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1. Introduction

The discovery of crown ethers by C. J. Pedersen has
stimulated a lot of chemists to the design and synthesis of
a variety of host molecules because of the promising hew
functions of these novel compounds or the fantastic
features attainable by forming supramolecular complexes
from the host and guest molecules. In other word, the
advent of a new host compound is crucial for the develop-
ment of highly advanced functional materials such as high-
performance catalysts, extremely sensitive sensors, ultra-
fine separation materials and so on. It is necessary for a
compound to make a useful host that the basic molecular
scaffold per se should have potential molecular recogni-
tion ability with ready feasibility to varying chemical modifi-
cations for drawing out the best performances of the
molecule. Thus, a hopeful candidate host compound should
be not only readily synthesized in large quantities but also
easily modified for maximizing molecular recognition power
toward relevant guest molecules.

One of the host molecules that meets these require-
ments is the calix[n]arene, a macrocyclic compound com-
posed of phenolic units linked with methylene groups at
the o,0"-positions. Because of the attractive features as
host compound as mentioned above, calixarenes have
been actively studied and utilized as the third host com-
pounds, in addition to the well known crown ethers and
cyclodextrins. During the 3-decades history of calixarene
chemistry, however, general strategy adopted to improve
the functions of the calix class compounds virtually relied
on the modification through the phenol OH groups or at
the p-positions. Therefore, novel approaches or alterna-
tive ideas had been highly desired for the molecular
design and/or modification of calixarenes.

During the course of our study on the development of
new host compounds, we had a lucky chance to find a
facile method for the synthesis of thiacalix[4]arenes, in

which all four methylene bridges of the conventional
calix[4]arenes are replaced by sulfide bonds. Needless to
say, the linking sulfur possesses electrical and structural
characteristics that are quite different from those of
methylene group. Then, it is readily conceivable that the
sulfur moiety would add new functions to the conventional
calix class compounds as host molecule. Thus, soon after
the appearance of our paper on the practical synthesis of
p-tert-butylthiacalix[4]arene, many research groups have
got into the study of this new host compound, and with the
progress of the research it has become clear that
thiacalix[4]arenes are not a simply substitute of the con-
ventional calix[4]arenes but that they should be recognized
as quite uniqgue host molecules of vast possibilities to be
developed. We would like to say that thiacalixarenes will
open the age of “second-generation” calixarene chemis-
try.1) In this review, we will mainly report our recent results
on the chemistry of thiacalix[n]arenes as compared to the
methylene-bridged counterparts, laying stress on the mo-
lecular recognition ability and potentials as host molecule.

2. Calixarenes and thiacalixarenes
2.1. Calix[n]arenes

Calix[n]arenes can be synthesized by the base-
catalyzed condensation of p-substituted phenols with
formaldehyde. By selecting appropriate reaction conditions,
analogues of a given number of phenolic units can be
selectively obtained (Scheme 1);2 even the member of
having as much as 20-phenol units has been obtained
(calix[20]arene).® Therefore it is possible to control the
cavity size according to the desired purposes.
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Scheme 1. Synthesis of calix[n]arenes and their modification strategies.
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Figure 1. Rotation of phenyl ring (a) and four conformational isomers of calix[4]arene derivatives (b).

Furthermore, since a calix[n]arene is constructed from the
alternating units of phenol and methylene group, chemical
modification of the parent entity can be readily achieved
by relying on the traditional phenol chemistry. Thus, vari-
ous functional groups can be introduced by etherification
or esterification at the phenolic hydroxy groups and by elec-
trophilic substitution at the p-position of the phenol nucleus.
Furthermore, calixes possess characteristic conformational
features unlike other host molecules such as crown ethers
and cyclodextrins. In particular, the phenol units of
calix[4]arene 1, can rotate via the hydroxy group going
through the macrocyclic ring comprised of the phenol and
methylene units in solution (Figure 1a). However, the
rotation of the individual phenol unit of 1, can be blocked
by introducing a substituent bulkier than n-propyl group and
then four conformers can be isolated as stable isomers
under usual conditions (Figure 1b). This indicates that the
molecular framework of calixes can be fabricated to be
flexible or rigid, depending on the particular requirements
for the host. This adds complexity to the conformational
analysis of calix[4]arene derivatives but widens the

functions of the host molecules due to the varying struc-
tures. Preceding reviews can be referred to for details on
these points.?

2.2. Synthesis of thiacalix[n]arenes

Much effort, which had been devoted to the develop-
ment of new functions of calix[n]arenes, mostly relied on
the modifications at the hydroxy groups or at the p-posi-
tions of the phenol units. On the contrary, modification of
the molecular framework itself by replacing heteroatoms
for the linking methylene units had scarcely been challenged
because of the synthetic difficulties. Among the quite
limited attempts, Sone et al. achieved the first synthesis of
p-tert-butylthiacalix[4]arene 2,4, in which all the four
methylenes of the parent calix were replaced with sulfur
atoms. However, tedious stepwise treatment of p-tert-
butylphenol with SCI, afforded only poor yield of the
desired 2, (Scheme 2),% not allowing substantial research
into functional development of the intriguing new arrival.

OH OH OH OH OH OH OH OH
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Scheme 2. Stepwise synthesis of p-tert-butylthiacalix[4]arene (2,) from p-tert-butylphenol.
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In the meanwhile, chemical engineers at the Cosmo
Qil Co., Ltd. had been collaborating with the authors’ group
under a research program directed toward the develop-
ment of a powerful alkaline-cleaning additive for lubricants
used in internal-combustion engines for neutralizing acidic
matter formed from combustion of petroleum fuel. The main
target of the program was concentrated on the method how
to increase the calcium content as highly oil-soluble phe-
nolate salts, which led them to convert a phenol to
polydentate ligands by combining plural phenol units with
sulfur. Among the complex mixture of the product formed
from heating a mixture of a phenol, elemental sulfur, and
CaO in a solvent, a small peak found in a mass spectrum
attracted one (S. M.) of the authors’ attention because it
had the same mass number as the compound correspond-
ing to a cyclic tetramer of the phenol linked by sulfur remi-
niscent of the calix[4]arene. After enormous efforts of the
Cosmo people to get the supposed sulfur analogue of the
calix[4]arene in a synthetically useful yield, they eventually
found that heating a mixture of p-tert-butylphenol and
elemental sulfur in tetraglyme using sodium hydroxide as
the base catalyst could lead to the formation of 2, in the
yield of 54% (Scheme 3).%) The yield compares very well
with that of 49% of 1, attained by the established synthe-
sis. In the reaction mixture, also detected were the
presence of trace amounts of [5]arene (25) and [6]arene
(2¢). (It should be noted that more than 60% yield can now
be attained in the commercial production of 2, in a several
tens of kilograms scale reaction at the Cosmo Oil Co., Ltd.)

OH OH
NaOH, 230 °C
4 +8g —mm ————— s + 4H,S
MeO(CH,CH,0);,Me n
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2
" 2,:Y.54%

Small amount of 25 and 2 were isolated.

Scheme 3. Facile one-step synthesis of p-tert-
butylthiacalix[4]arene.

On the other hand, during the course of our study on
the elucidation of the mechanism of the formation of 2,
according to Scheme 3, one of the crucial steps of the
reaction seemed to be the formation of the sulfur-bridged
phenol dimer. Therefore, it occurred to us to use the dimer
as the starting material, which afforded the yield of 2, as
high as 83% (Scheme 4).” Also by starting from the dimer,
proper choice of the reaction conditions afforded 24 and 24
in synthetically appreciable yields of 5 and 4%, respec-
tively. Itis an interesting subject to know how the substitu-
ents at the p-position affect the characteristics of
calixarenes, such as cavity size, conformational preference
and so on. In this respect, one-pot synthesis of p-tert-octyl
(3) and p-phenyl (4) derivatives have been provided by
using the corresponding phenols as the starting material
(Scheme 3).89)

As mentioned above, the traditional calixarene chem-
istry had scarcely exploited the method for replacing the
methylene-bridge by a heteroatom, but now the base-
catalyzed condensation of phenols with elemental sulfur
has opened a practical route to sulfur-bridged calixarenes.
In particular, the most basic p-tert-buylthiacalix[4]arene (2,)
can now be commercially available from Tokyo Kasei Kogyo
Co., Ltd, which should promote substantial progress in the
development of heteroatom-calixarene chemistry.
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Scheme 4. Synthesis of 2,, from sulfur-bridged
phenol dimer.

2.3. Structure and characteristics of p-tert-butyl-
thiacalix[n]arenes

The X-ray structural analysis of 2, was first reported
by Hosseini et al.19) It was shown that the four hydroxy
groups of 2, form an intramolecular cyclic hydrogen bond
in the solid state, forming a C, symmetric cone conforma-
tion similar to that of the methylene-bridged counterpart
1,. As shown in Figure 2, the bond-length of Ar-S of 2, is
longer than that of Ar-CH, of 1, by a 15%, and then the
distance of O-Oq; of the former is 2.85 A, which is longer
than that of the latter of 2.7 A.

Ar-S
av. 1.777 A

2

Figure 2. Model structure of p-tert-butylcalix[4]arene 1,
and p-tert-butylthiacalix[4]arene 2,.



Sone et al. carried out detailed measurements of H
NMR spin-lattice relaxation time T, to estimate the rate of
the inversion between the cone-cone conformations.® The
results showed that the activation energy of the inversion
of the 2, scaffold is 56.5 kJ/mol, which is smaller than that
of 1, (64.9 kd/mol), indicating the increase in mobility of
the molecular framework of 2, due to the enlarged ring.
Cabral et al. reported the results of theoretical calculations
on 2,4, which was in good accordance with the results of X-
ray structural analysis.') On the other hand, the authors
succeeded in the X-ray crystal analysis of [6]arene 24.12
This compound has a C,, symmetric structure, two of the
bridging sulfurs directing inwardly as is observed in the
conventional methylene-bridged counterpart 1. Although
single crystals of [8]arene 24 have not yet been obtained,
octamethoxy derivative of it crystallized well to allow X-ray
analysis.”

As can be seen from the above descriptions, the cav-
ity size and flexibility of a series of thiacalix[n]arenes can
significantly vary with the unit number n, keeping the basic
molecular framework which is composed of a cyclic array
of alternating phenol and sulfur components.

2.4. Chemical modifications of thiacalix[n]arenes and their
characteristics

Both thiacalix[n]arenes and calix[n]arenes are feasible
to chemical modifications intrinsic to phenols, that is, modi-
fications at the phenolic hydroxy group and/or the p-posi-
tion (Figure 3). Therefore, a variety of thiacalix derivatives
corresponding to the calix parents can be prepared accord-
ing to the well-established calixarene chemistry. Moreover,
the sulfide bonds also bring about characteristic features
to thiacalixes due to the steric and electronic effect of
sulfur. In particular, possibility of the oxidation of the
sulfide bond to sulfoxide and sulfone should be pointed
out. Thus, reaction conditions used for the synthesis of a
particular thiacalix derivative may considerably differ from
those used for the methylene-bridged calix counterpart, and
furthermore, these two pairs may show quite different
characteristics with each other. Herein, the authors will
concentrate on the chemical modifications of the
thiacalix[4]arenes.

Introduction of functional groups via
etherification or esterification.

‘ Substitution of OH to NH I

Subsmuhon of p-position.

Figure 3. Strategies for modification of thiacalix[n]arene.
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2.4.1. Moadification of phenolic hydroxy group

Various functional groups can be introduced at the
hydroxy groups by simple base-catalyzed etherification (the
Williamson synthesis) or esterification (Scheme 5).13 Re-
action products ranging from mono- to tetra-substituted
derivatives can be selectively synthesized by using appro-
priate reaction conditions for a given substituent. Recently,
it has been shown that the Mitsunobu reaction sometimes
works well to introduce several substituents.'® Any of the
four conformational isomers shown in Figure 1 may also
be selectively prepared by introducing four same or differ-
ent substituents which are bulky enough to stop the rota-
tion of the phenol units. These conformers should make a
good resource for the design and synthesis of particular
host molecules equipped with functional groups arranged
in a desired three-dimensional alignment.

R' = Me, Et, Pr, CH,Ph
CH,Py, CH,CO,EL

OH OR'
S base, R'X S "= Me, Et Pr,
. ] )
CH,COCH;, SOAr
4 4 etc.
R R

Scheme 5. Etherification and esterification of
thiacalix[4]arene.

As stated before, n-propoxy substituent is bulky enough
to retard the rotation of a phenol unit of the classical
calix[4]arenes (see Figure 1). Interestingly, however, Lhotak
et al. found an unambiguous evidence that 2, has a larger
ring size than 1, by showing that the O-n-propylated
phenol nucleus of 2, still retains the freedom to rotate
though very slowly (Figure 4).19

It is also interesting to introduce heteroatom functional
groups to the phenol hydroxy groups and pioneering works
in this line by converting to phosphates or silyl ethers have
appeared.1617) Hosseini et al. have succeeded in replac-
ing the four phenolic OH groups by SH functions to give
calix[4]arene derivatives having 8 sulfur atoms.18)

P, Y Pl

.|_-|._-"'. (] il : : '"'b-"..

Figure 4. Rotation of phenyl ring of calix[4]arene propyl
ether (a) and thiacalix[4]arene propyl ether (b).

2.4.2. Madification at the p-position

Electrophilic aromatic substitution (SgAr) reaction pro-
vides the most general method for modification of
calixarenes at the p-position of the phenol residue, which
basically stands for thiacalixarenes. For example, de-tert-
butylation of 2, can be achieved to give thiacalix[4]arene 5
by the similar treatment with aluminum chloride used for
the reaction of 1, (Scheme 6).1%19) Depending on the
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Scheme 6. Modification of p-position of thiacalix[4]arene.

reaction conditions, partially de-tert-butylated thiacalixes
ranging from mono- to tri-substituted derivatives were ob-
tainable. Direct treatment of 2, with concentrated sulfuric
acid (80 °C) followed by salting out with sodium chloride
gave the 4-sulfonic acid sodium salt (10) in good yield.2)
This salt is highly soluble in water and proved to be a
potential host compound in aqueous solutions. Compound
5 makes a good starting material to a wide range of
thiacalix[4]arenes via the ScAr methodology, among which
are diazo-coupling reaction, bromination, and
chloromethylation as shown in Scheme 6.

2.4.3. Chemical modifications unique to thiacalixarenes

By virtue of the sulfide function, thiacalixarenes are
feasible to unique transformations that are not applicable
to methylene-bridged calixarenes, the most important of
which is oxidation to sulfinyl and sulfonyl function. Treat-
ment of 2, with a small excess amount of an oxidant such
as hydrogen peroxide or sodium perborate in an organic
acid solvent converted all four sulfide bonds to sulfone,
giving 11 almost quantitatively (Scheme 7).22) Similar treat-
ment of 3 and 10 gave the corresponding sulfones (12, 15)
in high yields. An X-ray structural analysis showed that
sulfolyl derivative 11 has 1,3-alternate conformation due
to hydrogen bonding between phenolic hydroxy groups and
sulfonyl oxygens, making contrast to the cone-
conformation of 1, and 2,.22b)

On the other hand, a sulfinylcalix[4]arene, in which all
the four bridging groups are sulfinyl function, can
theorectically take four stereoisomeric forms (rccc, rcct, rctt,
and rtct) due to the disposition of the sulfinyl moiety, and
their synthesis and elucidation of the characteristics stimu-
lated the authors’ interest (Figure 5). Actually, all the four
isomers were obtained via direct oxidation of 2, or via
stepwise oxidation of properly protected intermediates.23)
Lhoték et al. reported stereo-controlled oxidation of 16, in
which NaNO;-CH3;COOH was effective for the oxidation of
the sulfide to sulfoxide function (Scheme 8).24

Thus, thiacalixarenes have significant advantages over
classical calixarenes in that the formers are viable to addi-
tional modification by oxidation of the bridging sulfide bonds
to the sulfoxides and/or sulfones. This oxidizability, how-
ever, sometimes forces to explore alternative transforma-
tion methods other than those used in the methylene-
bridged calixarenes. For instance, p-bromo-
thiacalix[4]arene 6 should be a potential starting material
for various derivatizations. However, attempted bromina-
tion of 5 by conventional methods including the ones used
for the synthesis of p-bromocalix[4]arene resulted in the
formation of complex mixtures due to the concomitant
oxidation of the sulfide linkage (Scheme 9). It is interest-
ing to note that dibromo- (19) and tetrabromothiacalix
derivative (20) were successfully obtained in high yields
by Lhotak et al. by the bromination of 1,3-diether 18.

OH

8.8 mol. amt. NaBO; S04
hehiinciatbl bl
AcOH/CHCI;, 4
OH 50°C R
S
. =
R

11:R=Bu,Y.90%
12:R=0Oct!, Y. 90 %

. OH
2;R=Bu 4.4 mol. amt. NaBO
3 R=zoctf L Y3 SO
AcOH/CHCl,,
50 °C 4
R
13( ) R = Bu', 28 % and 13(rctt), 17 %
‘R= Oct 35 %
H202
4 CF3002H H,0
SO;Na
15 Y.81%

Scheme 7. Oxidation of thiacalix[4]arenes to sulfonyl-
and sulfinylcalix[4]arenes.
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Later, Kalchenko et al. reported the synthesis of
tetrabromo derivative 6 in high yield by a direct NBS-
bromination of free hydroxy compound 5 (Scheme 6).25
Attempted nitrations of 5 also accompanied oxidation of
the sulfide function to give complex mixtures. Protection
of the phenolic hydroxy groups by etherification and previ-
ous conversion of the sulfide to sulfone enabled p-
nitration.2”) Although it has been traditional for the synthe-
sis of aromatic amines to rely on the reduction of the corre-
sponding nitro compounds, p-aminothaicalix[4]arene was
alternatively obtained by hydrolyzing the diazo-coupling
products 7.209)

It is well known in the basic organic chemistry that
phenolic OH groups highly resist to the displacement by

other substituents, which has limited the available
calixarenes to only those of phenol derivatives. Therefore,
development of the methodology for substitution of the

lower-rim OH group has been highly desired in the field of Figure 5. Schematic representation of four stereo-

calixarene chemistry. In this context, thiacalixarenes are isomers of sulfinylcalix[4]arene.
very promising entities as follows:

The authors had developed the chelation-assisted
nucleophilic aromatic substitution (SyAr) protocol, in which
electron-withdrawing substituents by mesomery such as
carbonyl, sulfinyl, phosfinyl and the like highly activate an
o-alkoxy group toward nucleophiles containing cationic
center that can form a chelate complex with the substrate.
As an extension of the principle, treatment of tetramethyl
ether of sulfinylcalix[4]arene 24 with lithium benzylamide R = CHCOE
displaced all the methoxy groups with benzylamino moiety

to give 1,3-alternate 25 with high stereoselectivity (Scheme Scheme 8. Stereocontrolled oxidation of tetraether

10).28) Subsequent debenzylation followed by reduction of derivatives by treatment with NaNOs.

the sulfinyl function afforded aminothiacalix[4]arene (28)
which provided the first example of calix derivative com-
prised of only aniline units. Considering the fact that
methylene-bridged calix[4]arenes allowed amination of up
to two hydroxy groups at most under harsh reaction condi-
tions, it may be said that thiacalixarenes will open a new
field of calixarene chemistry based on not only phenol but
aniline chemistry.

Bry f Mo )
CHC,
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1 Y TR (Ms=d) 20 Y. 0% (X=12)
K=3 Ke=3
Bi
CHCI
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lMuI KaGy
Dz b T 1
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Scheme 9. Alternative method for bromination and nitration of thiacalix[4]arenes.



T CINLANL
number 122

OH
%s T %7
4hr,
4 N 4
BuU Y. 27

t t
2 13(rtct)

N=CHPh

W i) SO
24 hr 2 hr,
Y. 87% ¥ 4 Y64% 4

NHCH,Ph

vi)
1hr % 12hr %T hr W
Y. 85 % u 4 Y.85% Y.65%

Scheme 10. Syntheses of p-tert-butylaminothiacalix[4]arene 28.

i) NaBO5;, CH;CO,H-CHCl;; ii) K,CO3, Mel, acetone, reflux; iii) PhCH,NHLI, THF, r.t.; iv) NBS,
BPO, PhH, reflux; v) conc. HCI, CHCls, reflux; vi) LiAIH,-TiCl,, THF, r.t.

2.4.4. Acidity of sulfonic acid derivatives

It is essential for the development of novel functions of
calixarenes to know the acidity of the relevant phenol resi-
dues. Calixarenes having p-sulfo functions are highly
water-soluble. Then, the authors measured the acidity of
the phenolic hydroxy groups of 10 and 15 in water for com-
paring them with those of methylene-bridged 29 and

monomeric 30 (Table 1).29 It was found that phenolic OH
of 10 is more acidic than that of 29, especially a large dif-
ference being observed in pK,,. These differences may
be ascribed to the electronic effect of sulfur moiety as well
as the changes in hydrogen bonding due to the enlarge-
ment of the ring. It was also seen that conversion of the
sulfide to sulfone further strengthened the acidity.

Table 1. Comparison of pK, value of p-sulfonated calixarenes.

compound pKa1

pKa3 pKa4

2.18 £ 0.05

o
I
(7))
=

SO3Na
10

SO3;

) 1.28 + 0.09

~

SO;3Na
15

CHj3
3.08 £ 0.05

4
SO;3Na
29

8.9

-2

SO3Na
30

8.45+0.10

11.19+0.15 11.62 £ 0.12

4.60+0.11 4.42 £0.13

12.02 + 0.02 _a) -a)

a) Not estimated.



3. Functions of thiacalix[n]arenes

Thiacalix[n]arenes have intrinsic features due to the
sulfide function, which allowed various transformations
unigue to them in addition to those common to conven-
tional calixarenes. These merits have been effectively
utilized for the development of new functions of calixarene
class compounds, among which are recognition of organic
molecules and metal ions, synthesis and utilization of metal
complexes (Figure 6). Herein, these new functions of
thiacalix[n]arenes will be discussed in regard to the role of
the sulfur function.

Recognmon of metal ions] —| Metal cofmpltexes having
various functions |

W{Bndgmg groups play important roles.

|Recogn|t|on of organic moleculesl

X= S, S0, 80,

Figure 6. Functions of thiacalix[n]arene.
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3.1. Recognition of organic molecules

3.1.1. Inclusion by crystallization

The inclusion of organic molecules into the cavity
formed by the aromatic rings is one of the major character-
istics of calix[n]arenes. The inclusion manner has actually
been substantiated by X-ray structural analysis of the many
host-guest complexes.1%12) Sone et al. and the authors
studied the inclusion behavior of calixarenes by measur-
ing the amount of the solvent molecule retained in the
crystals formed upon crystallization from the solvent (Table
2).5¢8.12) |n the cases where crystals were obtained,
methylene-bridged calixarene 1, gave 1 : 1 host-guest com-
plexes with solvents but acetone to give a 1 : 2 complex,
while sulfur-bridged 2, afforded crystals of somewhat dif-
ferent composition ranging from 2 : 1 to 1 : 2 host to guest
ratio. Compound 24 which has six phenol units formed
stable inclusion complexes with many of the solvents
examined. These crystallization experiments could not defi-
nitely tell whether the guest molecules were really included
in the cavity or retained among the crystal lattice. These
and other results, however, have indicated that the enlarged
cavity and increased flexibility of the sulfur-bridged
calixarenes bring about molecular recognition ability rather
different from those of the methylene-bridged counterparts.
For instance, it has been shown that some guests are in-
cluded into these two types of the calixarenes in different
manners with each other.

Table 2. The host versus guest (H:G) ratio in the inclusion complexes formed with calixarenes.

OH
oH; iﬁ fﬁ
4 4 6

But
Solvent 14

H:G
Acetone 1:2
Chloroform -a
Benzene 11
1,2-Dichloroethane 11
Toluene 11
Ethylbenzene 2
Cyclohexene -2
Aniline 2
1,4-Dioxane 11
n-Octane @
m-Xylene -2
o-Xylene 11
p-Xylene -2
Decaline -2
Dichloromethane 11
1,2-Dibromoethane 11

Bu! Bu!
24 2
H:G H:G
3:2 1:1
1:1 2:3
1:1 1:1
1:2 1:1
2:1 1:1
b 1:1
1:1 1:1
-© 1:3
11 11
- 2:1
- 1:1
- 11
- 1:2
11 11
a a
a a

a: Not examined. b: Inclusion complex dose not form. ¢: Host to guest ratio is not clear.
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3.1.2. Removal of organic halides

It is known that hydrophobic interaction is the major
driving force for the inclusion of organic guests into the
calix cavity, which was advantageously utilized for remov-
ing organic halides of environmental concern from water
(Table 3).39 Thus, water-soluble thiacalix[4]arene 10 was
added to an aqueous solution containing the organic
halides to form host-guest complexes. The solution was
subsequently passed through a column packed with a
weakly basic ion-exchange resin. Then, the host-guest
complex was trapped onto the resin by electrostatic inter-
actions between the sulfo function of the complex and the
cationic moiety of the resin. As can be seen from the data
in Table 3, organic halides were almost completely removed;
the resin could be regenerated by eluting the complexes
with alkaline solution. It should be noted that the inclusion
ability of 10 toward organic halides is far more superior to
that of the corresponding methylene-bridged analogue 29.

Table 3. Removal of halogenated organic compounds

from water.
e
—
o
223
Pofutad Teapping
by
I._" Firifiad ,4;
3 waler  —
1,:,‘:_r-_;"I ) Waak anon- =
i e anchanga sodumn
Guests Cinitial / PPM Ciinal/ pPpm Removal ratio
CH,Cl, 170 6.58 x 10°3 99.99613%
CHCl3 239 1.23 x 1072 99.99485%
CHBICl, 328 3.44 x 1072 99.9895%
CHBr,Cl 417 2.33x10? 99.9441%
CHBr3 508 4.60 x 101 99.9094%
CH,CI-CH,CI 198 4.08 x 102 99.9794%
CH,CI-CHCI, 267 1.35x 10 99.9495%

Conditions are as follows. Sample solution: Ciyita = 2.0 mmol dm3,
[10]total = 5.0 mmol dm'3, Columun: 20 cm? of weak anion-exchange
resin having dimethylamino groups. Flow rate: 2 cm3/min.

3.1.3. Recognition of organic molecules by
thiacalix[4]arene derivatives

Lhotak et al. synthesized calix[4]arene derivatives 31
and 32 which had two zinc-porphyrin residues attached to
the distal two phenolic oxygens. They compared their
recognition ability toward an organic guest 1,4-diaza-
bicyclo[2.2.2]octane (DABCO) (Scheme 11).30) The study
revealed that 31 trapped one DABCO molecule by pinch-
ing with the two porphyrin rings to give a 1 : 1 complex,
while each of the porphyrins of 32 independently caught
the guest molecules to form a 1 : 2 complex. This differ-
ence was ascribed to the difference in the ring size of the
two hosts and the degree of preorganization by
hydrogen bonding.

Optically-active thiacalix[4]arenes were prepared by in-
troducing chiral amine derivatives, which were effective as
chiral stationary phase for gas chromatographic separa-
tion of enantiomers.3?

3.2. Recognition ability of metal ions

3.2.1. Extraction of metal ions

Since the conventional calix[4]arenes have poor coor-
dination ability to metal ions, it has been a common prac-
tice to design and synthesize calix-type ligands by intro-
ducing functional groups having metal-ligating ability. Simi-
lar methodology is also applicable to thiacalix[4]arenes to
improve the metal-recognition ability. For example,
thiacalix[4]arene-based ligands with high metal-extraction
ability have been prepared by introducing functional groups
such as ester, ketone, carboxylic acid, amide and the
like.132.13b.33) Among the calixarene derivatives, calixcrowns
are those in which any two of the phenolic hydroxy groups
are bridged with a polyether chain, which have been proved
to be lignads with high metal-recognition ability.3? Various
thiacalixcrowns, the corresponding sulfur analogues of
calixcrowns, have been prepared and their metal-
extraction ability has been examined. For example,

o —

i~ H -
DAL

Thiacsdeanerms derwalie 3 fomms
8 171 somplas with DAACT n
CHCly, wharsss 32 bewde DABCO
g5 @ 1.2 almchiamalng

Scheme 11. Synthesis of calix[4]arenes having metalloporphyrins and their binding property toward DABCO.
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Scheme 12. Synthesis of p-tert-butylthiacalix[4]crowns.

Table 4. Periodic table of extracted metal ions by 3, 12,
and 14.
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3 X=8
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Reinhoudt et al. reported the reaction of 2, with polyethyl-
ene glycol ditosylates catalyzed by alkali metal carbonates
to give thiacalix[4]crowns (33-37), any of which could be
obtained selectively by the choice of the base catalyst
(Scheme 12).3%9) 1t is interesting to note that 33 and 34
show higher extraction ability toward Ag* ion rather than
alkali metal ions, making sharp contrast to the fact that clas-
sical calix[4]crowns like K* and Cs*. The difference was
ascribed to the presence or absence of the coordination
by bridging sulfurs in addition to crown-ether oxygens of

the thia- or calixcrowns.
The authors have found that the sulfur-containing

calix[4]arenes can extract various metal ions without re-
quiring the introduction of coordinating auxiliaries, which is
one of the most advantageous characteristics of the
thiacalixes as compared to the corresponding classical
methylene-bridged counterparts. Thus, the metal-extrac-
tion abilities of p-tert-octylcalix[4]arenes (3, 12, 14, 38)
toward as many as 40 metal ions were investigated in the
term of the percent extraction E% under varying pH condi-
tions (Table 4).3% It was found that methylene-bridged 38

M M
“¥h I
= o ¥ L B0 Jord
S AP
\frlg.:_' -T}Ilq.:ll
R R
B
=13 b1z

Figure 7. Schematic views of the coordination man-
ners of (a) p-tert-octylthiacalix[4]arene (3) and the
sulfonyl (12) and (c, d) sulfinyl (14) analogues. M and M'
denote soft and hard metal ions, respectively. R = Oct.

hardly extracted any metal ions, while 3, 12, and 14 did
soft, hard, and both soft and hard metal ions, respectively.
These extraction behaviors can be reasonably explained
based on the HSAB principle (Figure 7), in which compound
3 can ligate to soft metal ions with the bridging sulfur in
addition to the phenoxide oxygen, and 12 to hard metal
ions with sulfonic oxygen, while 14 alters its coordination
site between the oxygen atom and the sulfur atom of SO
function depending on the soft- and hardness of the rel-
evant metal ion. Such coordination of the bridging moiety
is unique to the thiacalixarenes and not attainable by the
conventional methylene-bridged calixarenes. It should also
be stressed that oxidation state of the sulfur moiety can
control the selectivity of metal ions.

The excellent coordination ability of the thiacalixes to
metal ions can be utilized for the removal of harmful heavy
metal ions such as cadmium and mercury by applying the
procedure similar to that described in 3.1.2.3%9 On the other
hand, it is interesting to note that aminothiacalix[4]arene
28 selectively extracts noble metal palladium and gold ions
from a mixture containing several heavy metal ions.3”
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3.2.2. Preparation of metal complexes

Under the mild conditions of solvent extraction, extrac-
tion behavior of the calix[4]arene derivatives follow the
HSAB principle as stated above. In organic solvents, how-
ever, it has been shown that these ligands can easily form
stable complexes with various metal ions not necessarily
limited by the HSAB prediction. Furthermore, they fre-
quently assemble to form multi-nuclear complexes using
many ligating sites. A variety of metal complexes have
already been prepared, their structures being elucidated
by X-ray crystal analysis to show many interesting fea-
tures.3® For example, thiacalix[4]arene 2, formed a 2 : 4
complex with Cu?*, while Zn?* afforded a 3 : 4 complex
(Scheme 13, Figure 8).382:9) |n these structurally elucidated
complexes, coordination of the phenolic oxygens as well
as the bridging moieties to the metal centers has been
proved. As an example of the complexes of particular in-
terest, sulfonylcalix[4]arene 11 formed a ternary complex
with Zn?* and 1,4,7-triazacyclononane, temperature-
variable NMR of which indicated that the Zn?* are freely
going around among the 8 oxygen atoms including 4
sulfonyl oxygens and 4 phenolic oxygens of the thiacalix
11 arranged on a plane as shown Scheme 14.3%¢) On the

2, (HL}

Figure 8. X-ray structure of 2,-Zn?* complex ([Zn,L(H,L),]).
H atoms, Bu! groups, and included solvents are omitted for
clarity.

N(CH3),

S0

n

o2 OH OH o
- _— —_—
4 4 4 4
T T
41 n=2~4 2, 39 m =0~3 40 m
n

other hand, aminothiacalix[4]arene 28 formed stable
complexes with soft metal ions by coordination of the bridg-
ing sulfur and amine nitrogen. For example, a 28-Pd?*
complex of 2 : 2 composition was prepared and its struc-
ture was elucidated.3%

3.2.3. Sensing of metal ions

The remarkable complexation ability of thiacalixarenes
and their derivatives toward metal ions has been utilized
for the sensing of them.

Hamada et al. converted the phenolic hydroxy func-
tion of 2, and its de-tert-butylated compounds 39 with dansyl
moiety to the corresponding derivatives (40, 41), which were
used as host molecules for the fluorescent-sensing of metal
ions in aqueous solutions (Scheme 15).19240) |t was found
that the number of the tert-butyl moiety significantly affected
the fluorescent intensity, which increased with decrease of
the number of tert-butyl groups.

J-Renault et al. applied 2, to a component of thin-films
for EIS, ISFET, and gold electrodes, which allowed detec-
tion of Cu?* ion at the level of as low as 107 M.*D

| II
b—f
Ef,N, Cus D) ;
S
ONF (i
| PR =
(e ', - 5
i
[Cuglsl
[0}
1
i
1) Zn(OAc),, CHCly o
2) TACN, DMF o-Zn-0
—_—_—
o=s=o@ ?o=s=o
OH HO
0
1
S
g
(o]

[Zn] = {Zn(tacn)?*
tacn = 1,4,7-triazacyclonon:

Scheme 14. Synthesis of p-tert-butylsulfonylcalix[4]arene
11-Zn?*-tacn complex.

N(CHs),

S0

=0~4
=2~4

Scheme 15. Synthesis of dansyl-modified thiacalix[4]arene analogues.



3.3. Functions of the metal complexes

As stated above, thiacalixarenes form stable and
unique complexes with various metal ions. Therefore, it is
quite natural to challenge the exploitation of novel func-
tional materials by combining the intrinsic nature of a given
metal and the specific character of a thiacalix ligand.

3.3.1. Oxidation catalyst (quantitative determination of
hydrogen peroxide)

Quantitative determination of hydrogen peroxide is a
subject of particular importance in the field of clinical chem-
istry and food chemistry. Odo et al. showed that a metal
complex of 10 fixed on a ion-exchange resin could be used
for quantitative determination of hydrogen peroxide, by
measuring the oxidation of phenol by hydrogen peroxide
using Me-TCAga.500 @s the catalyst in the presence of
4-PPA (Scheme 16).42 Progress of the reaction could be
monitored by tracing the absorbance of the quinoid-type
dye formed. Among the complexes examined, 10-Fe3*
showed the highest activity. The absorbance increased
linearly with the concentration of hydrogen peroxide, thus
allowing quantitative analysis.

HaC. NH,

va CHs
o

4-aminoantipyrine

2H,0,

Me- TCASA 500

phenol

o o
I( G 03? s_o3

e

quinoid dye
(A max 505 nm)
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3.3.2. Energy-transfer luminescence

The energy-transfer luminescence of lanthanide
complexes has been widely applied to dye-lasers and
luminescent probes, owing to their characteristic proper-
ties such as long lifetime, narrow emission band, and large
Stokes’ shift.#® Therefore, efforts to develop effective
ligands have been continuing to further improve the lumi-
nescent ability. Considering that the calixarenes are one
of the potential ligands of lanthanoid metals, the authors
compared 10 and 15 with methylene-bridged 29 in the term
of complexation ability with Tb3* and then energy-transfer
luminescent capability of the resulting complexes (Figure
9).44 It was found that 10 as well as 15 are superior to 29
in both the complexation ability toward Th®* and lumines-
cent strength of the complex, with 15 giving somewhat
better results than 10. Thus, it was shown that 15 makes a
practical reagent for high-sensitivity detection of Th3* in
aqueous solutions (detection limit of 37 ppt).4>

N—CHj +4H,0

®
(C2Hs)2HN NH(Csz)z

P

lon-exchanger

Me-TCASa-500

Scheme 16. Peroxidase-like catalysis by ion-exchanges modified metal complexes of 10.
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Figure 9. Emission spectra of Tb3* complexes with calix[4]arenes 10, 15 and 29 (a), the effect of the pH on the
luminescence intensity (b), and schematic mechanism for energy transfer luminescence of Th3* complex (c).

[10, 15 or 29] s = 4.0 x 1076 mol dm™3, [Th3*] ;o = 2.0 x 107 mol dm3, [buffer] =

1.0 x 103 mol dm3,

(a) Agy = 314 (Tb3*-10), 330 (Tb3*-15), and 290 nm (Tb3*-29). The pHs are 9.7 (Tb%*-10), 6.5 (Th3*-15), and
12.0 (Th3*-29). (b) Agy = 261 (Tb®*-10), 330 (Tb®*-15), and 263 nm (Tb®*-29). Ag, = 543 nm.
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Scheme 17. Synthesis of titanium complexes of 2, (a), and Mukaiyama-aldol reaction using 42, 43, or TiCl, (b).

3.3.3. Lewis acid catalysts

Polynuclear metal complexes have attracted much
attention in the field of metal catalysis, because close
location of the metals to each other in such complexes
should activate substrate molecules cooperatively or simul-
taneously for a given reaction, which cannot be realized by
mononuclear metal complexes. Therefore, intensive
researches have been devoted to the design of polydentate
ligands and synthesis of polynuclear metal complexes for
the development of new high-performance catalysts. As
shown by above complexes, thiacalixarenes have charac-
teristic ability to form stable polynuclear metal-complexes
by virtue of a bunch of the ligation sites. The authors then
have started the study on the synthesis of metal-complexes
which are useful for the synthetic organic chemistry.46)
Treatment of 2, with TiCl, afforded two binuclear complexes,
which were readily separable by crystallization (Scheme
17a). Based on the results of X-ray crystal analysis and
NMR spectra, these two were assigned to the stereoiso-
mers of cone (42) and 1,2-alternate conformation (43),
respectively. Then, catalytic activities of these complexes
were evaluated at first in terms of Lewis acid catalyst on
the Mukaiyama-aldol reaction (Scheme 17b). The results
showed that neither TiCl, nor 43 had sufficient activity, while
complex 42 had a very high activity. The catalytic activity
of the last was attributed to the double activation of alde-
hydes by the coordination of two titanium ions, rather than
the single activation by TiCl, or 43. In the aldehyde com-
plex, it can be seen that the two Ti centers take a stable
six-coordinated structure by the joining of sulfurs in liga-
tion. This example clearly shows that 2, is a very hopeful
candidate for obtaining high-performance catalysts, and
studies in this line are now in progress at the authors’ group.

4. Conclusion

Since the discovery of the practical method for the
synthesis of sulfur-bridged calixarenes, studies on their

modifications and the development of their functions are
now vividly progressing in many laboratories. These new
members of the calix family are feasible to the oxidation of
the bridging sulfur moiety and to the chelation-assisted SyAr
substitution of the phenolic hydroxy groups, in addition to
the common transformations applicable to conventional
methylene-bridged calixarenes. Furthermore, the sulfur
functional groups provide the thiacalixes characteristic abili-
ties for recognition of organic molecules as well as metal
ions, which should be useful for the development of a wide
range of functional materials. In other word, thiacalixarenes
are novel host molecules having almost boundless poten-
tials to be developed.

Since the evolution of life on the Earth, nature has
utilized biopolymers including proteins as the main element
for assembling molecular recognition devices to develop
various sophisticated functions of living organisms.
Mimicking of the natural system has been relied on for the
development of highly advanced artificial materials, espe-
cially synzymes (artificial enzymes). Supramolecular
chemists are challenging to obtain these materials by
using the components which have molecular weight of at
most several thousands. Progress accomplished so far is
promising a hopeful future where artificial materials or sys-
tems rival quite well the nature’s gifts, and the authors
should be very happy to see that thiacalixarenes play a
substantial role in this field of science.
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OH .
Bu
4-tert-Butylsulfonylcalix[4]arene
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