 2 decamer has a preference for binding the “largest” Ra>" (1.48-1.70 A)
cations, over the smaller alkaline earth cations (0.52-1.61 A). This is consistent with the
isoG 2 assembly being a Cs™ (1.67-1.88 A)'® selective extractant in the presence of the
smaller alkali cations.'’

In addition to the high selectivities reported in the presence of the other alkaline
earth cations, the presence of G 1 and isoG 2 in the organic phase greatly reduced the
deficit of detectable Ra”>" cations (Figure 6.2a-c), as compared to that reported for the
blank experiments (see Chapter 4).

With Mg”" cations the presence of G 1 and isoG 2 still allows for the detection of
nearly all the Ra*" cations (> 80%) at 10™* M, which is a considerable improvement to the
10% of Ra®" detected under blank conditions. IsoG 2 continues to show a near
quantitative presence of Ra*" cations with Ca®", Sr*", and Ba®" cations. In the case of G 1,
the presence of Ca’" and Sr*" cations gave similar amounts of detected Ra®" cations as
was reported for the blank experiments, while the presence of Ba®" cations gave near
quantitative amounts (> 80%) of detected Ra®" cations. These findings suggest that
precipitation of Ra®" salts is significantly prevented by the nucleosides used. The G 1-
picrate assembly and, in particular, the isoG 2 assembly are not only very selective Ra*"
extractants but they can also prevent “Ra-scale formation” from solutions containing an

excess of alkaline earth cations.
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Figure 6.2. Ra>" % present solution [ = [***Ra*]sor/[*°Ra’* Taaa (%)] with varying
concentrations of alkaline earth cations, after extraction with G 1-Picrate and isoG 2.
Different salt concentrations M(NO3), [M*" = Mngr (a), Ca*™ (b), Sr** (c), or Ba®" (d)],
fixed extractant ([(G 1)s + 2(Pic)] = [(is0G 2)10] = 10* M) and Ra®>" (2.9 x 10™®* M)

concentrations were used.

6.2.4 Competitive Ra’~ Extraction Experiments in the Presence of Alkali Cations

Since Ra”"-containing waters also contain relatively high concentrations of alkali
cations,” and previous work™'° has shown that both the G 1-Picrate and isoG 2
assemblies have high affinities for some of these cations, competitive extraction
experiments with alkali cations were performed (Figure 6.3).

For both self-assembled systems of the nucleosides, G 1 and isoG 2, the Ra*"
extraction efficiency does not seem to be perturbed by the presence of Na', even at a
Na'/Ragq” ratio of 0.35 x 10°% The isoG 2 assembly showed only a slight drop in Ra*"
extraction at this point. Furthermore, both nucleosides extracted significant percentages
of Ra®" cations in the presence of high concentrations of competing K, Rb", and Cs”

cations. Figure 6.3 shows that impressive Ra’" extraction percentages were obtained for
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both the G 1-picrate assembly [K' (54%), Rb" (64%), Cs™ (87%)] and the isoG 2
assembly [K' (66%), Rb" (56%), Cs"™ (18%)], even at [M']/[***Ra*"Ja4q ratios of 0.35 x
10°. Since the lipophilic G 1-Picrate assembly was shown to have a high K affinity,” and

12,17

the isoG 2 assembly a high Cs’ affinity, it is understandable that these particular

alkali cations interfere the most with Ra>" extraction.

+17226 . 2+ +1 72265, 2+
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Figure 6.3. Ra’" extraction percentages [pr, = [*°Ra’ lorg/[*’Ra*]iot (%)] for
different ratios of extractant (L) to M(NO3) (M = Na', K', Rb", and Cs"), using fixed
extractant ([(G 1)g + 2(Pic)] (a) and [(isoG 2)10] (b); both 10 M), and Ra*" (2.9 x 10™
M) concentrations. The log[M'] values correlate directly with [M]/[***Ra* Jaqq values; -4

=3.5x10%,-3=3.5x10* -2=3.5x10°, and -2.4 =0.8 x 10°.'®

In accordance with its high Ra”" selectivity in the presence of alkali cations, the G
1-Picrate assembly shows, in all cases, near quantitative percentages of detected Ra*"
cations, which is a significant improvement to the amounts found under blank conditions
(no extractant used; see Chapter 4). The isoG 2 assembly, however, still shows a loss of
Ra’" cations in the presence of Na', K, and, in particular, Cs" cations. As the isoG 2-
assembly has its Ra®" extraction considerably interfered with by the presence of Cs’
cations, the loss of Ra®" cations can be attributed to its lower Ra®" selectivity in the

presence of these cations (Figure 6.4a-c).
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Figure 6.4. Ra* % present in solution [ = [2°Ra* son/[22°Ra* Taaa (%)] with
varying concentrations of alkali cations, after extraction with G 1-Picrate and isoG 2.
Different salt concentrations M(NO;3), [M" = Na' (a), K (b), Rb" (c), or Cs" (d)], fixed
extractant ([(G 1) + 2(Pic)] = [(isoG 2)10] = 10* M) and Ra*" (2.9 x 10® M)

concentrations were used.

Extraction of Ra’" by G 1-Picrate and isoG 2 assemblies occurs even in the
presence of a 0.35 x 10° fold excess of monovalent alkali cations. Additionally, Ra*"
“precipitation” is significantly prevented by the presence of both G 1 and isoG 2. Clearly,
the noncovalent assemblies formed by G 1 and isoG 2 are much more favorable at

binding divalent Ra*" cations than monovalent alkali cations (Scheme 6.2).

[Ra,(G 1), Pic,] [Ra(isoG 2),,(NO;), ]

Scheme 6.2
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6.2.5 Determination of the Effective pH Range
The pH profiles for Ra*" extraction by G 1-Picrate and isoG 2 assemblies,
obtained under non-competitive conditions, indicate that both these nucleosides are

effective Ra”" extractants between pH 3 and 11 (Figure 6.5).

1001
801 éﬁ
g 60 o G1
& 40 0 isoG2
20 /’
0 < T T T T )

Figure 6.5. Influence of the pH on the Ra>" extraction of G 1-picrate and isoG 2

assemblies. '’

Between pH 2 and pH 8 the extraction efficiency shows an upward trend for both
the G 1-Picrate and the isoG 2 assemblies and above pH 8 the Ra*" extraction becomes
quantitative. This significantly improves the effective pH region compared to that
reported by Chen et al. for self-neutralizing systems (pH 6-11) viz. p-tert-
butylcalix[4]arene-crown-6-dicarboxylic acid, p-tert-butylcalix[4]arene-crown-6-
dihydroxamic acid, a 17-crown-5 ether with one pendant carboxylic acid group, and an
acyclic polyether with two pendant carboxylic acid groups.’ In order to verify the results

226R212+add] =35x10° ), extraction

obtained with the low Ra*" concentrations used ([L]/[
experiments were performed using an 4 x 107 excess of Ba*" nitrate and two equivalents
of Lithium Picrate in the case of G 1. These experiments were monitored by 'H NMR

spectroscopy for the formation of the corresponding G 1-picrate and isoG 2 assemblies.

2
The hexadecameric assembly of G 1, 2Ba +'[G 1]16*4Pic’, was shown to be stable

between pH 2 and 11. Below pH 2, the picrate (pKa = 0.38 in water)™ peak and signals
for 2Ba2+-[G 1]16°4Pic” broaden and NMR signals for “free” G 1 are observed. Above pH

11, NMR signals for the G-quadruplex 2Ba2+°[G 1]16*4Pic” could no longer be
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observed.?! Characteristic NMR signals for the isoG 2 decamer, Ba*"*[isoG 2];0, were
also observed between pH 3 and 11. Below pH 3, an additional NH signal appeared and
only partial complex formation was observed, while above pH 11, the characteristic NH
signals of the decamer Ba*"+[isoG 2]; were no longer present.”> Assembly formation is
clearly influenced by the presence of charges on the nucleoside monomers, as generated
by protonation or deprotonation of the NH groups. Nevertheless, the effective pH range
covers a broad region, making assemblies of G 1 and isoG 2 widely applicable

extractants.

6.3 Conclusions

The noncovalent assemblies formed by G 1 and isoG 2 show high Ra*’
selectivities in the presence of divalent alkaline earth cations. Where G 1 requires the
presence of a lipophilic anion before giving a high Ra*" selectivity in the case of Mg
and Ca*', isoG 2 gives high selectivities in the presence of Mg2+, Ca®’, Sr**, and Ba*,
without any additional additives.” Furthermore, a remarkable Ra®" preference in the
presence of monovalent alkali cations, “precipitation preventing/dissolving”
characteristics, and a broad effective pH range were observed for both G 1 and isoG 2.
The ability to quantitatively and selectively extract a highly toxic radioisotope from a
solution containing a million-fold excess of other cations shows the power and potential

of using molecular self-assembly to construct highly selective receptors.

6.4 Experimental Section

Materials. The preparation of G 1° and isoG 2** was performed according to
literature procedures. Tris(hydroxymethyl)aminoethane (tris) 99.8+% was ordered from
Aldrich. Concentrated HCI and HNO; acids and CH,Cl, were of p.a. grade and used as
received. The nitrate salts of K’ (>99.5%), Rb" (p.a.) were purchased from Fluka Chemie
and Na'™ (p.a.), Cs™ (99%), Mg*'(p.a.), Ca®" (p.a.), Sr*" (p.a.), and Ba®" (p.a.) were
purchased from Acros Organics. '°Ba”" stock solutions were purchased from Isotope
226p 42+

Products Europe Blaseg GmbH.
Technology QSA GmbH; **°Ra was used because of its long half-life (t;, = 1.6 x 10° y).

stock solutions were purchased from AEA
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(Note: ***Ra has a very high radiotoxicity and should be handled with care and
under radionuclear supervision)

Solutions. All basic experiments were performed using an aqueous phase with pH
8.9 (tris-HCI buffer) and an organic phase containing 10 M of extractant in CH,Cl,. The
extractant concentrations of the organic solutions were based on the amount of “free”
extractant needed to complex one alkaline earth cation [(G 1)s, (is0G 2),0]. The different
nitrate salt concentrations were obtained by diluting stock solutions to the required
concentration. From a 10 pug Ba®>*/mL carrier containing stock solution of '**Ba*" in 0.1
M HCI, a dilution of 45.18 kBq/g in water was made. From a carrier free stock solution
of **Ra*" in 0.5 M HCl, a dilution of 1.2 kBq/g (1.4 x 10° M) in 0.1 M HNO; was made.

General Extraction Procedures. Equal volumes (1.0 mL) of the organic and
aqueous solutions were transferred into a screw cap vial with a volume of 4 mL. The
samples were shaken (1500 rpm) at ambient temperatures (22-24 °C) for 1 h to ensure
complete settling of the two-phase equilibration. In the case of the G 1 extraction
experiments two molar equivalents, compared to [(G 1)g], of LiPic were added to allow
for full extraction. After extraction, the solutions were disengaged by centrifugation
(1600 rpm for 5 min) and aliquots (0.5 mL) of the organic and aqueous phases were
pipetted out. Experiments were performed in duplicate; average values are reported, with
an estimated error of 10-15%.

ICP-MS Monitored Extraction Procedures. The solvent of the aliquot taken
from the organic phase was evaporated and the residue destructed in 0.5 mL of
concentrated HNOs. The cation concentrations were measured on a Perkin Elmer Sciex
Elan 6000 ICP-MS instrument, using a Cross flow nebulizer. The extraction percentage is
defined as 100% times the ratio of cation concentration in the organic phase ([M,]) and

the added cation concentration ([M,4q]) (equation 1.7
E% = 100%([Mo]/[Maaa]) (1)
Non-competitive ICP-MS (Table 6.1). In the non-competitive extraction

experiments the salt concentrations (M(NOs),; M= Mg*", Ca*’, Sr*', and Ba*") were

equal to those of the extractants (10 M) and were verified by their mass-balances.
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33Ba Tracer Experiments (Table 6.1). In *’Ba®" extraction experiments the
exact conditions were used as described above for the ICP-MS experiments. But in this
case, 10 pL of '**Ba tracer (452 Bq) were added. The gamma-activity was determined
using a Nal scintillation counter. The obtained extraction percentage is defined as 100%
times the ratio of *’Ba’" activity in the organic phase (A,) and the total '**Ba*" activity

(Ao + Ayg) (equation 2).
E% = 100%(A,/(4o + Aag)) (2)

Ra’" Extraction Procedures. In the case of the Ra’" extraction experiments, to
the aqueous phase 20 pL of **°Ra’" tracer (240 Bq) were added. The gamma-activity was
determined with a Ge(Li) scintillation counter. The obtained extraction percentage is
defined as 100% times the ratio of ***Ra*" activity in the organic phase (A,) and the total
22°Ra*" activity (A, + A,g) (equation 2).

Non-competitive Ra’* Extractions. In the non-competitive extraction
experiments the aqueous phase only contained *°Ra”" cations in 1 mL of pH 8.9 tris-HCl
buffer. In order to determine the influence of picrate anions on the extraction behavior of
the G 1 and isoG 2 assemblies, additional experiments were performed in which two
molar equivalents of LiPic (2 x 10 M) were added to the aqueous phases.

Competitive 226Ra*" Extraction Curves (single competing cation; Figures 6.1
and 6.3). In the competitive extraction experiments, aqueous phase pH 8.9 (tris-HCl), the
ratio of competing M"(NO3), (M = Na', K', Rb", Cs’, Mg2+, Ca2+, Sr**, and Ba2+) salt
concentrations compared to a fixed extractant concentration (1 mL; 10™ M) was altered to
provide competing cation-concentration dependent extraction curves.

Precipitation Experiments with G 1 and isoG 2 (Figure 6.2 and 6.4).
Extraction experiments were performed under competitive conditions. In an aqueous
phase pH 8.9 (tris-HCI), the ratio of competing M(NO;), (M = Na", K, Rb", Cs", Mg*",
Ca®, Sr*, and Ba®") salt concentrations was altered compared to a fixed extractant
concentration (1 mL; 10 M) in the organic phase. The detectable amount of **°Ra*"

226

tracer was determined and the *°Ra®" percentages obtained with G 1 and isoG 2, were
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defined as 100% times the ratio of the sum of **°Ra*"

(Aag T Ao), and the amount of 2°Ra*" added (A,aq) (equation 3).

in the aqueous and organic phase

Ra% = 100% ((Aag*A0)/Auda) (3)

Extraction vs. pH Curves (Figure 6.5). Experiments were performed using a
fixed extractant (G 1)s or (isoG 2);o concentration of 10* M and a fixed ***Ra*’
concentration (2.9 x 10™® M). The pH values were set using different buffer solutions: pH
1-3; glycerol-LiCI-HCI (G 1) and HCI (isoG 2),26 pH 6-7; imidazol-HCI, pH 8-10; tris-
HCI, and pH 10-13; tris-(CH3);NOH.

"H NMR Monitored Extraction Experiments. Using the same buffer solutions
as mentioned above, solid phase extraction experiments of Ba(NOs), (0.1 g; 3.8 x 10™
mol) were performed with a 1 mL, buffer containing, aqueous phase and a 1.0 mL
organic phase, containing 10° M of extractant. 'H NMR spectra were obtained on a

Varian INOVA 300 spectrometer
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Chapter 7

Selective Removal of Ra** from Produced Waters of the

Gas Industry’

Abstract: The Ra’" selectivity of both the self-assembled guanosine (G 1-Picrate) and
isoguanosine (isoG 2) systems and the ionizable thiacalix[4]crown dicarboxylic acids
3 and 4 was determined in gas-field produced water and a metal ion-containing
model solution. Seven gas-field produced water samples have been analyzed. From a
representative sample (K5D; [M,,] = 0.14 M), the thiacalix[4]arene derivative
tec5da 3 (10% M) extracts 60% of the Ra®" content. Extractions performed with the
model solution ("K5D) indicate that in K5D there is significant competition in Ra’"
extraction due to the organic constituents of K5D, in particular with self-assembled
extractants G 1-Picrate and isoG 2. Nevertheless, all four extractants extract Ra**
both from the produced water K5D and the model solution “K5D, even with a 100-
fold excess of [Mi]/[extractant]. The extracted Ra’* cations could effectively be
stripped from the extractants by washing with water of pH 2. The results obtained
with these extractants, especially tccida 3, clearly demonstrate their potential for

selective removal of Ra’" from gas-field produced waters.

" This chapter has been submitted for publication: Van Leeuwen, F. W. B.; Miermans,
C. J. H,; Beijleveld, H.; Tomasberger, T.; Davis, J. T.; Verboom, W.; Reinhoudt, D.
N.
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7.1 Introduction

Sedimentary rocks containing oil and gas deposits have a high concentration
of the naturally occurring' nuclides ***U and **Th and contain large quantities of Ra*"
holding formation water.>* When the oil and gas are transported to the surface, Ra*"
is introduced into the environment.” Consequently, the oil and gas industries have to
deal with the problem of “technologically enhanced naturally occurring radioactive
material” (TENORM) (see Chapter 2).%’

A significant challenge is the selective extraction of Ra*" (average
concentration 5.9 — 9.0 Bq/L)’ from e.g. gas-field produced waters containing a large
excess of other, mainly alkali(ne earth), cations,” and anions e.g. SO.*, CI', and
HCO5.® These waters also contain excesses of organic species, such as oil,

19 In addition, commonly used

monocyclic aromatic hydrocarbons, and fatty acids.
water-soluble scale inhibitors such as different types of phosph(on)ates, carboxylates,

and sulfonates can be present.”
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Scheme 7.1

In the Chapters 4 and 6, both the noncovalent self-assembly of G 1-Picrate and
isoG 2 subunits'' and the covalent self-neutralizing thiacalix[4]crown dicarboxylic
acids (3 and 4)'? are reported to be excellent Ra** selective extractants. In this chapter

the use of highly Ra®" selective extractants, 1-4 (Scheme 7.1), in actual gas-field
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produced water conditions is described. To the best of our knowledge this is the first
time that Ra®" removal from produced water has been addressed with selective

extractants.

7.2 Results and Discussion
7.2.1 Metal ion Constituents of Gas-field Produced Water

First, seven different samples from gas-wells at the Dutch continental shelf
were analyzed using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and a

Flame Photometer.

Table 7.1. Metal ion content of seven produced water samples: range-,

average-, and sample K5D- metal ion concentrations.*"”

Metal ion Range [M] Average [M] K5D [M]
Ti’ 9.4x10"-1.1x10° 23x 107 3.3x 107
Mn” 23x10°-5.0x 10" 9.6x 107 12x 10"
Fe’ 2.6x107%-5.4x107 1.4x107° 1.5x 107
Co” 1.4x107-5.6x 107 3.1x107 23x 107
Ni* 0-1.7x10° 9.0x 107 1.1x 107
Cu’ 8.8x 107 -1.4x10° 3.8x 107 3.2x 107
Zn*" 0-23x107 3.9x 10" 3.9x 10"
cd* 45x10M"-33x10° 55x107 49x107
TP 3.6x10"°-7.4x 107 13x 107 1.7x 107
Pb’ 0-1.6x10" 24x107 13x 107
Mg** 0-5.0x107 9.9x 107 1.5x 107
Ca*" 2.1x10°-3.8x10" 72x 107 1.1x 10"
Sr** 63x10°-6.2x107 1.1x 107 1.5x 107
Ba®* 35x10%-1.4x 10" 2.5x107 1.8x 107
Na" 3.1x10%-2.1 4.1x10" 57x10"
K" 6.1x10°-4.1x 107 1.4x 107 23x 107
Total 5.0x 10" 7.0x 10

“ Determined with ICP-MS and in the case of Na" and K a Flame Photometer

» These metal ions can be present in a number of valencies.
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Table 7.1 clearly shows the wide variety of cations present in the produced
waters. Apart from traces of transition and other heavy metals (total 2 x 10° M)
significant quantities of alkali(ne earth) cations are present (total 7 x 10" M). Of the
latter the alkali cation Na' is by far the most abundant. Of the alkaline earth cations
Ca”" is the most abundant, followed by Mg®", Sr**, and Ba”". Based on the average
metal ion concentrations, one produced water sample (K5D) was selected for further

extraction experiments.

7.2.2 Ra’" Extraction from a Produced Water Sample

To assess the Ra”"/My, separation from gas-field produced waters, liquid-
liquid extractions were performed with 10 M extractant [(G 1)s, (is0G 2)10, 3, and 4].
This extractant concentration allows for a direct comparison with results described in
Chapters 4 and 6, dealing with the R212+/Msing1e selectivity in the alkali(ne earth) cation

series.'""'? A number of dilution steps were performed (5 - 100 times; samples K5Ds

- K5Djy/100), to determine the Ra®" extraction over [Miot]/[L] ratios ranging from 1400

to 70.

r " =}
X _mrmm ===
’_r-"""' - >
e —o—G 1-Pic exp
-0-isoG 2 exp
--A -3 EeXp
—x =4 exp
0 20 40 60 80 100 0O 20 40 60 80 100
times dilluted times dilluted
(K5D) (MK5D)

Figure 7.1. Ra’" extraction percentages (prs = [226Ra2+]Org/[226Ra2+]mt (%))
versus times of dilution: (a) produced water sample K5D and (b) metal ion-based
model solution MK5D. Extraction percentages were determined using fixed extractant
([(G 1)s + 2(Pic)] = [(is0G 2)10] = [3] = [4] = 10 M), and Ra*",qq (2.9 x 10 M)

concentrations.
The extraction data (Figure 7.1a) show that with thiacalix[4]crown-5

dicarboxylic acid (3), about 70% of Ra®" can be extracted from K5D,;5, whereas

K5Dy/70 and higher allow for quantitative extraction of Ra®*". The other three
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extractants, G 1-Picrate, isoG 2, and thiacalix[4]crown-6 dicarboxylic acid (4), only
extract Ra*" from the samples K5Dj - K5Dj/100. In the case of K5Dyq0, these
extractants only give Ra®" extraction percentages of 43%, 62%, and, 83%
respectively. These results clearly show that thiacalix[4]crown-5 dicarboxylic acid (3)
is the best Ra*" extractant under these conditions.

To study the influence that the metal ions in K5D have on the Ra”*" extraction,
extractions were performed with a metal ion-based model solution (MK5D). This
model solution contains the same concentration of the major metal ions present in
produced water sample K5D, viz. Na*, K, Mg®’, Ca*', St*", Ba**, Fe’", Mn*", Zn*",
and Pb>" (Table 7.1), resulting in a total metal ion concentration ([Mi]) of 0.70 M.

The highest Ra®" extraction percentages were obtained with G 1-Picrate and
thiacalix[4]crown-5 dicarboxylic acid (3), showing (near) quantitative Ra”" extraction
from MK5Ds (Figure 7.1b). This means that 10 M of extractant is able to extract 2.8
x 10® M Ra*" from a total salt concentration of 0.14 M ([Mio}/5). Surprisingly, the
extractants reported to have the highest overall Ra®" selectivities in the alkali(ne
earth) series, 150G 2 (Chapter 6) and thiacalix[4]crown-6 dicarboxylic acid (4; Chapter
4), gave the poorest results with K5D and MK5D. Apparently, for these extractants
there is more competition by the other cations presen‘t.]4 Nevertheless, from MK5D; 70,
all four extractants quantitatively extracted Ra>". This means that they can extract
Ra”" at a [My]/[L] ratio of 100.

The extractants with the highest R212+/Na+sing1e selectivity (G 1-Pic and
thiacalix[4]crown-5 dicarboxylic acid (3); Chapters 4 and 6) show the highest Ra*"
extraction from MK5D (Figure 7.1b)."""'*!*> In MK5D) 5 the concentrations of the other
alkali(ne earth) cations (Table 7.1), in particular that of the second most abundant
cation Ca*" (1.1 x 10" M), are below the previously determined thresholds for Ra*"
extraction (see Chapters 4 and 6). Of the extractants used, the lowest Ra*"/Ca*"
separation in the presence of only Ca®" as competing cation has been reported in
Chapter 6 for isoG 2; at 2.4 x 107> M Ca”gnge still 30% of Ra> is extracted.”
Apparently, Na", the most abundant cation in the solutions extracted here, is the metal
ion that causes the competition in the Ra*" extraction.

The extraction data of K5D (Figure 7.1a) clearly show a lower Ra*" extraction
efficiency than the MK5D model solution (Figure 7.1b). An increased competition in
Ra’" extraction is observed for all four extractants, however, it is most pronounced

with G 1-Picrate. Since the cationic content has been determined for a wide range of
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metal ions, this indicates that either anionic or organic constituents of K5D have a
negative influence on the Ra**extraction. The anions are assumed to have no effect on
the extraction behavior, since G 1-Picrate,'" thiacalix[4]crown dicarboxylic acids (3
and 4)'? provide their own anionic groups for neutralization; the extraction behavior of

. . S 16-18
150G 2 is even anion independent.

Therefore, organic pollutants are assumed to
cause competition in the Ra® extraction. A result that is in agreement with the
formation of a “soapy” third phase, when the K5D sample is diluted less than 70
times, while the VK5D does not show such a behavior. Consequently, the extractants
G 1-Picrate, isoG 2, and thiacalix[4]crown-6 dicarboxylic acid (4) might be much
more effective in water streams, which do not contain competing organic constituents,

but have Na, Mg?", and Ca”" as the main competing ions."”?’

7.2.3 Stripping of the Organic Phases

Efficient extraction of Ra®" depends on effective stripping from the organic
phases into another aqueous solution. Therefore, Ra*" stripping experiments were
performed with samples of the organic phases obtained after the Ra®" extraction

experiments (see above; Figure 7.1). Average stripping percentages are shown in

Figure 7.2.
100 — T —
80 - [
< 60 ] o K5D
&40 o MK5D
20 1
G1-Pic  isoG 2 3 4
Extractant

Figure 7.2. The average Ra*" recovery (Tg, = [226Ra2+]aq/ [?*°Ra* ot (%))) from
G 1-Picrate, isoG 2, and thiacalix[4]crown dicarboxylic acids 3 and 4. Stripping of a 1
mL organic phase occurred with a 1 mL pH 2 aqueous phase (HCI).**

The stripping experiments show that while G 1-Picrate only gives ~50%

recovery, the other three extractants, isoG 2, and thiacalix[4]crown dicarboxylic acids

(3 and 4), give near quantitative Ra®" recoveries, under the conditions used. This
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means that these extractants are not only able to selectively extract Ra*" cations, but

can also effectively be stripped of their radioactive radium content.*

7.3 Conclusions

The noncovalent assemblies formed by G 1-Picrate and isoG 2 and the self-
neutralizing extractants thiacalix[4]crown dicarboxylic acids (3 and 4) show an
impressive Ra*" extraction from K5D gas-field produced water and its model solution
MK5D. The most effective thiacalix[4]crown, thiacalix[4]crown-5 dicarboxylic acid
(3), gives Ra®" extraction (70%) from K5D,s whereas the most effective self-
assembled extractant, G 1-Pic, gives quantitative extraction from MK5D,)5. For the
latter, the organic pollutants present in produced water sample K5D may cause
significant competition in the Ra*" extraction. The ability to selectively extract Ra*"
from a solution containing an excess of other metal ions, together with various anions
and organic compounds, followed by the quantitative stripping of the Ra*" content,

shows the potential of these extractants in industrial Ra*" separations.

7.4 Experimental section

Materials. The preparation of G 1%, isoG 2, and thiacalix[4]crown
dicarboxylic acids (3 and 4)'' was performed according to literature procedures.
Tris(hydroxymethyl)aminoethane (tris) 99.8+% was ordered from Aldrich. The
concentrated HCl and HNO; acids and CH,Cl, were of p.a. grade and used as
received. The nitrate salts of K™ (299.5%), Rb" (p.a.), and Mn*" (> 97.0%) were
purchased from Fluka Chemie and Na* (p.a.), Cs" (99%), Mg*(p.a.), Ca*" (p.a.), St*
(p.a.), Ba®" (p.a.), Cd*" (98%), Zn*" (98+%), Pb*" (p.a.), and Fe'™ (> 99%) were
purchased from Acros Organics. *°Ra*" stock solutions were purchased from AEA
Technology QSA GmbH; **°Ra was used because of its long half-life (t;, = 1.6 x 10°
y). (Note: **Ra has a very high radiotoxicity and should be handled with care
and under radionuclear supervision)

Solutions. All basic experiments were performed using an organic phase
containing 10 M extractant in CH,Cl,. The extractant concentrations of the organic
solutions were based on the amount of “free” extractant needed to complex one
alkaline earth cation [(G 1)g, (150G 2)10, 3, and 4]. Produced water samples were used
as obtained from the gas-well. The K5D metal ion-based model solution was made

using metal nitrate salts, Na* (5.7 x 107" M), K™ (2.3 x 10° M), Mg2+ (1.5 x 107 M),
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Ca® (1.1 x 10" M), Sr** (1.5 x 10° M), Ba** (1.8 x 10 M), Fe** (1.5 x 10™ M), Mn*"
(1.2 x 10* M), Zn*" (3.9 x 10* M), and Pb*" (1.3 x 10™ M), in demi-water. Produced
water (model solution) dilutes, 5, 20, 50, 70, and 100 times, were made in a pH 8.9
tris-HCI buffer.”® From a carrier free stock solution of **Ra*" in 0.5 M HCI, a dilution
of 1.2 kBg/g (1.4 x 10°° M) in 0.1 M HNO; was made.

Determination of the Metal Ion Contents of Produced Water Samples
(Table 7.1). The analysis of the Mg, Ca, Ba, Sr, Fe, Mn, Zn, Pb, U, Tl, Te, Cd, Ag,
Mo, Cu, Ni, Co, Ti, and Be metal ion content was performed using a Perkin Elmer
Sciex Instruments Elan 6000 Inductively Coupled Plasma Mass Spectrometer
equipped with a Cross-flow nebulizer, a platinum sampler, and a skimmer cone.
Analysis was performed with: Ge and Re as internal standards, a power of 900 W, a
nebulizer gas flow of 0.87 L/min, a Plasma gas flow of 15 L/min, and a sample uptake
of 1 mL/min.*’ The analysis of the Na and K metal ion content was performed using
an Eppendorf ELEX 6361 flame photometer.

Ra’" Extraction Procedures (Figure 7.1). Equal volumes (2.0 mL) of the
organic and aqueous solutions were transferred into a screw cap vial with a volume of
4 mL. To determine the ***Ra’" extraction, 40 uL of ***Ra*" tracer (480 Bq) was
added to the aqueous phase (2.9 x 10® M).* In the case of the G 1 extraction
experiments two equiv, compared to [(G 1)g], of LiPic were added to allow for full
extraction.'' The samples were shaken (1500 rpm) at ambient temperatures (22-24 °C)
for 1 h to ensure complete settling of the two-phase equilibration. After extraction, the
solutions were disengaged by centrifugation (1600 rpm for 5 min) and aliquots (0.5
mL) of the organic and aqueous phases were pipetted out for the determination of the
2°Ra?" extraction percentages. The gamma-activity was determined with a HPGe
detector. The obtained extraction percentages are defined as 100% times the ratio of
activity in the organic phase (A,) and the total activity (A, + A,q) (equation 1), with

an estimated error of 10-15%.'"!2

E% = 100%(Ao/(40 + Aay)) (1)

Ra®" Stripping Procedures (Figure 7.2). From the remaining 1.5 mL organic
phase, a 1.0 mL sample was removed and transferred into a new screw cap vial with a
volume of 4 mL. Subsequently, 1.0 mL of pH 2 adjusted water (HCI) was added and
the samples were shaken (1500 rpm) at ambient temperatures (22-24 °C) for 1 h to
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ensure complete settling of the two-phase equilibration. After extraction, the solutions

were disengaged by centrifugation (1600 rpm for 5 min) and an aliquot (0.5 mL) of

the aqueous phases was pipetted out for the determination of the Ra®" stripping

percentages. The obtained extraction percentages are defined as 100% times the ratio

of the *°Ra activity in the aqueous stripping phase (Asip) and the original activity in

the organic phase (Aqrg) (equation 2), with an estimated error of 10-15%.

11,12

E% = 100%(Astrip/Aorg) (2)
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Outlook

Thiacalix[4]crown dicarboxylic acid- and (iso)guanosine-based extractants show
extremely high Ra®" selectivities as described in Chapters 4 and 6. Furthermore, both
types of extractants give Ra’" extraction from actual gas-field produced water (see
Chapter 7). However, the results presented are based on fundamental investigations into
the Ra®" separation possibilities and these extractants do not provide a direct solution for
the industries with a Ra>* TENORM problem. Therefore, these extractants have to be
adapted to be applicable in industrial water streams. Possible improvements are adapting
of the effective pH range of the thiacalix[4]crown diacids or attachment of the extractants
to a solid support.

The first improvement would be increasing of the effective pH range of the
extractants. The pH range of common (oil and gas) produced waters lies between pH 3
and 8,'” while the thiacalix[4]crown dicarboxylic acids (Chapter 4) are only effective
above pH 6. Increasing the pH of these produced waters would increase the precipitation
of metal hydroxides,”* resulting in enlarged amounts of contaminated scales and sludges.’
The thiacalix[4]crowns with methylsulfonyl carboxamide substituents, described in
Chapter 5, were designed as extractant, which would extract Ra*" over a wider pH range.
However, this experiment did not provide the desired improvement of the effective pH
range and furthermore it showed that increasing the steric hindrance caused by this acid
substituent reduces the Ra*" affinity/selectivity. Consequently, alternative acid groups
should be both similar in size to a carboxylic acid group and provide an improved pH
range; sulfonic acid and phosphonic acid substituents would meet both these

requirements (Figure O.1).

135



Outlook

R=CHLO,(n=1) R=CH,S05(n=1) R=CH,PO,H(n=1)

Figure O.1. Three different (deprotonated) thiacalix[4]crown diacids; molecular

models show the similar sizes of the different substituents.

The second improvement would be immobilization of the extractants on a solid
support, since liquid-liquid extraction is not very effective for the removal of traces of a
pollutant from (bulky) industrial waste streams.” Immobilization is easiest for the
thiacalix[4]crown extractants, as these could be: (i) covalently attached, preferably via the
upper rim of only one aryl unit of the platform, to a solid support, e.g. silica (Figure O.2
a),’ (if) impregnated into a solid support or a membrane,™’ or (iii) -perhaps a more
ambitious suggestion - used as “ship in a bottle” systems in zeolites (Figure O.2b)."
However, for all these approaches steric restrictions of the thiacalix[4]arene platforms
could significantly reduce the Ra*" selectivity and should be minimized by e.g. only

attaching one aryl unit to a solid support.
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a) b)

Figure O.2. Immobilization of thiacalix[4]crowns: a) on a solid support and b) in

a cavity of a porous material/zeolite.

For the self-assembled systems of guanosine and isoguanosine (Chapter 6),
immobilization is more difficult. Preformed complexes with a cation that binds less
strongly than Ra®" can be immobilized in membranes.'' Since the self-assembled
ionophores would have a higher selectivity for Ra*", these membranes can in theory
extract Ra®" from solutions containing a wide variety of metal ions (see Chapters 6 and
7). Another possibility for immobilization might be the formation of vesicle/micelle
emulsions with single units of guanosine or isoguanosine,'” allowing assemblies to be
formed in-situ upon the complexation of Ra*" cations. Filtration can then be used to
separate the contaminated vesicles/micelles from the aqueous streams (Figure O.3). Since
the self-assembled systems suffer from competition in the Ra®" extraction from water-
soluble organic compounds (see Chapter 7), they should not be applied in waste streams

containing these organic pollutants.
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Vesicles loaded with extractant
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Figure O.3. Guanosine- and isoguanosine-loaded vesicles and their possible

application in waste stream purification.

During the petroleum extraction process Ra*" can precipitate with other alkaline
earth cations and form contaminated scales and sludges (see Chapter 2). As a result the
produced water effluents only contain a part of the Ra*" brought to the surface."
Therefore, the Ra®" cations should ideally be extracted from the subsurface formation
waters. Water-soluble extractants like EDTA, are currently introduced to these waters as
anti-scaling agents® and perhaps water-soluble derivatives of the in Chapter 4 described
thiacalix[4]crowns could be used to prevent specific Ra®" precipitation; assuming a
similar kinetic stability of their Ra*" complexes as has been reported for the calix[4]arene

derivatives (see Chapter 2).'*!” Another way to make the extractants more effective

138



Outlook

would be the overall prevention of scale formation, e.g. by not injecting sulfate-rich sea

water into the well (Table 4; Chapter 2) or by decreasing the pH of injection water.’
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Summary

This thesis describes the design and selectivity of new Ra®" extractants. The
results presented provide insight in both the requirements needed to give Ra®"
selectivity and in the achievable Ra*"/M"™" (M"" = alkali(ne earth) cation) separations.

Chapter 1 gives a general introduction into molecular recognition and the need
for selective extraction of radioactive contaminants. Chapter 2 describes the industries
and conditions in which the naturally occurring Ra*" nuclides are encountered as well
as their toxic nature. In addition, various known Ra*" extraction techniques are
discussed, with the emphasis on organic extractants.

In Chapter 3, the bridging of thiacalix[4]arene derivatives with oligoethylene
glycol ditosylates is described. The conformation of the resulting
thiacalix[4](bis)crowns depends on the base and oligoethylene glycol ditosylates used.
The conformational assignment relies on several X-ray crystal structures and
extensive 2-D '"H NMR studies. This chapter provides the (synthetic) background
necessary for the synthesis and characterization of the extractants described in
Chapter 4 and 5.

Chapter 4 describes the synthesis of thiacalix[4]crown dicarboxylic acids, and
their Ra®" selectivity in the presence of a large excess of the most common alkali(ne
earth) cations. Thiacalix[4]crowns show significantly improved Ra*" selectivities over
their parent calix[4]crowns and of the two crown-ether bridge sizes (5 and 6), the
crown-6 gives the highest overall Ra*" selectivity. This results in Ra*" extraction from
M™/Ra*" ratios up to 3.5 x 10’ (M™ =Na", K", Rb", Cs", Mg*", Ca®", Sr*" or Ba™),
using an excess of metal cation to extractant. In addition, the effective pH range (6-
13) of thiacalix[4]crown-6 dicarboxylic acid allows for full regeneration of the
extractants at acidic conditions.

Chapter 5 deals with the synthesis of (tri)substituted thiacalix[4]arene
derivatives. Based on their Ra®" selectivities and those of known thiacalix[4]arene
derivatives, the optimal conditions are determined for the effective extraction of Ra**
from solutions containing Ca*", Sr*", or Ba®". The results clearly show the advantage

of bringing the Ra’" extracting components of a synergistic system together on a
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thiacalix[4]arene platform. This is exemplified by the in Chapter 4 reported
thiacalix[4]crown-6 dicarboxylic acid, which is the best thiacalix[4]arene-based Ra*"
extractant under the conditions used.

In Chapter 6, the non-covalent assemblies formed by guanosine
(hexadecamers) and isoguanosine (decamers) show Ra”" extraction from M""/Ra**
ratios up to 10® (M™ = Na", K', Rb", Cs*, Mg*", Ca*", Sr*" or Ba®™"), using a similar
deficiency of extractant as described in Chapter 4. These systems are effective over a
broad pH range (3-11). Whereas guanosine requires the presence of a lipophilic
picrate anion to form Ra®" selective assemblies, the more Ra*" selective isoguanosine
gives high selectivities without any additives. The results clearly demonstrate the
power of molecular self-assembly for the construction of selective extractants.

The last experimental chapter, Chapter 7, shows that the thiacalix[4]crowns
and (iso)guanosines described in Chapters 4 and 6, respectively, are also able to
effectively extract Ra’" from mixed metal ion-containing gas-field produced water
and an organic molecule free model solution. Surprisingly, the extractants reported in
Chapters 4-6 have the highest overall Ra*" selectivities in the alkali(ne earth) series,
thiacalix[4]crown-6 dicarboxylic acid and isoguanosine gave the poorest results with
the produced water and its model solution. This is caused by their relatively low
Ra”>*/Na" selectivities, combined with the fact that Na" is the main competing cation
in the gas-field produced water. The Ra*" cations can be effectively stripped from the
organic phases, underlining the potential for applications in industrial Ra*" separation.

The outlook gives some suggestions for further improvements that can make
the extractants described in Chapters 4, 6, and 7 better applicable in industrial Ra*'-
containing (aqueous) waste streams.

Overall it can be concluded that the Ra*" selectivities of conventional crown
ether/acid systems have been improved and a new non-covalent method for the
formation of Ra®" extractants is introduced. Furthermore, the potential use of organic
extractants in industrial Ra*" containing TENORM waste streams is made clear.
Although the work presented in this thesis is of a fundamental nature, it clearly
illustrates the headway made towards the separation of Ra*" from waste streams

containing significant excesses of competing cations.
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Samenvatting

Dit proefschrift beschrijft de ontwikkeling en selectiviteit van nicuwe Ra*"
extractanten. De resultaten geven inzicht in zowel de vereisten waaraan extractanten
moeten voldoen, als de haalbare Ra**/M™ (M™ = (aard)alkalikation) scheidingen.

Hoofdstuk 1 geeft een algemene inleiding in moleculaire herkenning en het
nut van de selectieve extractie van radioactieve vervuilingen. Hoofdstuk 2 beschrijft
de industrién en condities waarin de van nature voorkomende Ra*" nucliden gevonden
worden. Daarnaast wordt hun toxiciteit behandeld en worden verscheidene Ra*'-
extractietechnieken besproken, met de nadruk op organische extractanten.

In Hoofdstuk 3 wordt het bruggen van thiacalix[4]arenen met oligoethyleen-
glycolditosylaten beschreven. De conformatie van de resulterende thiacalix[4]kronen
hangt af van zowel het gebruikte oligoethyleenglycolditosylaat, als de gebruikte
bazen. De conformaties zijn vastgesteld met behulp van verscheidene kristalstructuren
en 2-D 'H NMR studies.

Hoofdstuk 4 beschrijft de synthese van thiacalix[4]kroonethers met twee
carbonzuurgroepen, alsmede hun Ra®" selectiviteit in de aanwezigheid van een grote
overmaat (aard)alkalikationen. Uit extractiestudies blijkt dat thiacalix[4]kroonethers
ten opzichte van calix[4]kroonethers voor een significante verbetering van de Ra®"
selectiviteit zorgen en dat een kroon-6 relatief gezien de hoogste Ra®" selectiviteit
geeft. Dit resulteert in Ra’" extractie uit mengsels met Na', K', Rb", Cs", Mg2+, Ca™",
Sr** of Ba®", tot M"™/Ra*" verhoudingen van 3.5 x 10’ en in de aanwezigheid van een
overmaat metaal kationen ten opzichte van de hoeveelheid extractant. Daarnaast
maakt het effectieve pH gebied (6-13) van de thiacalix[4]kroonetherdicarbonzuren
volledige regeneratie mogelijk onder zure condities.

In Hoofdstuk 5 wordt de synthese van trigesubstitueerde thiacalix[4]arenen
behandeld. Gebaseerd op hun Ra®" selectiviteiten en die van bekende
thiacalix[4]areen-derivaten zijn de optimale condities voor de effectieve extractie van
Ra”" uit oplossingen met Ca®*, St** of Ba*" bepaald. De resultaten geven duidelijk de
verbetering in selectiviteit weer die verkregen wordt door de combinatie van een

kroonether en een zuur op een thiacalix[4]areenplatform. Uit de resultaten blijkt dat
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het thiacalix[4]kroon-6-dicarbonzuuur, beschreven in Hoofdstuk 4, het beste op
thiacalix[4]areen gebaseerde Ra*" extractant is onder de gebruikte condities.

In Hoofdstuk 6 wordt de Ra”" extractie van nietcovalente assemblages van
guanosinederivaten  (hexadecameren) en isoguanosinederivaten (decameren)
beschreven. Deze extractanten geven Ra’" extractie uit mengsels met Na', K', Rb",
Cs*, Mg*", Ca®™", Sr*" of Ba®", tot M""/Ra”*" verhoudingen van 10° en gebruikmakend
van een zelfde ondermaat extractant als in Hoofdstuk 4. Het effectieve pH-gebied van
deze systemen ligt tussen pH 3 en 11. Waar guanosine additionele picraatanionen
nodig heeft voor Ra”" extractie, doet isoguanosine dit zonder extra toevoegingen. De
resultaten tonen duidelijk de potentie van self-assemblage voor de vorming van
selectieve extractanten.

In het laatste experimentele hoofdstuk, Hoofdstuk 7, wordt aangetoond dat de
thiacalix[4]kroonethers en (iso)guanosines beschreven in de Hoofdstukken 4 en 6 ook
in staat zijn om Ra’" kationen effectief te extraheren uit productiewater van de gas-
industrie, dat ook een mengsel van kationen in grote overmaat bevat. Een
verbazingwekkend resultaat is dat de extractanten die de hoogste relatieve Ra®"
selectiviteit in de (aard)alkalikation series hebben (zie de Hoofdstukken 4 en 6),
thiacalix[4]kroon-6-dicarbonzuur en isoguanosine, de slechtste resultaten geven met
het productiewater en de modeloplossing waarin geen organische bestanddelen
aanwezig zijn. Dit wordt veroorzaakt door de relatief lage Ra*"/Na" selectiviteit van
deze verbindingen, terwijl Na" het meest voorkomende concurrerende kation is. De
geéxtraheerde Ra®" kationen kunnen vervolgens effectief teruggeextraheerd worden
uit de organische lagen, wat hun potentie voor industriéle Ra*" scheiding aantoont.

In de “outlook” worden wat suggesties gegeven voor verbeteringen die de
extractanten beschreven in de Hoofdstukken 4, 6 en 7 beter toepasbaar kunnen maken
in industriéle Ra*" houdende afvalstromen.

In het algemeen kan geconcludeerd worden dat de Ra*" selectiviteiten van
conventionele kroonether/zuur systemen zijn verbeterd en een nieuwe non-covalente
methode voor de bereiding van Ra®" extractanten is geintroduceerd. Daarnaast is ook
het potentiéle gebruik van organische extractanten voor de extractie van Ra®’ uit
industri€le TENORM afvalstromen aangetoond. Ondanks de voornamelijk
fundamentele aard van dit onderzoek, toont het duidelijk de vooruitgang die gemaakt
is bij de scheiding van Ra®" uit afvalstromen, waarin een grote overmaat van

concurrerende kationen aanwezig is.
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