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Chapter 4

Bisthioxanthylidene Crown Ethers1

4.1.1 Introduction

In 1967 C. J. Pedersen discovered crown ethers and described their capability to form complexes with
metal cations.2 Crown ethers are cyclic compounds which are constructed of oxygen, sulphur, or
nitrogen atoms connected by ethylene bridges. The electronegative hetero atoms facilitate
complexation with electron poor species.3 In scheme 4.1 three examples of oxygen crown ethers are
presented which differ in architecture and size.
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Scheme 4.1 Oxygen crown ethers with diameters of the cyclic moiety. The digit between brackets
gives the total number of atoms of the cyclic moiety, and the digit behind the word ‘crown’ gives the
number of oxygen atoms present in the cyclic moiety.

By adjusting the size of the crown ether moiety cavities of different sizes are created. In solution the
solvent molecules can be expelled from the cavities which then can serve as perfect hosts for guest
cations.4 The most employed guests have been alkali metal or alkylammonium cations. According to
the ‘optimal spatial concept’ a 1/1 crown/cation complex is formed when the diameter of the cation is
equal to, or smaller than, the diameter of the crown ether cavity.3c,5
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Scheme 4.2 Schematic presentations of 1/1 and 2/1 complexes.



Chapter 4

66

For example, 1/1 complexes were observed when a sodium cation (diameter 1.9 Å) was combined
with benzo[15]-crown-5, and when a potassium cation (diameter 2.7 Å) was complexed with
perhydrodibenzo-[18]-crown-6 (scheme 4.2). Moreover, complexes are strongest when diameters of
the crown cavity and cation are nearly equal which means that sodium is complexed stronger with
benzo[15]-crown-5 than with perhydrodibenzo-[18]-crown-6. ‘Sandwich’ complexes have been
observed when the diameter of the cation is bigger than the diameter of the crown ether cavity. In this
situation the cation is encapsulated by two crown ether moieties resulting in a host/guest 2/1
complexe (scheme 4.2).3c,6

Several methods have been developed to monitor complexation behavior of crown ethers with metal
cations. Calorimetry7 and conductometry8 are both techniques by which formation constants of
complexes of crown ethers with alkali metal cations can be determined quantitatively. Pedersen
developed a convenient qualitative methodology to rapidly screen whether complexation of crown
ethers with metal cations takes place.9 This is known as the picrate extraction method and soon after
its introduction by Pedersen, Frensdorff10 refined the technique by adding the possibility to
quantitatively determine the association constant.11 A diversity of NMR spectroscopy techniques has
been applied to study complexation of crown ethers with alkali metal cations. With NMR
spectroscopy the relaxation time (T1) of complexed and free crown can be compared and the most
employed technique, as far as relaxation time measurements are concerned, is the inversion recovery
technique.12 However, most widely applied have been NMR titration experiments. Basically, NMR
titration implies monitoring the change in chemical shift of carbon atoms (13C), or protons (1H), of the
crown ether (host) upon addition of salts containing alkali metal cations (guest). Although alkali metal
NMR spectroscopy techniques13 were developed, 13C and 1H NMR titration experiments are
convenient and more easy to perform.14
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Figure 4.1 Schematic plot of typical behavior of chemical shift (∆δ (Hz)) of crown protons versus
added equivalents of metal cation (eq. M+) for 1/1 crown/cation complexation.14a

Generally, upon increasing cation concentrations a downfield shift of host protons is observed. This
behavior is induced by the positive charge of the metal cation which causes deshielding of the crown
ether protons.14a In figure 4.1 a typical plot of change in chemical shift (∆δ (Hz)) versus the added
equivalents of metal cation (eq. M+) for 1/1 crown/cation complexation is depicted. A linear change of
chemical shift ∆δ versus added equivalents of metal cation (eq. M+) is observed until approximately
one equivalents of metal cation is added. From that point, addition of more equivalents will not cause
significant change in chemical shift anymore. A sharp angle (line ‘A’, figure 4.1) is found when the
binding constant is ‘high’ and a curve (line ‘B’, figure 4.1) will be observed when the binding
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constant is ‘less high’.14a It should be mentioned that complexation characteristics heavily depend on
the kind of applied solvent and counter anion since complexation is based on weak, non-covalent
interactions.

4.1.2 Application of Crown Ethers

Numerous applications of crown ethers, and derivatives, have been developed since their discovery.
Crown ethers have been mainly utilized in host-guest chemistry, as discussed in section 4.1.1, and in
the construction of supramolecular esemblies.3

CO2Me CO2Me CO2Me

CO2Me
*

Me

Me

O
O

O

O
O

O

KOtBu, ligand

toluene, –78°C

90%
62% e.e.

ligand =

+

1 2
3

(R)-4

Scheme 4.3 Asymmetric Michael addition with chiral crown ether (R)-4 as ligand.

Cram et al. employed chiral crown ether complexes as ligands to catalyze asymmetric Michael
addition reactions (scheme 4.3).15 Chiral ligand (R)-4 consists of a six oxygen crown ether attached to
an optically pure binaphthol moiety. The size of the crown ether was perfectly suited for 1/1
complexation with the potassium cation of the base KOtBu, which initiated the Michael addition of
methyl acrylate 2 to methyl phenylacetate 1. Thus a chiral environment around the reaction center was
created which led to formation of product 3, in 90% yield, with an enantiomeric excess of 62%.

4.1.3 Bisthioxanthylidene Crown Ethers

The just described methodology revealed that optically pure binaphthol is an excellent template for
chiral crown ethers. It inspired us to construct chiral crown ethers with sterically overcrowded alkenes
as a chiral platform, instead of binaphthol. As mentioned in section 1.1.4, substituted sterically
overcrowded alkenes may be chiral as a result of their folded structure and consequently they can
exist as stable enantiomers. With bisthioxanthylidene as basis, in our group, Schoevaars has
synthesized three differently sized bisthioxanthylidene mono crown ethers 5 – 7 (scheme 4.4).16
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Crown ether moieties existing of three, four, or six oxygen atoms were attached to
bisthioxanthylidene. Since substitution took place at one side of the bisthioxanthylidene moiety, chiral
compounds were obtained (see section 1.1.4) which could possibly serve as ligands in base catalyzed
asymmetric synthesis. The chirality is described at the crown ether side of the molecule by an (M)
(left-handed helix) or a (P) (right-handed helix). Bisthioxanthylidene was chosen as basis since its
enantiomers were proven to have racemization barriers (∆G‡

rac.) of around 27.5 kcal mol–1 implying
they are sufficiently stable at room temperature.17

1H NMR relaxation time studies of bisxanthylidene crown ethers 6 and 7 complexed with alkali metal
cations revealed distinct selectivities. Crown ether 7 was found to have a strong preference for
binding a potassium cation (K+), whereas crown ether 6 showed highest bonding affinity with lithium
(Li+) and sodium (Na+).
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Scheme 4.4 (M)- and (P)-enantiomers of bisthioxanthylidene monocrown ethers 5 – 7.

4.1.4 Concept for Application of Chiral Bisthioxanthylidene Biscrown
Ethers in Asymmetric Catalysis

An additional feature of the folded structure of bisthioxanthylidenes is the presence of both a left-
handed helix (M) and a right-handed helix (P) in the same molecule. To exploit the helices of opposite
sign we envisioned functionalization of both sides of bisthioxanthylidene with crown ethers of
different size to obtain chiral bisthioxanthylidene biscrown ethers (scheme 4.5, top).

When equally sized crown ether moieties are attached to bisthioxanthylidene, a meso compound is
obtained (scheme 4.5, middle) (see also section 1.1.4). Rebek et al. synthesized a biphenyl which was
functionalized at both sides with equally sized crown ether moieties (scheme 4.5, bottom).18 Since
biphenyls have a twisted conformation, two helices of same sign (two (M)-helices or two (P)-helices)
are present in this type of molecules. Note that, despite having equal substituents, this compound is
chiral due to its twisted structure (see section 1.1.4 for more details).

It is interesting to note that additivity effects of substituents at the (P)-helix and (M)-helix side of
bisthioxanthylidenes have been studied by CD spectroscopy.19
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Scheme 4.5 Stereochemical properties of bisthioxanthylidene and biphenyl18 functionalized with two
crown ether moieties.

Our plan is visualized in scheme 4.6: the ‘large’ crown ether at the (M)-helix side of the molecule
should have a distinct preference of 1/1 complexation with a ‘large’ cation (K+) whereas the ‘small’
crown ether at the (P)-helix side of the molecule has a preference of 1/1 complexation with a ‘small’
cation (Na+ or Li+). Thus, when potassium is added the (M)-helix of the molecule will be activated
and when lithium is added the (P)-helix will be activated. When applied as a chiral catalyst for a base
catalyzed asymmetric synthesis, activation of the (M)-helix leads to a left-handed chiral environment
at the reaction center giving, for example, the (R)-product with enantiomeric excess. On the other
hand, activation of the (P)-helix would lead to a right-handed chiral environment at the reaction center
giving the (S)-product with enantiomeric excess. In this way, a single chiral ligand is used to
separately synthesize two enantiomers of a chiral product during asymmetric synthesis just by varying
the size of the added cation.
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chiral platform

(M)-helix(P)-helix Li K

Li K

folded structure

(M)-helix(P)-helix

selective activation of opposite helices:

big cation (K    ) (M)-catalyst (R)-product

small cation (Li    ) (P)-catalyst (S)-product

Scheme 4.6 Selective activation of the (M)-helix or the (P)-helix of bisthioxanthylidene biscrown
ethers. Top: schematic drawing of bisthioxanthylidene biscrown ether viewed perpendicular to the
central double bond. Bottom: schematic drawing viewed along the central double bond.

4.2 Plan of Action

As announced in section 4.1.4 our ultimate goal was to apply bisthioxanthylidene biscrown ethers as
ligands in asymmetric synthesis. The following of experiments were planned:
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– Two biscrown ether molecules, 19 and 20, were planned to be synthesized. At the right-hand side a
crown ether moiety with six oxygen atoms is present while at the left-hand side a four (n = 1) and five
(n = 2) oxygen crown ether were foreseen. At the left-hand side, the crown ether moiety is directly
coupled to bisthioxanthylidene with oxygen atoms while at the right-hand side extra methylene groups
are present. This should help to facilitate selective introduction of the two differently sized crown
ethers moieties (see section 4.3).
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– Three monocrowns, 6 (n = 2), 31 (n = 1), and 28 were planned to be examined (for comparison with
their biscrown analogs 19 and 20) to obtain information on the following properties 1)
enantioresolution, 2) complexation behavior with metal cations, and 3) application in asymmetric
synthesis. Monocrown 6 was synthesized previously by Schoevaars16 while monocrowns 28 and 31
had to be newly prepared (section 4.5).
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– Enantioresolution and preparative separation of bisthioxanthylidene crown ethers 19, 20, 6, 28, and
31 to obtain sufficient quantities of optical pure material to be used in asymmetric syntheses (section
4.6).

– Complexation of monocrown ethers 6, 28, and 31 with different metal cations (Li+, Na+, and K+) to
elucidate selectivity in complexation. The preference of differently sized crown ether moieties to bind
specific metal cations (i.e. size of crown ether cavity fits the size of complexed metal cation) is
essential in view of applying biscrown ethers 19 and 20 as chiral ligands (section 4.7).

– Complexation of biscrown ethers 19 and 20 with different metal cations (Li+, Na+, and K+) to
elucidate selective complexation. When selective binding of monocrown ethers 6, 28, and 31 with
different metal cations is found, similar selectivities are expected for biscrown ethers 19 and 20. In
other words, addition of a metal cation to a biscrown ether should lead to selective binding to one of
the two crown ether moieties only (section 4.7).

– Application of enantiomerically pure crown ethers 19, 20, 6, 28, and 31 in base catalyzed
asymmetric synthesis.

4.3 Synthesis of Bisthioxanthylidene Biscrown Ethers 19 and 20

Bisthioxanthylidene biscrown ethers 19 and 20 were synthesized in eight steps starting from 7-
methoxy-9-oxo-9H-thioxanthene-2-carboxylic acid 8 (scheme 4.7).20 A building block with two
different substituents, a methoxy and a carboxylic acid moiety, was chosen to be able to selectively
build the two differently sized crown ether moieties.
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Scheme 4.7 Synthesis of bisthioxanthylidene biscrown ethers 19 and 20.
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Substrate 8 was treated with BBr3 in order to deprotect the methoxy substituent and phenol 9 was
obtained in a 74% yield. Esterification of 9 with cyclohexanol, to protect the carboxylic acid moiety,
gave ester 10 in a 82% yield. In the next stage two thioxanthylidene moieties 10 were linked by a
polyethylene bridge. Two equivalents of 10 were coupled by one equivalent of a ditosylate by the
action of Cs2CO3 to give compounds 11 and 12. The reaction temperature was kept at 65°C in order to
prevent hydrolysis of the ester functionalities which, however, caused long reaction times of up to 80
h. A crucial intramolecular coupling reaction followed to simultaneously construct the central double
bond of the bisthioxanthylidene moiety and the first crown ether functionality. Polyethylenes 11 and
12 were converted to bis-gem-dichlorides 11a and 12a by refluxing them in oxalyl dichloride for 24
h.21 Bis-gem-dichlorides 11a and 12a were unstable and therefore directly treated with activated Cu-
bronze22 in refluxing p-xylene to furnish ring closed adducts 13 and 14 in yields of 60% and 71%
respectively.21 These were satisfactorily yields since sterically demanding overcrowded alkenes were
prepared during intramolecular coupling reactions. The ester groups of 13 and 14 were readily
converted into dichlorides 17 and 18 by a LiAlH4 reduction and subsequent reaction with SOCl2.
During the final step the second crown ether was introduced by a twofold Williamson ether synthesis.
Pentaethylene glycol was coupled to dichlorides 17 and 18. After formation of the first ether bond
intramolecular formation of the second one was required to obtain the desired products. Obviously,
the formation of oligomers by intermolecular reactions was as likely as it was undesirable. The
formation of oligomers was suppressed by using the following reaction conditions. First of all, the
reaction was run at high dilution. Secondly, KOtBu was applied as base since the potassium cation is
especially capable of complexation to six oxygen crown ethers (scheme 4.8). After formation of the
first ether bond, the potassium cation was supposed to complex with the oxygen atoms of the
pentaethylene moiety to fold it into a crown ether shape. In this manner, pre-organization of the crown
ether is possibly promoting the intramolecular coupling reaction. This phenomenon is known as the
‘template effect’.23
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Scheme 4.8 Template effect promoting intramolecular crown ether formation.23

The just mentioned reaction conditions contributed to manufacture bisthioxanthylidene biscrown
ethers 19 and 20 in decent yields of 28 – 34% after purification with column chromatography.
Biscrown ethers 19 and 20 were characterized by mass spectrometry, 1H NMR, 13C NMR, NOESY,
and COSY NMR. Moreover, crystals of 19 suitable for X-ray analysis were obtained.
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4.4 X-ray Analysis of Biscrown Ether 19

Figure 4.2 PLUTO drawing of bisthioxanthylidene biscrown ether 19.

Recrystallization from acetone yielded crystals of 19 suitable for X-ray analysis. The folded structure
of the central bisthioxanthylidene moiety is clearly visible and folding angles between 48.8° and 54.7°
for the two thioxanthylidene halves were found. Slight deviations from planarity were observed for
the central double bond and folding angles amounting to 6.4° were found. At the right side of the
drawing the ‘small’ crown ether moiety with four oxygen atoms is visible while at the left side the
‘large’ crown ether moiety with six oxygen atoms, attached to the bisthioxanthylidene backbone by
two methylene groups, is present. It should be mentioned that the scattering power of the studied
crystals was weak. Refinement of the structure was complicated (frustrated) by a disorder problem.
From the structural data it was clear that the ‘large’ crown ether moiety was highly disordered. The
electron density of these atoms appeared to be spread out, indicating conformational disorder, which
is in line which the weak scattering power. It is therefore very likely that the major disorder problem
with the structure was related to several possible conformations of the ‘large’ crown ether moiety.
Obviously, only one of them is visualized in figure 4.2.

4.5 Synthesis of New Monocrowns 28 and 31

The synthetic routes toward monocrowns 28 and 31 are reminiscent of the one used for the synthesis
of biscrown ethers 19 and 20. However, instead of the methoxy and carboxylic acid functionalized
thioketone 8, mono functionalized thioketones 24 and 2916 were applied.

Ketone 24 was conveniently synthesized from thiophenol 21 and 4-bromoisophthalic acid 22 in a two
step procedure (scheme 4.9). Its preparation is akin to the synthesis of ketone 8, described in chapter
2. The carboxylic acid functionality of 24 was protected by esterification with cyclohexanol to obtain
ketone 25 in a 87% yield. Ketone 25 was converted into an unstable gem-dichloride (see scheme 4.7
for gem-dichlorides) by refluxing in oxalyl dichloride to facilitate subsequent intermolecular coupling
by the action of activated Cu-bronze22 in refluxing p-xylene.21 Bisthioxanthylidene 26 was thus
prepared in an acceptable yield of 51% after purification by column chromatography. A mixture of cis
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and trans-26, with a 1/1 ratio, was obtained and separation of the two isomers was achieved by
column chromatography. However, no assignment of the isomers was performed and the cis/trans
mixture was applied in the subsequent synthesis step. The last three steps were an exact copy from the
synthetic route toward biscrowns 19 and 20. The introduction of the crown ether functionality
proceeded with a rather low yield of 15%. This yield can be explained by the assumption that only
cis-27 gave desired product 28 while trans-27 only gave oligomers.
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Scheme 4.9 Synthesis of monocrown 28. Diols cis- and trans-27a, obtained after reduction of
cis/trans-16 with LiAH4, are not visualized in this scheme.
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The methodology to prepare monocrowns of type 31 was developed by Schoevaars16 and in this way
monocrowns 5 – 7 were successfully synthesized earlier (scheme 4.4, section 4.1.3). Two
thioxanthylidene moieties 2916 were coupled by triethylene glycol ditosylate under the action of
K2CO3 in refluxing DMF and diketone 30 was obtained in a 50% yield (scheme 4.10). The subsequent
intramolecular coupling reaction by oxalyl dichloride and activated Cu-bronze22 furnished
monocrown ether 31 in a 53% yield.21

Both new monocrown ethers 28 and 31 were characterized by 1H NMR, 13C NMR, and exact mass
spectrometry.
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Scheme 4.10 Synthesis of monocrown 31.

4.6 UV Experiments, Optical Resolution, and CD Measurements

The UV spectra of monocrowns 5 – 7 and biscrowns 19 and 20 exhibited similar shapes. Maxima
around 213, 236, 270, and 365 nm were found (table 4.1). Apparently the bisthioxanthylidene
skeleton predominantly governed the shape of the UV spectra. However, a general tendency of
increasing ε values with larger, or more, crown ether moieties was observed.

Table 4.1 UV spectra of crown ethers (CE) 5 – 7, 19, and 20.

CE λ (nm)          ε (1000 cm2 mol–1)

5 212 (55000) 236 (27100) 269 (14300) 366 (5400)
6 213 (56300) 236 (28700) 269 (16200) 366 (6400)
7 212 (62500) 235 (30400) 269 (16600) 362 (7100)

19 214 (68400) 236 (33500) 271 (17100) 368 (7400)
20 – 236 (36000) 271 (15700) 364 (6800)

Spectra of monocrown ethers 5 – 7 and biscrown ether 20 were recorded in n-hexane. The spectrum of biscrown
19 was recorded in n-hexane/i-propanol 9/1.



Bisthioxanthylidene Crown Ethers

77

In order to apply bisthioxanthylidene crown ethers as chiral ligands, resolution of crown ethers 5 – 7,
19, and 20, was required. Crown ethers 5 – 7, 19, and 20 were successfully separated into their
enantiomers by chiral HPLC. The applied chiral columns, eluents, and retention times are summarized
in table 4.2.

Table 4.2 Enantioresolution of crown ethers (CE) 5 – 7, 19, and 20.

CE chiral columna eluent retention times (min)

5 AD n-hexane/i-propanol 60/1 11, 17
6 AD n-hexane/i-propanol 120/1 64, 72
7 AD n-hexane/i-propanol 60/1 44, 56

19 OD n-hexane/i-propanol 9/1 13, 19
20 AD n-hexane/i-propanol/chloroform 8/1/1 15, 23

aAD = Daicel AD column; OD = Daicel OD column.

With the enantiomerically pure crown ethers 5 – 7, 19, and 20 in hand, CD spectra were recorded
(table 4.3). The CD spectra of crown ethers  5 – 7, 19, and 20 were similarly shaped, except for the
sign, which led us to the conclusion that, just as in the UV spectra (table 4.1), the bisthioxanthylidene
moiety to a great extent governed the shape of the CD spectra. Maxima, or minima, were found
around 219, 228, 249, 269, 288, and 310 nm, respectively.

Table 4.3 CD data of crown ethers (CE) 5 – 7, 19, and 20.

CE fraction λ (nm)             ∆ε (1000 cm2 mol–1)

5 2 219 (+19.3) 228 (–17.1) 247 (–28.7) 268 (+19.2) 287 (–39.0) 313 (+27.7)
6 2 – 227 (+20.3) 247 (+23.5) 268 (–6.8) 287 (+28.0) 308 (–12.4)
7 2 218 (+22.8) 228 (–18.4) 248 (–23.7) 268 (+9.5) 287 (–40.0) 310 (+21.8)

19 2 219 (–40.2) 229 (+23.5) 251 (+26.3) 270 (–17.8) 289 (+42.3) 312 (–18.1)
20 1 220 (+14.6) 230 (–12.5) 252 (–15.9) 271 (+12.4) 290 (–23.9) 312 (+10.3)

Spectra of monocrown ethers 5 – 7 and biscrowns 19 and 20 were recorded in n-hexane.

4.7 Complexation Studies of Crown Ethers 19, 20, 28, and 31 with Metal
Cations

The complexation of biscrown ethers 19, 20, and monocrowns 28, 31, with metal cations were studied
with 1H NMR spectroscopy. NMR spectroscopy is the proper method to monitor selective
complexation of a metal cation with only one of the crown ether moieties of biscrown ethers 19 and
20. All other methods to study crown ether complexation with metal cations, described in section
4.1.1, do not allow to make this distinction. The complexation behavior of benzo biscrown ethers with
metal cations was successfully monitored with 13C and 1H NMR by Mertens.24

Complexation behavior of monocrown 6 was already elucidated Schoevaars. 1H NMR relaxation time
studies showed that monocrown 6 has a distinct preference of binding Li+ and Na+ cations.16
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Initially, the complexation behavior of crown ethers 19, 20, 28, and 31 with metal cations was
planned to be examined in acetone-d6 with potassium-, sodium-, and lithium perchlorates (K, Na, and
LiClO4) as salts.14a,c However, preliminary results revealed that under these conditions complexation
was too weak and no conclusions could be drawn from these experiments.

A second attempt in acetone-d6 with potassium- and sodium thiocyanate (K and NaSCN) as salts was
undertaken. Using these salts, complexation of crown ethers 19, 20, and 28 with potassium and
sodium ions appeared to be much stronger. Complexation behavior of monocrown 31 was not
examined since its solubility in acetone-d6 appeared to be too low for reliable studies.
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Scheme 4.11 Bisthioxanthylidene crown ethers 19, 20, and 28 with relevant protons HA, HB, H1, and
H2. The exact positions of protons HB (4 protons) were not elucidated but they unambiguously belong
to the ‘large’ six oxygen crown ether moiety. Numbering and assignment of protons proceeded
arbitrarily.

Complexation behavior of bisthioxanthylidene crown ethers 19, 20, and 28 was monitored by the
change in chemical shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 (scheme 4.11) upon addition of
metal cation. Methylene protons HA and ethylene protons HB of the ‘large’ six oxygen crown ether
moiety could be distinguished clearly in the 1H NMR spectra of all three crown ethers 19, 20, and 28.
Unfortunately, no separate absorptions were observed of protons of the ‘small’ crown ether moieties
of biscrowns 19 and 20. To elucidate selective complexation behavior two aromatic protons, H1 and
H2, at either side of the bisthioxanthylidene backbone were examined. The chemical shifts of protons
HA, HB, H1, and H2 of crown ethers 19, 20, and 28 are given in table 4.4. Shifts do not differ
significantly except for proton H2 of monocrown 28 which lacks an oxygen atom at the ortho position.

Complexation behavior of monocrown ether 28 with potassium- and sodiumthiocyanate (K and
NaSCN) is depicted in figure 4.3. Upon addition of KSCN the chemical shift (δ) of protons HA, HB,
and H1 changed until approximately one equivalent of salt was added. A sharp angle in the curve was
observed at that point and addition of more salt resulted in a less significant change of chemical shift
(∆δ). These observations indicated formation of a 1/1 28/K+ complex.14a,24 Addition of NaSCN gave a
less clear picture. No significant change in chemical shift (∆δ) was observed after addition of two
equivalents of NaSCN and presumably a 1/1 28/Na+ complex was formed (figure 4.1, section
4.1.1).14a,24 Clearly, the binding constant of KSCN with 28 is higher than the binding constant of
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NaSCN with 28. The changes in chemical shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 of
monocrown 28 upon addition of five equivalents of KSCN or NaSCN are summarized in table 4.5.
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Figure 4.3 Change in chemical shift (∆δ) of protons HA, HB, and H1 of monocrown 28 upon addition
of KSCN (left) and NaSCN (right).

The data of the complexation experiments of biscrown ether 19 with KSCN and NaSCN are presented
in figure 4.4. It seemed that in case of KSCN addition to biscrown 19 a 1/2 19/cation complex was
formed. This is to be expected since biscrown 19 contains two crown ether moieties which both can
accommodate a metal cation. Complexation of biscrown 19 with NaSCN gave a less clear picture but
presumably a 1/2 19/cation complex was formed as well. The continual increase of chemical shift
(∆δ) after addition of more equivalents of cation indicated formation of higher oligomers. Similar
results were found for the complexation of biscrown ether 20 with KSCN (1/2 20/cation complex) and
NaSCN (1/2 20/cation complex and then formation of higher oligomers). The changes in chemical
shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 of biscrowns 19 and 20 upon addition of five
equivalents of KSCN or NaSCN are summarized in table 4.5.
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Figure 4.4 Change in chemical shift (∆δ) of protons HA, HB, H1, and H2 of biscrown 19 upon addition
of KSCN (left) and NaSCN (right).
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Table 4.4 Chemical shifts (δ) of protons HA, HB, H1, and H2 of crown ethers 19, 20, and 28 in
acetone-d6.

chemical shift (δ) (ppm)
crown ether HA HB H1 H2

19 4.39 3.45 7.70 7.04
20 4.40 3.46 7.71 7.04
28 4.41 3.48 7.73 7.36

Table 4.5 Changes in chemical shift (∆δ) of protons HA, HB, H1, and H2 of crown ethers 19, 20, and
28 upon addition of KSCN or NaSCN. Changes in shifts (∆δ) are given which were reached after
addition of 5 equivalents of salt.

downfield change in chemical shift (∆δ) (Hz)
entry crown ether salt HA HB H1 H2

1 28 KSCN 31.2 60.2 9.9 4.2
2 19 KSCN 30.6 53.7 9.9 7.1
3 20 KSCN 29.4 52.2 10.2 12.0
4 28 NaSCN 12.5 54.7 6.6 2.7
5 19 NaSCN 11.3 55.5 6.3 6.9
6 20 NaSCN 11.7 50.4 8.1 9.9

Is there selective complexation of a potassium or sodium cation with one of the two crown ether
moieties of biscrown ethers 19 and 20? Upon addition of KSCN to crown ethers 19, 20, and 28
downfield shifts were found of around 30 Hz (HA), 55 Hz (HB), and 10 Hz (H1) (entries 1 – 3). Proton
H2 showed different behavior. In case of monocrown 28, H2 shifted downfield by merely 4.2 Hz
(entry 1) which is rationalized by its location far away from the complexed crown ether moiety. This
small change in ∆δ increased to 7.1 Hz with a ‘small’ four oxygen crown ether moiety in close
proximity in biscrown 19 (entry 2). Apparently, the four oxygen crown ether moiety is, to some
extent, capable of binding a potassium cation. When the ‘small’ crown ether moiety was extended to a
five oxygen crown ether moiety (biscrown 20, entry 3), the change in ∆δ further increased to 12.0 Hz.
This increase indicated that the ‘small’ five oxygen crown ether moiety of biscrown 20 has a higher
affinity for a potassium cation than the four oxygen crown ether moiety of biscrown 19. This result
implies that biscrown 19 has higher selectivity toward binding a potassium cation to the ‘large’ crown
ether moiety over complexation to the ‘small’ crown ether ring, as compared to biscrown 20. These
findings are in agreement with literature data which indicate that potassium is preferably complexed
with six oxygen crown ethers (section 4.1).3,5,9,10,11,14,23

Complexation of crown ethers 19, 20, and 28 with NaSCN inflicted downfield shifts for protons HA

(~11 Hz), HB (~53 Hz), and H1 (~7 Hz) (entries 4 – 6). Proton H2 exhibited an increase in ∆δ of 2.7
Hz (monocrown 28, entry 4) to 9.9 Hz (biscrown 20, entry 6). In the first place, these results indicate
that a sodium cation is well complexed to the six oxygen crown ether ring of all three crown ethers
19, 20, and 28. Secondly, the five oxygen crown ether ring of biscrown 20 shows better complexation
with sodium than the four oxygen crown ether ring of biscrown 19. Lastly, sodium does not prefer
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complexation with the five oxygen ring over complexation with the six oxygen ring of biscrown ether
20. This is surprising since it is known from literature that a sodium cation is preferably
accommodated by five oxygen crown ethers.3,5,9,10,11,14,23

One would expect that a sodium cation complexes ‘stronger’ with the five oxygen crown ether moiety
of biscrown 20 than a potassium cation. Therefore, at first glance, it is surprising that addition of
KSCN to biscrown 20 induced a downfield chemical shift of proton H2 of 12.0 Hz (table 4.5, entry 3)
as compared to 9.9 Hz in case of NaSCN (table 4.5, entry 6). However, it is known that a potassium
cation generally causes a larger change in chemical shift upon complexation than a sodium cation.24

This means that the magnitude of chemical shifts caused by potassium and sodium cations can not be
used to draw quantitative conclusions.

In the future these studies should be completed by complexation experiments with LiSCN to elucidate
whether a lithium cation favors the ‘small’ crown ether moiety as host above the ‘large’ crown ether
moiety.

4.8 Conclusions

Two new bisthioxanthylidene biscrown ethers 19 and 20 and two new bisthioxanthylidene
monocrown ethers 28 and 31 were successfully synthesized and characterized.

Enantioresolution of biscrown ethers 19 and 20 and monocrown ethers 5 – 7 was achieved enabling
preparative separation to apply these crown ethers as ligands in asymmetric synthesis. UV- and CD-
spectra were obtained for biscrown ethers 19 and 20 and monocrown ethers 5 – 7. The spectra showed
strong resemblance suggesting that shape and intensity of the spectra were mainly governed by the
bisthioxanthylidene backbone. Enantioresolution of monocrowns 28 and 31 and subsequent UV and
CD experiments still have to be performed.

Complexation experiments were performed of biscrown ethers 19 and 20 and monocrown ether 28
with KSCN and NaSCN. The complexation behavior was monitored by 1H NMR to elucidate
selective binding of K+ and Na+ to one of the two crown ether moieties of biscrowns 19 and 20.
Qualitative indications were found that selective complexation took place, however supplementary
data will be necessary to draw definite conclusions. In this respect, complexation experiments of
biscrown ethers 19 and 20 and monocrown ether 28 with LiSCN may be a valuable contribution.
Monocrown 31 could not be examined on complexation behavior because of its low solubility in
acetone-d6.

So far, chiral bisthioxanthylidene crown ethers have not been applied as ligands in asymmetric
synthesis.
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4.9 Experimental Section

For general remarks, see chapter 2 (section 2.7). The synthesis of ketone 8 was presented in chapter 2.

7-Hydroxy-9-oxo-9H-thioxanthene-2-carboxylic acid (9) Under a nitrogen atmosphere, 7-methoxy-
9-oxo-9H-thioxanthene-2-carboxylic acid (8, 16.00 g, 55.94 mmol) was suspended in CH2Cl2 (200
mL). The mixture was cooled to 0°C and BBr3 (25.0 mL, 0.26 mol) was added carefully. The reaction
temperature was allowed to raise to room temperature and the mixture was stirred overnight. The
mixture was cooled to 0°C and ice was added carefully to quench the reaction. The suspension was
filtered and the residue dissolved in 2.5 M NaOH (aq) (600 mL) during 1 h of vigorous stirring. The
resulting suspension was filtered and the filtrate was acidified to pH = 1 with concentrated HCl (aq).
The product precipitated as a yellow solid and after filtration the product was washed 4 times with hot
water. The product was dried at 100°C in air to yield 9 (11.20 g, 41.17 mmol, 74%) as a brown
powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 10.20 (br, 1H), 8.96 (d, J = 1.8 Hz, 1H), 8.14 (dd, J
= 8.4, 1.8 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 2.9 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.27
(dd, J = 8.4, 2.9 Hz, 1H), 3.50 (br, 1H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 178.50 (s), 166.72
(s), 157.19 (s), 141.86 (s), 132. 04 (d), 130.59 (d), 129.70 (s), 128.69 (s), 128.23 (d), 127.63 (s),
127.11 (d), 125.70 (s), 123.16 (d), 113.64 (d); HMRS calcd for C14H8O4S: 272.0143; found:
272.0157.

Cyclohexyl 7-hydroxy-9-oxo-9H-thioxanthene-2-carboxylate (10) Substrate 9 (11.00 g, 40.44
mmol) was suspended in cyclohexanol (100 mL). Concentrated H2SO4 (1 mL) was added and this
mixture was refluxed overnight. After cooling, n-hexane (80 mL) was added and this mixture was
stirred for 5 min at room temperature and then allowed to stand overnight at –12°C. The orange
precipitate was collected on a glass filter and thoroughly washed with hot n-hexane to get rid of
cyclohexanol. After drying, pure 10 (11.78 g, 33.28 mmol, 82%) was obtained as a yellow powder. 1H
NMR (200 MHz, DMSO-d6, 25°C) δ 10.22 (br, 1H), 8.93 (d, J = 1.8 Hz, 1H), 8.13 (dd, J = 8.4, 1.8
Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 2.9 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.26 (dd, J = 8.8,
2.9 Hz, 1H), 4.98 – 4.92 (m, 1H), 1.87 – 1.32 (m, 10H); 13C NMR (50 MHz, DMSO-d6, 25°C)
δ 178.34 (s), 164.36 (s), 157.16 (s), 142.17 (s), 131.64 (d), 130.26 (d), 129.66 (s), 128.28 (d), 127.95
(s), 127.59 (s), 127.21 (d), 125.69 (s), 123.13 (d), 113.57 (d), 73.23 (d), 31.21 (t), 25.08 (t), 23.34 (t);
HMRS calcd for C20H18O4S: 354.0926; found: 354.0945.

Cyclohexyl 7-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-thioxanthen-2-yl}oxy)-ethoxy]-
ethoxy}ethoxy)-9-oxo-9H-thioxanthene-2-carboxylate (11) Under a nitrogen atmosphere, substrate
10 (6.40 g, 18.07 mmol), Cs2CO3 (8.60 g, 26.39 mmol), and triethylene glycol di-p-tosylate (3.30 g,
7.20 mmol) were dissolved/suspended in DMF (250 mL). This mixture was stirred at 65°C for 80 h.
After cooling, the solvent was removed in vacuo and the residue was dissolved in CH2Cl2 (150 mL).
The organic layer was washed with 2 M HCl (aq) (2 × 100 mL), dried (Na2SO4), and concentrated in
vacuo to yield a brown residue. Purification by column chromatography (Al2O3 (4.5% water),
CH2Cl2/acetone 40/1, Rf = 0.72) yielded 11 (3.74 g, 4.55 mmol, 63%) as a yellow powder. 1H NMR
(200 MHz, CDCl3, 25°C) δ 9.09 (d, J = 1.7 Hz, 2H), 8.07 (dd, J = 8.6, 1.7 Hz, 2H), 7.88 (d, J = 2.7
Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 9.0 Hz, 2H), 7.17 (dd, J = 9.0, 2.7 Hz, 2H), 5.06 – 4.97
(m, 2H), 4.18 (t, J = 3.9 Hz, 4H), 3.88 (t, J = 3.9 Hz, 4H), 3.76 (s, 4H), 1.98 – 1.35 (m, 20H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 178.71 (s), 164.84 (s), 157.66 (s), 141.79 (s), 131.64 (d), 131.11 (d),
129.70 (s), 128.51 (s), 128.13 (s), 127.80 (s), 127.09 (d), 125.87 (d), 122.95 (d), 111.03 (d), 73.47 (d),
70.69 (t), 69.37 (t), 67.53 (t), 31.39 (t), 25.16 (t), 23.49 (t); HMRS calcd for C46H46O10S2: 822.2532;
found: 822.2535.
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Cyclohexyl 7-[2-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-thioxanthen-2-yl}oxy)-ethoxy]-
ethoxy}ethoxy)ethoxy]-9-oxo-9H-thioxanthene-2-carboxylate (12) Under a nitrogen atmosphere,
substrate 10 (6.40 g, 18.07 mmol), Cs2CO3 (10.00 g, 30.69 mmol), and tetraethylene glycol di-p-
tosylate (3.65 g, 7.27 mmol) were dissolved/suspended in DMF (250 mL). This mixture was stirred at
65°C for 80 h. After cooling, the solvent was removed in vacuo and the residue was dissolved in
CH2Cl2 (150 mL). The organic layer was washed with 2 M HCl (aq) (2 × 100 mL), dried (Na2SO4),
and concentrated in vacuo to yield a brown residue. Purification by column chromatography (Al2O3

(4.5% water), CH2Cl2/acetone 20/1) yielded 12 (4.29 g, 4.95 mmol, 68%) as a yellow powder. 1H
NMR (200 MHz, CDCl3, 25°C) δ 9.15 (d, J = 1.8 Hz, 2H), 8.13 (dd, J = 8.4, 1.8 Hz, 2H), 7.96 (d, J =
2.9 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.8 Hz, 2H), 7.24 (dd, J = 8.4, 2.9 Hz, 2H), 5.06 –
4.97 (m, 2H), 4.20 (t, J = 4.4 Hz, 4H), 3.87 (t, J = 4.4 Hz, 4H), 3.72 – 3.67 (m, 8H), 2.12 – 1.32 (m,
20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 178.82 (s), 164.85 (s), 157.76 (s), 141.81 (s), 131.71 (d),
131.18 (d), 129.82 (s), 128.60 (s), 128.18 (s), 127.91 (s), 127.15 (d), 125.92 (d), 123.03 (d), 111.12
(d), 73.47 (d), 70.63 (t), 70.52 (t), 69.32 (t), 67.64 (t), 31.39 (t), 25.16 (t), 23.48 (t); HMRS calcd for
C48H50O11S2: 866.2794; found: 866.2795.

Dicyclohexyl 14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.029,34]octa-
triaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene-5,32-dicarboxylate (13) Under a
nitrogen atmosphere, substrate 11 (3.00 g, 3.65 mmol) was refluxed in oxalyl dichloride (70 mL) for
24 h. The excess of oxalyl dichloride was removed under reduced pressure and the brown residue
(crude gem-dichloride 11a) was dissolved in freshly distilled p-xylene (500 mL, from sodium).
Activated Cu-bronze22 (4.50 g, 70.82 mmol) was added and this mixture was refluxed overnight. After
cooling, the reaction mixture was filtered and the filtrate was concentrated in vacuo to yield a brown
residue. Purification by column chromatography (silica gel, CH2Cl2/n-hexane/acetone 60/15/2, Rf =
0.38) gave pure 13 (1.72 g, 2.18 mmol, 60%) as a yellowish powder. 1H NMR (200 MHz, CDCl3,
25°C) δ 7.76 (dd, J = 8.0, 1.5 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.36 (d, J =
1.5 Hz, 2H), 6.82 (dd, J = 8.8, 2.6 Hz, 2H), 6.43 (d, J = 2.6 Hz, 2H), 4.82 – 4.74 (m, 2H), 3.93 – 3.88
(m, 2H), 3.74 – 3.55 (m, 10H), 1.68 – 1.32 (m, 20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 164.81 (s),
157.41 (s), 141.39 (s), 135.88 (s), 134.65 (s), 133.34 (s), 130.70 (d), 128.15 (s), 127.97 (d), 127.77
(d), 126.62 (d), 125.87 (s), 115.41 (d), 115.41 (d), 72.46 (d), 70.98 (t), 69.45 (t), 68.07 (t), 31.08 (t),
30.94 (t), 25.20 (t), 23.04 (t); HMRS calcd for C46H46O8S2: 790.2634; found: 790.2620.

Dicyclohexyl 14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.032,37]hen-
tetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaene-5,35-dicarboxylate (14)

S

O CO2

S

CO2O 1
2

3
4

5

6
7

8
9

10

11
121314

15

161718

19

20

21

22 23 24

25

26 27

28

29
30

31
32

33
34

35
36

3738

O

O

O 39

40
41

Under a nitrogen atmosphere, substrate 12 (3.50 g, 4.04 mmol) was refluxed in oxalyl dichloride (70
mL) for 24 h. The excess of oxalyl dichloride was removed under reduced pressure and the brown
residue (crude gem-dichloride 12a) was dissolved in freshly distilled p-xylene (650 mL, from
sodium). Activated Cu-bronze22 (6.50 g, 102.14 mmol) was added and this mixture was refluxed
overnight. After cooling, the reaction mixture was filtered and the filtrate was concentrated in vacuo
to yield a brown residue. Purification by column chromatography (silica gel, CH2Cl2/acetone 30/1, Rf

= 0.33) gave pure 14 (2.40 g, 2.88 mmol, 71%) as a yellowish powder. 1H NMR (200 MHz, CDCl3,
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25°C) δ 7.77 (dd, J = 8.0, 1.8 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.36 (d, J =
1.8 Hz, 2H), 6.82 (dd, J = 8.4, 2.6 Hz, 2H), 6.40 (d, J = 2.6 Hz, 2H), 4.84 – 4.74 (m, 2H), 3.81 – 3.47
(m, 16H), 1.68 – 1.32 (m, 20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 164.80 (s), 157.36 (s), 141.32
(s), 135.84 (s), 134.48 (s), 133.32 (s), 130.56 (d), 128.19 (s), 127.98 (d), 127.78 (d), 126.64 (d),
126.03 (s), 116.25 (d), 114.63 (d), 72.48 (d), 70.71 (t), 70.63 (t), 68.98 (t), 67.97 (t), 31.07 (t), 30.93
(t), 25.18 (t), 23.04 (t); HMRS calcd for C48H50O9S2: 834.2896; found: 834.2869.

[32-(Hydroxymethyl)-14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.
029,34]octatriaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaen-5-yl]methanol (15) Under
a nitrogen atmosphere, LiAlH4 (0.40 g, 10.54 mmol) was suspended in diethyl ether (100 mL).
Substrate 13 (2.50 g, 3.16 mmol) was added and this suspension was stirred at room temperature for 5
h. The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 (150
mL) and 2 M HCl (aq) (100 mL). After separation of the two layers the water layer was extracted
once with CH2Cl2 (50 mL) and the combined organic layers were washed (2 M HCl (aq) (100 mL)),
dried (Na2SO4), and concentrated in vacuo to yield a yellow residue. The residue was washed with n-
hexane to remove cyclohexanol. Pure 15 (1.80 g, 3.01 mmol, 95%) was obtained as a yellow powder.
1H NMR (200 MHz, DMSO-d6, 25°C) δ 7.53 (d, J = 2.6 Hz, 2H), 7.51 (d, J = 2.6 Hz, 2H), 7.15 (d, J
= 8.4 Hz, 2H), 6.88 (dd, J = 8.4, 2.6 Hz, 2H), 6.52 (s, 2H), 6.26 (d, J = 2.6 Hz, 2H), 4.91 (t, J = 5.1
Hz, 2H, OH), 4.07 (d, J = 5.1 Hz, 4H), 4.03 – 3.98 (m, 2H), 3.60 – 3.48 (m, 10H); Due to low
solubility no 13C NMR was recorded. HMRS calcd for C34H30O6S2: 598.1483; found: 598.1472.

[35-(Hydroxymethyl)-14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.
032,37]hentetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaen-5-yl]methanol (16)
Under a nitrogen atmosphere, LiAlH4 (0.45 g, 11.86 mmol) was suspended in diethyl ether (20 mL).
Substrate 14 (2.40 g, 2.88 mmol) was added and this suspension was stirred at room temperature for 5
h. The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 (150
mL) and 2 M HCl (aq) (100 mL). After separation of the two layers the water layer was extracted
once with CH2Cl2 (150 mL) and the combined organic layers were washed (100 mL 2 M HCl (aq)),
dried (Na2SO4), and concentrated in vacuo to yield a yellow residue. The residue was washed with n-
hexane to remove cyclohexanol. Pure 16 (1.70 g, 2.65 mmol, 92%) was obtained as a yellow powder.
1H NMR (200 MHz, DMSO-d6, 25°C) δ 7.59 (d, J = 2.6 Hz, 2H), 7.57 (d, J = 2.6 Hz, 2H), 7.20 (d, J
= 8.4 Hz, 2H), 6.95 (dd, J = 8.4, 2.6 Hz, 2H), 6.60 (s, 2H), 6.28 (d, J = 2.6 Hz, 2H), 4.97 (t, J = 5.1
Hz, 2H, OH), 4.10 (d, J = 5.1 Hz, 4H), 3.96 – 3.80 (m, 2H), 3.65 – 3.40 (m, 12H); 13C NMR (50
MHz, DMSO-d6, 25°C) δ 154.33 (s), 137.57 (s), 133.73 (s), 131.93 (s), 130.54 (s), 130.41 (s), 125.64
(d), 125.01 (d), 124.07 (d), 123.52 (s), 122.87 (d), 113.08 (d), 111.87 (d), 67.54 (t), 67.49 (t), 65.79
(t), 65.16 (t), 59.72 (t); HMRS calcd for C36H34O7S2: 642.1746; found: 642.1748.

5,32-Bis(chloromethyl)-14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.
029,34]octatriaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene (17) Under a nitrogen
atmosphere, substrate 15 (1.48 g, 2.47 mmol) was added in one portion to pure SOCl2 (15 mL). The
deep red solution was stirred for 3 h at room temperature. Water was added carefully to quench the
reaction and subsequently CH2Cl2 (50 mL) was added. The water layer and organic layer were
separated and the water layer was once extracted with CH2Cl2 (15 mL). The combined organic layers
were washed with water (2 × 50 mL), dried (Na2SO4), and concentrated in vacuo to yield pure 17
(1.33 g, 2.10 mmol, 85%) as a yellow powder. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.50 (d, J = 8.0
Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.0, 1.8 Hz, 2H), 6.82 (dd, J = 8.4, 2.9 Hz, 2H), 6.69
(d, J = 1.8 Hz, 2H), 6.42 (d, J = 2.9 Hz, 2H), 4.20 (d, J = 4.8 Hz, 4H), 3.95 – 3.89 (m, 2H), 3.79 –
3.58 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 157.28 (s), 136.19 (s), 135.45 (s), 135.10 (s),
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133.31 (s), 130.06 (d), 128.01 (d), 127.22 (d), 127.09 (d), 126.40 (s), 115.36 (d), 115.24 (t), 70.99 (t),
69.46 (t), 68.09 (t), 45.56 (t); HMRS calcd for C34H28O4S2Cl2: 634.0806; found: 634.0804.

5,35-Bis(chloromethyl)-14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.
030,38.032,37]hentetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaene (18) Under a
nitrogen atmosphere, substrate 16 (1.52 g, 2.37 mmol) was added in one portion to pure SOCl2 (15
mL). The deep red solution was stirred for 3 h at room temperature. Water was added carefully to
quench the reaction and subsequently CH2Cl2 (50 mL) was added. The water layer and organic layer
were separated and the water layer was once extracted with CH2Cl2 (15 mL). The combined organic
layers were washed with water (3 × 25 mL), dried (Na2SO4), and concentrated in vacuo to yield pure
18 (1.44 g, 2.12 mmol, 89%) as a yellow powder. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.50 (d, J =
8.0 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.0, 1.8 Hz, 2H), 6.82 (dd, J = 8.8, 2.6 Hz, 2H),
6.71 (d, J = 1.8 Hz, 2H), 6.39 (d, J = 2.6 Hz, 2H), 4.21 (d, J = 4.8 Hz, 4H), 3.83 – 3.49 (m, 16H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 157.23 (s), 136.14 (s), 136.14 (s), 135.31 (s), 135.11 (s), 133.28 (s),
129.94 (d), 128.03 (d), 127.26 (d), 127.09 (d), 126.53 (s), 116.04 (d), 114.63 (d), 70.74 (t), 70.64 (t),
69.01 (t), 68.00 (t), 45.53 (t); HMRS calcd for C34H28O4S2Cl2: 678.1068; found: 678.1076.

8,11,14,17,30,33,36,39,42,45-Decaoxa-52,54-dithiaoctacyclo[45.3.1.13,7.14,50.118,22.121,25.124,28.02,23]-
hexapentaconta-1(51),2(23),3(56),4,6,18,20,22(55),24(53),25,27,47,49-tridecaene (19) Under a
nitrogen atmosphere, KOtBu (274 mg, 2.44 mmol) was suspended in toluene (80 mL). The mixture
was heated to 90°C. At a very slow rate (3 drops/min) a solution of 17 (384 mg, 0.61 mmol) and
pentaethylene glycol (144 mg, 0.60 mmol) in toluene (160 mL) was added. After addition, the mixture
was stirred for another 60 h at 90°C. After cooling, the solvent was removed to yield an orange
residue which was dissolved in CH2Cl2 (40 mL). The organic layer was washed (4 × 25 mL 1 M HCl
(aq)), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column
chromatography (Al2O3, (3% water), CH2Cl2/acetone 20/1, Rf = 0.30) to yield pure 19 (139 mg, 0.17
mmol, 28%) as an orange solid. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.47 (d, J = 8.1 Hz, 2H), 7.40
(d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.1, 1.1 Hz, 2H), 6.79 (dd, J = 8.8, 2.6 Hz, 2H), 6.69 (d, J = 1.1 Hz,
2H), 6.41 (d, J = 2.6 Hz, 2H), 4.20 (q, J = 12.8 Hz, 4H), 3.92 – 3.87 (m, 2H), 3.77 – 3.48 (m, 26H),
3.31 – 3.22 (m, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 157.29 (s), 136.80 (s), 136.45 (s), 136.04
(s), 135.20 (s), 133.70 (s), 129.03 (d), 128.23 (d), 127.11 (d), 127.01 (s), 126.27 (d), 115.42 (d),
115.17 (d), 72.41 (t), 71.21 (t), 71.05 (t), 70.94 (t), 70.86 (t), 70.73 (t), 69.71 (t), 69.29 (t), 68.30 (t);
HMRS calcd for C44H48O10S2: 800.2688; found: 800.2696.

UV (n-hexane/i-propanol 9/1, λ (ε)): 214 nm (68400), 236 nm (33500), 271 nm (17100), 368 nm
(7400)

CD (n-hexane,λ (∆ε)): 219 nm (–40.2), 229 nm (+23.5), 251 nm (+26.3), 270 nm (–17.8), 289 nm
(+42.3), 312 nm (–18.1)

Crystal data for biscrown 19.

C44H48O10S2, monoclinic, space group P21/a, a = 20.617(1), b = 9.336(1), c = 20.742(2) Å, V =
3971.4(6) Å3, Z = 4, Dx = 1.340 g cm-3. X-ray data for a light yellow orange colored block shaped
crystal of approximate size 0.07 × 0.08 × 0.50 mm, crystallized from acetone, were collected on an
Enraf-Nonius CAD-4F2 diffractometer, interfaced to a INDY (Silicon Graphics) UNIX computer (Mo

tube, 50 kV, 40 mA, monochromated Mo-Kα
_

 radiation, ∆ϖ = 0.85 + 0.34 tg θ  T = 130 K). Final
refinement on F2 carried out by full-matrix least-squares techniques converged at wR(F2) = 0.3425 for
6952 reflections with Fo

2  0 and 506 parameters, 16 restraints R(F) = 0.1148 for 4456 reflections
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obeying Fo  4.0 (Fo) criterion of observability. It must be mentioned that the scattering power of the
studied crystals was weak. Refinement of the structure was complicated (frustrated) by a disorder
problem. From the structural data it was clear that the ‘large’ crown ether moiety was highly
disordered. The electron density of these atoms appeared to be spread out, indicating conformational
disorder, which is in line which the weak scattering power. It is therefore very likely that the major
disorder problem with the structure was related to several possible conformations of the ‘large’ crown
ether moiety (figure 4.2).

8,11,14,17,20,33,36,39,42,45,48-Undecaoxa-55,57-dithiaoctacyclo[48.3.1.13,7.14,53.121,25.124,28.127,31.
02,26]nonapentaconta-1(54),2(26),3(59),4,6,21,23,25(58),27(56),28,30,50,52-tridecaene (20)
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Under a nitrogen atmosphere, KOtBu (0.95 g, 8.47 mmol) was suspended in toluene (150 mL). This
mixture was heated to 80°C. At a very slow rate (3 drops/min) a solution of 18 (1.44 g, 2.12 mmol)
and pentaethylene glycol (0.51 g, 2.52 mmol) in toluene (250 mL) was added. After addition, the
mixture was stirred for another 88 h at 95°C. After cooling, the solvent was removed to yield an
orange residue which was dissolved in CH2Cl2 (75 mL). The organic layer was washed (4 × 35 mL 1
M HCl (aq)), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column
chromatography (Al2O3, (5% water), starting with CH2Cl2/acetone 20/1 (Rf = 0.10) changing to
CH2Cl2/acetone 10/1) to yield pure 20 (0.61 g, 0.72 mmol, 34%) as an orange solid. 1H NMR (200
MHz, CDCl3, 25°C) δ 7.45 (d, J = 7.7 Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.11 (dd, J = 7.7, 1.5 Hz,
2H), 6.76 (dd, J = 8.4, 2.6 Hz, 2H), 6.67 (d, J = 1.5 Hz, 2H), 6.35 (d, J = 2.6 Hz, 2H), 4.18 (q, J =
12.5 Hz, 4H), 3.77 – 3.45 (m, 32H), 3.28 – 3.23 (m, 4H); 13C NMR (125 MHz, CDCl3, 50°C)
δ 157.14 (s), 136.65 (s), 136.36 (s), 135.66 (s), 134.95 (s), 133.49 (s), 128.61 (d), 127.90 (d), 127.02
(s), 126.81 (d), 125.96 (d), 115.70 (d), 114.79 (d), 72.21 (t), 70.82 (t), 70.82 (t), 70.76 (t), 70.76 (t),
70.68 (t), 70.52 (t), 69.25 (t), 69.25 (t), 68.13 (t); HMRS calcd for C46H52O12S2: 844.2950; found:
844.2948.

UV (n-hexane/i-propanol 9/1, λ (ε)): 236 nm (36000), 271 nm (15700), 364 nm (6800)

CD (n-hexane, λ (∆ε)): 220 nm (+14.6), 230 nm (–12.5), 252 nm (–15.9), 271 nm (+12.4), 290 nm (–
23.9), 312 nm (+10.3)

4-(Phenylsulfanyl)isophthalic acid (23) Under a nitrogen atmosphere, 4-bromoisophthalic acid (22,
8.00 g, 32.65 mmol), thiophenol (21, 3.59 g, 32.64 mmol), Cu-bronze 100 mg (1.57 mmol), and
K2CO3 (14.00 g, 101.27 mmol) were refluxed overnight in DMF (300 mL). After cooling, the mixture
was filtered and the residue was dissolved in water (250 mL). The solution was carefully acidified
with concentrated HCl (aq) to pH <1. The product precipitated and was collected on a glass filter. The
product was thoroughly washed with water after which it was dried at 100°C in air to yield pure 23
(8.43 g, 30.76 mmol, 94%) as a white powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 13.28 (br,
2H), 8.45 (s, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.54 (m, 5H), 6.76 (d, J = 8.5 Hz, 1H); 13C NMR (50
MHz, DMSO-d6, 25°C) δ 166.34, 165.98, 147.53, 135.13, 132.30, 131.82, 131.44, 130.10, 129.60,
127.74, 127.31, 126.77; HMRS calcd for C14H10O4S: 274.0230; found: 274.0306.
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9-Oxo-9H-thioxanthene-2-carboxylic acid (24) Under a nitrogen atmosphere, substrate 23 (8.00 g,
29.20 mmol) was refluxed in dichloroethane (75 mL) and SOCl2 (50 mL) until the evolution of HCl
gas had ceased (approximately 2 h). The mixture was concentrated in vacuo and the residue was
stripped twice with dichloroethane (50 mL). The residue was dissolved in dichloroethane (100 mL)
and cooled to –5°C after which AlCl3 (15.0 g, 112.5 mmol) was added carefully. The resulting black
mixture was stirred for 90 min at –5°C. The reaction was quenched by careful addition of water (100
mL). The product was extracted with CH2Cl2 (twice 150 mL). The combined organic layers were
thoroughly washed with water, dried (Na2SO4), and concentrated in vacuo to yield pure 24 (6.82 g,
26.61 mmol, 91%) as a white powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 9.32 (d, J = 2.2 Hz,
1H), 8.60 (d, J = 8.4 Hz, 1H), 8.20 (dd, J = 8.4, 2.2 Hz, 1H), 7.70 – 7.65 (m, 2H), 7.59 – 7.51 (m,
2H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 172.44 (s), 161.21 (s), 138.72 (s), 129.58 (s), 127.82 (d),
126.86 (d), 126.09 (d), 124.73 (s), 123.81 (d), 122.85 (s), 122.62 (s), 121.14 (d), 120.64 (d), 119.94
(d).

Cyclohexyl 9-oxo-9H-thioxanthene-2-carboxylate (25) Substrate 24 (5.70 g, 22.27 mmol) was
refluxed for 24 h in cyclohexanol (80 mL) and concentrated H2SO4 (0.75 mL). After cooling, a
precipitate began to form. n-Hexane (80 mL) was added and the mixture was stirred for 5 min after
which it was set aside for one night at –12°C. A white precipitate was collected on a glass filter and
the product was washed thoroughly with hot n-hexane to get rid of remaining cyclohexanol. Product
25 (5.84 g, 17.28 mmol, 78%) was obtained as a white powder. 1H NMR (200 MHz, CDCl3, 25°C)
δ 8.92 (s, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.96 (d, J = 7.7 Hz, 1H), 7.39 (m, 3H), 7.27 (dt, J = 6.6, 1.5
Hz, 1H), 4.78 (m, 1H), 1.69 – 1.07 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 177.96 (s), 163.48
(s), 140.36 (s), 135.01 (s), 131.15 (d), 130.80 (d), 129.84 (d), 128.46 (d), 127.62 (s), 127.36 (s),
125.33 (d), 124.66 (d), 124.55 (d), 124.36 (s), 72.31 (d), 30.17 (t), 23.92 (t), 22.28 (t); HMRS calcd
for C20H18O3S: 338.0977; found: 338.0980.

Cyclohexyl 9-{2-[(cyclohexyloxy)carbonyl]-9H-thioxanthen-9-ylidene}-9H-thioxanthene-2-car-
boxylate (26) Under a nitrogen atmosphere, substrate 25 (4.00 g, 11.83 mmol) was refluxed overnight
in oxalyl dichloride (40 mL). After cooling, the excess of oxalyl dichloride was removed under
reduced pressure. The residue was dissolved in freshly distilled p-xylene (100 mL, from sodium).
Activated Cu-bronze22 (4.50 g, 70.82 mmol) was added and this mixture was refluxed overnight. After
cooling, the mixture was filtered and the filtrate concentrated in vacuo to yield a brownish residue.
Purification by column chromatography (SiO2, CH2Cl2/n-hexane 1/1) yielded 26 (1.95 g, 3.03 mmol,
51%) as a light yellow powder. Product 26 was obtained in a cis/trans ratio of 1/1. A small fraction of
26 was purified by column chromatography (SiO2, CH2Cl2/n-hexane 1/1) to separate the cis and trans
isomer (Rf = 0.28 and Rf = 0.37). The two isomers were readily separated, however, no cis/trans
assignment was performed. 1H NMR (200 MHz, CDCl3, 25°C) (Rf = 0.28) δ 7.81 (dd, J = 8.1, 1.7 Hz,
2H), 7.60 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 7.6 Hz, 2H), 7.42 (d, J = 1.7 Hz, 2H), 7.17 (t, J = 7.6 Hz,
2H), 6.93 (t, J = 7.6 Hz, 2H), 6.84 (d, J = 7.6 Hz, 2H), 4.81 (m, 2H), 1.72 – 0.84 (m, 10H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 163.46 (s), 139.62 (s), 133.66 (s), 133.32 (s), 133.32 (s), 131.93 (s), 129.14
(d), 128.43 (d), 126.93 (s), 126.42 (d), 125.68 (d), 125.59 (d), 125.39 (d), 71.26 (d), 29.86 (t), 29.71
(t), 23.94 (t), 21.86 (t); 1H NMR (200 MHz, CDCl3, 25°C) (Rf = 0.37) δ 7.83 (dd, J = 8.0, 1.7 Hz,
2H), 7.59 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 7.6 Hz, 2H), 7.50 (d, J = 1.7 Hz, 2H), 7.14 (t, J = 7.6 Hz,
2H), 6.91 (t, J = 7.6 Hz, 2H), 6.78 (t, J = 7.6 Hz, 2H), 4.86 (m, 2H), 1.73 – 1.27 (m, 10H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 163.63 (s), 139.67 (s), 133.84 (s), 133.35 (s), 133.20 (s), 131.94 (s), 129.42
(d), 128.10 (d), 126.96 (s), 126.25 (d), 125.79 (d), 125.55 (d), 125.46 (d), 124.66 (d), 71.12 (d), 29.81
(t), 29.66 (t), 23.95 (t), 21.68 (t).
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Cis/trans-{9-[2-(Hydroxymethyl)-9H-thioxanthen-9-ylidene]-9H-thioxanthen-2-yl}-methanol
(27a) and cis/trans-2-(chloromethyl)-9-[2-(chloromethyl)-9H-thioxanthen-9-ylidene]-9H-
thioxanthene (27) Under a nitrogen atmosphere, LiAlH4 (0.60 g, 15.81 mmol) was suspended in
diethyl ether (20 mL). Substrate 26 (1.50 g of cis/trans mixture, 2.33 mmol) was added and this
mixture was stirred overnight at room temperature. To quench the reaction 2 M HCl (aq) (20 mL) was
added and the two layers were transferred to a separatory funnel. CH2Cl2 (100 mL) was added and the
water and organic layer were separated. The water layer was extracted twice with CH2Cl2 (75 mL)
and the combined organic layers were washed three times with 2 M HCl (aq), dried (Na2SO4), and
concentrated in vacuo to yield cis/trans-27a as a yellow powder. The product was obtained as a
cis/trans 1/1 mixture and the NMR data of one of the isomers are given here. 1H NMR (200 MHz,
DMSO-d6, 25°C) δ 7.65 (d, J = 7.7 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.27 – 7.18 (m, 4H), 6.98 (t, J =
7.7 Hz, 2H), 6.69 (d, J = 7.7 Hz, 2H), 6.63 (s, 2H), 5.00 (t, J = 5.5 Hz, 2H, OH), 4.14 (d, J = 5.5 Hz,
4H). Without further purification 27a was added to pure SOCl2 (15 mL). After 3 h of stirring at room
temperature, water was added carefully to quench the reaction. The water layer was extracted twice
with CH2Cl2 (50 mL) and the combined organic layers were washed twice with water (50 mL), dried
(Na2SO4), and concentrated in vacuo to yield an orange residue. Purification by column
chromatography (SiO2, n-hexane/CH2Cl2 1/1, Rf = 0.65) gave 27 (0.80 g, 1.64 mmol, 70%) as a
cis/trans 1/1 mixture. NMR data of one of the isomers is given here. 1H NMR (200 MHz, CDCl3,
25°C) δ 7.52 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 8.1 Hz, 2H), 7.13 (t, J = 8.1
Hz, 2H), 6.92 (t, J = 7.7 Hz, 2H), 6.81 – 6.74 (m, 4H), 4.21 (d, J = 3.3 Hz, 4H); 13C NMR (50 MHz,
CDCl3, 25°C) δ 134.47 (s), 134.16 (s), 133.91 (s), 133.82 (s), 133.76 (s), 131.87 (s), 128.55 (d), 128.3
(d), 125.98 (d), 125.68 (d), 125.61 (d), 125.49 (d), 124.43 (d), 44.27 (t); HMRS calcd for C28H18Cl2S2:
488.0227; found: 488.0213.

15,18,21,24,27,30-Hexaoxa-9,36-dithiaheptacyclo[30.10.2.210,13.02,11.03,8.035,43.037,42]hexatetraconta
-1,3,5,7,10(46),11,13(45),32,34,37,39,41,43-tridecaene (28) Under a nitrogen atmosphere, KOtBu
(276 mg, 2.46 mmol) was suspended in toluene (100 mL) and this mixture was heated to 90°C. A
solution of 27 (300 mg, 0.61 mmol) and pentaethylene glycol (146 mg, 0.61 mmol) in toluene (100
mL) was added very slowly (3 drops/min). After addition, the reaction mixture was stirred for 90 h at
90°C. After cooling, the solvent was removed under reduced pressure and the residue was dissolved
in CH2Cl2 (15 mL) and 2 M HCl (aq) (15 mL). After separation of the two layers the water layer was
extracted with CH2Cl2 (15 mL) and the combined organic layers were washed with of 2 M HCl (aq)
(10 mL), dried (Na2SO4), and concentrated in vacuo to yield a brown residue. Purification by column
chromatography (Al2O3, CH2Cl2/acetone 40/1 changing to CH2Cl2/acetone 8/1, Rf = 0.60 with
CH2Cl2/acetone 40/1 as eluent) gave pure 28 (58 mg, 8.9 × 10–2 mmol, 15%). 1H NMR (200 MHz,
CDCl3, 25°C) δ 7.51 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 7.7 Hz, 2H), 7.15 (d, J = 8.1 Hz, 2H), 7.10 (t, J
= 7.7 Hz, 2H), 6.89 (t, J = 7.7 Hz, 2H), 6.79 (d, J = 7.7 Hz, 2H), 6.73 (s, 2H), 4.23 (dd, J = 23.1, 12.5
Hz, 4H), 3.70 – 3.50 (m, 16H), 3.34 – 3.29 (m, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 134.98 (s),
134.49 (s), 134.33 (s), 134.12 (s), 133.25 (s), 132.03 (s), 128.20 (d), 127.32 (d), 125.66 (d), 125.63
(d), 125.23 (d), 124.64 (d), 124.22 (d), 70.86 (t), 69.45 (t), 69.35 (t), 69.27 (t), 69.15 (t), 67.80 (t);
HMRS calcd for C38H38O6S2: 654.2110; found: 654.2124.

2-[2-(2-{2-[(9-Oxo-9H-thioxanthen-2-yl)oxy]ethoxy}ethoxy)ethoxy]-9H-thioxanthen-9-one (30)
Under a nitrogen atmosphere, 2-hydroxy-9H-thioxanthen-9-one16 (29, 2.55 g, 11.18 mmol), K2CO3

(1.82 g, 13.18 mmol), and triethylene glycol di-p-tosylate (2.41 g, 5.27 mmol) were
suspended/dissolved in DMF (250 mL). This mixture was refluxed for 72 h and after cooling, the
solvent was removed under reduced pressure. The residue was dissolved in CH2Cl2 (150 mL) and 2 M
HCl (aq) (150 mL). After separation of the two layers the water layer was extracted with CH2Cl2 (50
mL). The combined organic layers were washed (twice with 2 M HCl (aq)), dried Na2SO4, and
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concentrated in vacuo to yield a yellow residue. Purification by column chromatography (Al2O3 (5%
water), CHCl3/acetone 30/1) and subsequent recrystallization from CH2Cl2 yielded pure 30 (1.50 g,
2.63 mmol, 50%). 1H NMR (200 MHz, CDCl3, 25°C) δ 8.55 (dd, J = 8.4, 1.1 Hz, 2H), 7.99 (d, J = 2.6
Hz, 2H), 7.56 – 7.48 (m, 4H), 7.43 – 7.38 (m, 2H), 7.23 (dd, J = 8.8, 2.6 Hz, 2H), 7.21 (s, 2H), 4.22 (t,
J = 4.4 Hz, 4H), 3.89 (t, J = 4.4 Hz, 4H), 3.75 (s, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 178.00 (s),
156.01 (s), 135.95 (s), 130.42 (d), 128.57 (s), 128.29 (d), 127.72 (s), 127.01 (s), 125.74 (d), 124.50
(d), 124.41 (d), 121.55 (d), 109.64 (d), 69.42 (t), 68.15 (t), 66.29 (t); HMRS calcd for C32H26O6S2:
570.1171; found: 570.1172.

14,17,20,23-Tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.029,34]octatriaconta-1,3,5,
7,10(38),11,13(37),24,26,29,31,33,35-tridecaene (31) Under a nitrogen atmosphere, substrate 30
(1.40 g, 2.46 mmol) was refluxed overnight in oxalyl dichloride (40 mL). After cooling, the excess of
oxalyl dichloride was removed under reduced pressure and the residue was dissolved in freshly
distilled p-xylene (300 mL, from sodium). Activated Cu-bronze22 (3.50 g, 55.00 mmol) was added
and this mixture was refluxed overnight. After cooling, the mixture was filtered and the filtrate was
concentrated in vacuo to yield a brown residue. Purification by column chromatography (Al2O3 (3%
water), CH2Cl2, Rf = 0.58) yielded pure 31 (0.70 g, 1.30 mmol, 53%). 1H NMR (200 MHz, CDCl3,
25°C) δ 7.50 (d, J = 7.7 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.10 (dt, J = 7.7, 1.5 Hz, 2H), 6.87 (dt, J =
7.7, 1.5 Hz, 2H), 6.81 (dd, J = 8.4, 2.9 Hz, 2H), 6.76 (d, J = 7.7 Hz, 2H), 6.44 (d, J = 2.9 Hz, 2H),
3.95 – 3.88 (m, 2H), 3.80 – 3.59 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 155.75 (s), 155.75 (s),
135.37 (s), 134.43 (s), 134.43 (s), 132.15 (s), 128.45 (d), 126.62 (d), 125.47 (d), 125.22 (d), 124.14
(d), 114.00 (d), 113.68 (d), 69.64 (t), 68.16 (t), 66.78 (t); HMRS calcd for C32H26O4S2: 538.1272;
found: 538.1260.

Complexation studies of bisthioxanthylidene crown ethers 19, 20, and 28.14a,c

1H NMR data of bisthioxanthylidene crown ethers 19, 20, and 28 in acetone-d6.

8,11,14,17,30,33,36,39,42,45-Decaoxa-52,54-dithiaoctacyclo[45.3.1.13,7.14,50.118,22.121,25.124,28.02,23]
hexapentaconta-1(51),2(23),3(56),4,6,18,20,22(55),24(53),25,27,47,49-tridecaene (19) 1H NMR
(300 MHz, acetone-d6, 25°C) δ 7.70 (d, J = 8.1 Hz, 2H, H1), 7.65 (d, J = 8.8 Hz, 2H), 7.38 (d, J = 8.1
Hz, 2H), 7.04 (dd, J = 8.8, 2.6 Hz, 2H, H2), 6.84 (s, 2H), 6.56 (d, J = 2.6 Hz, 2H), 4.39 (d, J = 5.1 Hz,
4H, HA), 4.22 – 4.16 (m, 2H), 3.90 – 3.61 (m, 26H), 3.51 – 3.39 (m, 4H, HB).

8,11,14,17,20,33,36,39,42,45,48-Undecaoxa-55,57-dithiaoctacyclo[48.3.1.13,7.14,53.121,25.124,28.127,31.
02,26]nonapentaconta-1(54),2(26),3(59),4,6,21,23,25(58),27(56),28,30,50,52-tridecaene (20) 1H
NMR (300 MHz, acetone-d6, 25°C) δ 7.71 (d, J = 8.1 Hz, 2H, H1), 7.66 (d, J = 8.4 Hz, 2H), 7.39 (d, J
= 8.1 Hz, 2H), 7.04 (dd, J = 8.4, 2.6 Hz, 2H, H2), 6.86 (s, 2H), 6.56 (d, J = 2.6 Hz, 2H), 4.40 (d, J =
4.0, 4H, HA), 4.05 – 4.00 (m, 2H), 3.79 – 3.61 (m, 30H), 3.50 – 3.42 (m, 4H, HB).

15,18,21,24,27,30-Hexaoxa-9,36-dithiaheptacyclo[30.10.2.210,13.02,11.03,8.035,43.037,42]hexatetraconta
-1,3,5,7,10(46),11,13(45),32,34,37,39,41,43-tridecaene (28) 1H NMR (300 MHz, acetone-d6, 25°C)
δ 7.76 (d, J = 7.7 Hz, 2H), 7.73 (d, J = 7.7 Hz, 2H, H1), 7.40 (d, J = 7.7 Hz, 2H), 7.36 (t, J = 7.7 Hz,
2H, H2), 7.12 (t, J = 7.7 Hz, 2H), 6.93 (d, J = 7.7, 2H), 6.89 (s, 2H), 4.41 (d, J = 2.8 Hz, 4H, HA), 3.80
– 3.63 (m, 16H), 3.50 – 3.46 (m, 4H, HB).

Complexation of biscrown ether 19 with KSCN. A solution of 19 (38 mg, 4.75 × 10–2 mmol) in
acetone-d6 (5.00 mL) was prepared which was stored under a nitrogen atmosphere. Nine oven-dried
(100°C) NMR tubes were charged with 0.50 mL of this stock solution. Different portions of a solution
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of KSCN in acetone-d6 (stored under a nitrogen atmosphere) were added in order to obtain samples
with 0, 0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 19.
Acetone-d6 was added to the samples till each NMR-tube was charged with 0.75 mL of acetone-d6.
Concentration of 19 in each NMR-tube: 6.33 × 10–3 M.

Complexation of biscrown ether 19 with NaSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of NaSCN with respect to 19. Concentration of 19 in
each NMR-tube: 6.33 × 10–3 M.

Complexation of biscrown ether 20 with KSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 20. Concentration of 20 in
each NMR-tube: 6.32 × 10–3 M.

Complexation of biscrown ether 20 with NaSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of NaSCN with respect to 20. Concentration of 20 in
each NMR-tube: 6.32 × 10–3 M.

Complexation of monocrown ether 28 with KSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 28. Concentration of 28 in
each NMR-tube: 6.33 × 10–3 M.

Complexation of monocrown ether 28 with NaSCN. Complexation was measured with 0, 0.25,
0.50, 0.75, 1.00, 1.50, 2.00, and 5.00 equivalents of NaSCN with respect to 28. Concentration of 28 in
each NMR-tube: 9.06 × 10–3 M.
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