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1. Introduction

The design and synthesis of a variety of host molecules is
a challenging topic in the field of molecular recognition
chemistry because of the promising new functions of these
novel compounds or the fantastic features attainable by form-
ing supramolecular complexes from the host and guest mole-
cules! In other words, the advent of a new host compound
is crucial for development of highly advanced functional mat-
erials such as high-performance catalysts, extremely sensitive
sensors, ultrafine separation materials, etc. For a compound
to make a useful host it is necessary that the basic molecular
scaffold per se should have potential molecular recognition
ability with ready feasibility to the varying chemical modi-
fications for drawing out the best performances of the mole-
cule for a specified application. 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 mol-
ecules.

One of the host molecules that meets these requirements
is the calixp]arenesl,, a macrocyclic compound composed
of phenolic units linked with methylene groups at the'-
positions? Because of the attractive features as a host
compound as mentioned above, calixarenes have been
actively studied and utilized as the third generation of host
compounds in addition to the well-known crown etRensd
cyclodextrinst During the 3-decade history of calixarene
chemistry, however, the general strategy adopted to improve
the functions of the calix class compounds virtually relied
on modifications through the phenol OH group or at the
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p-position. Therefore, novel approaches or alternative Ideasdevelopment of novel methodologies for highly efficient organic synthesis.

were highly desired for 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 @ktert-butylthiacalix[4]arene2,
in which all four methylene bridges of the conventional
p-tertbutylcalix[4]arene3, are replaced by sulfide bonés.
Needless to say, the linking sulfur possesses electronic an
structural characteristics that are quite different from those
of the methylene group. Then, it is readily conceivable that 2 Synthesis and Structural Characteristics of
the sulfur moiety would add new functions to the conven- Thiacalix[ njarenes
tional calix class compounds as host molecule. Thus, soon i ) )
after the appearance of our papen the practical synthesis ~ 2.1. Basic Chemistry of Calix[ n]arenes
of 24, many research groups got into the study of this new Calixarenesl, can be synthesized by the base-catalyzed
host compound, and with the progress of the research it hascondensation op-substituted phenols with formaldehyde
become clear that thiacalixarenes are not simply a substitute(Scheme 1J.By selecting appropriate reaction conditions,
for the conventional calixarenes but novel entities as quite analogues of a given number of phenolic units can be rather
unigue host molecules of vast possibilities to be developed. selectively obtained; even those having as many as 20-phenol

Thiacalixarenes will open the new age of second-generation
calixarene chemistryNow, almost a decade since the birth
of thiacalix[4]arene2, in our laboratory, we provide an
overview of the growth of the chemistry of thiacalixarenes
by comparison with that of the methylene-bridged counter-
arts in which stress will be put on their reactivity, molecular
ecognition ability, and potential for host molecules.
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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 structures. Preceding reviews
can be referred to for details on these pofts.

oH OH OH
%Cﬁ S CHs
n n n
R Buf But

n n n

Sotaro Miyano studied chemistry in the University of Tokyo and received . . .
his Ph.D. degree in 1969 for studies on organozinc chemistry with 2.2. Synthesis of Thiacalix| n]arenes
Professor Harukichi Hashimoto. After working one year as a research

associate at Tokyo University, he moved to Tohoku University, where he Much effort devoted to development of new functions of
was promoted to Associate Professor of Organic Chemistry in 1981 and calix[n]arenes mostly relied on modifications at the hydroxy
then Full Professor in 1987. His research includes development of novel groups or at th@-positions of the phenol units. On the con-
synthetic methods by means of organometal reagents and molecular dificati fh | lar f Kitself by bl
recognition, especially chiral recognition in host—guest complexes. In 2003, trary, moditication of the molecular framework itselt by plac-
he became Professor Emeritus of Tohoku University and moved to ing heteroatoms for the linking methylene units had scarcely
Fukushima Technology Centre, an industrial research institute of Fuku- been challenged because of the synthetic difficufties.

shima Prefecture, where he is now working as the Director.

Scheme 1. One-Step Synthesis of CalixIarenes 2.2.1. Stepwise Synthesis

OH The first synthesis gp-tert-butylthiacalix[4]aren&, was
reported by Ohba et al. Their synthesis, however, required

+HCHO or (HCHO)n—> tedious stepwise treatment pftert-butylphenol with SGJ,

affording the desire®, only in poor yield (Scheme 25.

Therefore, actual research into development of the functions
(n=4~20) of this intriguing new material had to await the arrival of a

units have been obtained (calix[ZO]areﬁé)herefore, it is practical route to it.

possible to control the cavity size according to the desired
purposes. Furthermore, since a callgfrene is constructed
from alternating phenol and methylene groups, chemical
modification of the parent entity can be readily achieved by

relying on the traditional phenol chemistry. Thus, various SC'z SC'z
functional groups can be introduced by etherification or es-

terification at the phenolic hydroxy groups and electrophilic

substitution at th@-positions of the phenol nuclei. Further-

more, calixes possess characteristic conformational features
unlike other host molecules such as crown ethers and cyclo- OH

OH OH OH OH
dextrins. In particular, the phenol units of calix[4]arehe S S S SCly s
can rotate via the hydroxy group, going through the mac- —A’
rocyclic ring comprised of the phenol and methylene units ) ) ) ) ; 4
Bu Bu Bu Bu Bu

in solution (Figure 1a). However, rotation of the individual

phenol unit ofl, can be blocked by introducing a substituent Y.52% 24 Y. 4%
bulkier than a propyl group to the hydroxy group, and then

four conformers can be isolated as stable isomers under the2,2.2. One-Step Synthesis

Scheme 2. Stepwise Synthesis pftert-Butylthiacalix[4]arene
2, from p-tert—ButyIphenoI

Y. 75 %

Chemical engineers at Cosmo Oil Co., Ltd. were col-
laborating with the authors’ group under a research program
directed toward development of a powerful alkaline-cleaning
additive for lubricants used in internal-combustion engines
for neutralizing acidic matter formed from combustion of
petroleum fuels. The main target of the program was
concentrated on a method for how to increase the calcium
content as highly oil-soluble phenolate salts, which led us
to convert a phenol to polydentate ligands by combining
plural phenol units with sulfur. Among a complex mixture
of the product formed from heating a mixture of a phenaol,
cone partial cone  1,2-alternate  1,3-alternate elemental sulfur, and CaO in a solvent, a small peak found

Figure 1. Rotation of phenol ring oL, (a) and four conformational  in the mass spectrum attracted one (S.M.) of the authors
isomers of calix[4]arene derivatives (b). attention because it had the same mass as the compound
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corresponding to a cyclic tetramer of the phenol linked by
sulfur reminiscent of the calix[4]arene. After enormous ef-

Morohashi et al.

as cavity size, conformational preference, etc. In this respect,
one-step synthesis @ftertoctyl (4),'2 p-phenyl 6),** and

forts of the Cosmo people to get the supposed sulfur ana-p-adamantyl §)*° derivatives have been provided using the

logues of the calix[4]arene in a synthetically useful yield,
they eventually found that heating a mixture mtertbut-
ylphenol and elemental sulfur in tetraglyme using sodium
hydroxide as the base catalyst could lead to formatio?, of
in a yield of 54% (Scheme 3)The yield compares very
well with that of 49% of3, attained by the established
synthesis2In the reaction mixture, trace amounts of [5]arene
(25) and [6]arene ;) were also detected.

Scheme 3. Facile One-Step Synthesis of 2

OH OH
NaOH, 230 °C
4 * S - ST + am,s
MeO(CH,CH,0);Me )
Buf But
2,:Y.54%

Later, during the course of our continuing study on the
elucidation of the mechanism of the formationZafaccord-

ing to Scheme 3, it was suggested that one of the crucial
steps of the reaction should be formation of the sulfur-bridged
phenol dimer. Therefore, it occurred to us to use the dimer

as the starting material, which afford@g in a yield of as
high as 83% (Scheme 4} Also, by starting from the dimer,
proper choice of the reaction conditions affordgdand 25

in synthetically appreciable yields of 5% and 4%, respec-
tively.

Scheme 4. Synthesis of,2rom Sulfur-Bridged Phenol

Dimer
OH OH OH
s . _NaOH, 200°C s
8
Ph,0 ]
Buf Buf Bu!

2,
24:Y.83%
26:Y.5%
23:Y.4%

Recently, Hamada et al. reported the synthesjsteftbut-
ylthiacalix[8]arene Zg) by the terephthalate-induced cycliza-
tion of a mixture of acyclic oligomers, which was obtained
by reaction betweep-tert-butylphenol and sulfur with CaO
in ethylene glycol/diphenyl ether system (Schemé?5).

Scheme 5. Synthesis ofgdy the Terephthalate-Induced
Cyclization of a Mixture of Acyclic Oligomers

SERGy

precorsor (n > 0

OH
S - s
NaOH, terephtalic acid 8
But
23 Y.3%

It would be interesting to know how the substituents at

corresponding phenols as the starting material.

&1 61 8

Octt =

As mentioned above, the traditional calixarene chemistry
had scarcely exploited the method for replacing the meth-
ylene bridge by a heteroatom, but now the base-catalyzed
condensation of phenols with elemental sulfur has opened a
practical route to sulfur-bridged calixarenes. The sulfur
method, however, is far from satisfactory to obt&inand
2g as compared to the method for preparfBgand 3g.7:¢
Therefore, it should be said that development of a new
strategy for preparing macrocycles having the larger number
of phenol units is one of the challenges in thiacalixarene
chemistry.

2.3. Structural Characteristics of Thiacalix|
arenes

X-ray structural analysis oR, was first reported by
Hosseini et alf It was shown that the four hydroxy groups
of 24 form an intramolecular cyclic hydrogen bond in the
solid state, forming &4-symmetric cone conformation sim-
ilar to that of the methylene-bridged countergartNotably,
the bond length between the aromatic residue and bridging
group is 15% larger than the one 3, indicating that the
cavity of thiacalix[4]arene is larger than that of calix[4]arene.
We reported the X-ray structure of a crystal including one
1,2-dichloroethane molecule in a cavityZfand another in
the crystal lattice (Figure 2a}.The structure and confor-
mational equilibriums of2, and detert-butylated 7 (see
section 3.2.1) were theoretically studied and compared to
the methylene-bridged counterpaftShese results were in
good accordance with those of the X-ray structural analysis.
The X-ray structure of thiacalix[6]arer# revealed a “wing-
ed” cone conformation having neaiGs, symmetry (Figure
2b)18 Furthermore, Hamada et al. reported the X-ray structure
of thiacalix[8]arene2s.1? In the crystal 2 exists as a plated
loop conformation which is very similar to that & as
reported by Gutsche et #lThe size of2g is slightly bigger
than that of3s and ca. 0.5 A longer in diameter and ca. 0.5
A thicker in thickness.

nj-

OH
S
H
7

In the solution state, théH NMR spectra ofp-tert
butylthiacalixjn]larene<2, (n = 4, 6, and 8) are quite simple,
showing the averaged signal of rapid intraconversion among
stable conformers such as a cone. THeNMR chemical
shift for the OH group o®, in CDCl; suggested formation
of intramolecular hydrogen bonding, the strength of which

the p-position affect the characteristics of calixarenes, such seems to be weaker than that of the correspongitert-
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Figure 2. X-ray structures o, (a) and2; (b). Protons are not
shown for clarity.

butylcalix[n]arenes3, (n = 4, 6, and 8), respectively:1318
This may be ascribed to the enlarged skeleton of the thia-
calix[n]arene ring to separate OH groups further away from
each other.

Ohba et al. carried out detailed measurements oftthe
NMR spin—lattice relaxation timé; to estimate the rate of
inversion between the coneone conformations. The results
showed that the activation energy of the inversion ofzhe
scaffold is 56.5 kJ/mol, which is smaller than thaBp{64.9
kJ/mol), indicating an increase in mobility of the molecular
framework of2, due to the enlarged rin§.

3. Chemistry of Thiacalix[4]arenes

It is feasible for both thiacalixJarenes and calixarenes
to undergo chemical modifications intrinsic to phenols, that
is, modifications at the phenolic hydroxy group and/or the
p-position. Therefore, a variety of thiacalix derivatives cor-

responding to the methylene-bridged parents can be prepared

according to the well-established calixarene chemistry.
Moreover, the sulfide bonds also bring about characteristic

features to thiacalixes due to the steric and electronic effect Li,CO;

of sulfur. In particular, the possibility for oxidation of the
sulfide bond to sulfoxide and sulfone should be pointed out.

Thus, reaction conditions used for the synthesis of a particular

Chemical Reviews, 2006, Vol. 106, No. 12 5295

thiacalix derivative may considerably differ from those used

for the methylene-bridged calix counterpart, and furthermore,
these two pairs may show quite different characteristics from
each other. Herein, the authors will concentrate on chemical
modifications of the thiacalix[4]arenes.

3.1. Modification of Lower Rim (Phenolic Hydroxy
Group)

3.1.1. Etherification by the Reaction with Alkyl Halides

Various functional groups can be introduced at the hydroxy
groups by simple base-catalyzed etherification (the Will-
iamson synthesis). Reaction products ranging from mono-
to tetrasubstituted derivatives can be selectively synthesized
using the appropriate reaction conditions for a given sub-
stituent.

Reaction of2, and7 with simple alkyl halides (Rl or RBr)
in the presence of base generally gives the tetraalkylated
products8—15 in good yield (Scheme 69.In the case of
the reaction o7 with Mel, a series of tetra-9j and partially
methylated compoundd §—18) were prepared by Lhoka
etal.?

Scheme 6. Etherification of 2 and 7 with Alkyl Halides to
Produce 8-18

Y Y
L 1S
5% RX (X =Br, | 2
§ % s XXEE)
sua T @6 3@
S
Y Y
24 Y =Bu! 8-1
7:Y=H
8 9 10 11 12 13 14 15 16 17 18
Y Bul H Bu H Bl H By H H H H
R' Me Me Et Et Pr Pr Bu Bu H H H
RZ Me Me Et Et Pr Pr Bu Bu H Me Me
R® Me Me Et Et Pr Pr Bu Bu H H Me
R* Me Me Et Et Pr Pr Bu Bu Me Me Me

On the other hand, Shinkai et al. reported reactioB,of
with ethyl bromoacetate in the presence of alkali carbonate
as base to produce the corresponding tetraacétia a
cone or partial cone conformatiédh.The conformational
stereoselectivity of these etherifications was readily con-
trolled by choosing a suitable alkali carbonate. These
tetraacetates are one of the most versatile compounds in
calixarene chemistry because the acetate group is easily

0 Co,Et
CHs
Buf
19

Table 1. Conformer Distribution for the Reaction of 24 to 20

conformer distribution/%

base time/h yield%  20c 20 2013-A
46 0 0 0 0
NaCO; 36 85 91 9 0
KoCOs 28 95 24 61 15
$COs 4 96 3 16 81
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Scheme 7. Etherification of 2 with Ethyl Bromoacetate Using the

EtO O OEt
oMk Etotoz, j'o OEt
: 5' 0¢ s BrCH,CO,Et Q6 2
—_—
/Sl/'& @ﬁ M,COs/Acetone //’4' {:Sé
t
Bu' Bu' 3 ¢ Bt Buf
Bu Bu Y But
2 20,

converted to carboxylic acid, amides, and another esters

Morohashi et al.

MCOs/Acetone Reaction System (M= Li, Na, K, and Cs)

Etotr TB“ % :SBu
s"' \)\

@
LY K@Q‘l\

Bu OEt

20pc 201,3.a

the corresponding bis(carboxymethoxy) derivati2&sand

Therefore, we and two other groups studied the synthesis of24 quantitatively (Scheme 8). Interestingly, Lhbtat al.
the corresponding tetraacetate of thiacalix[4]arene by reactionfound that23 and 24 undergo an unprecedented intramo-

of 2, and7 with ethyl bromoacetate using the acetong/M
CO; reaction system (M= Li, Na, K, and Cs) (Scheme 7,
Table 1)?2 It was found that etherification & afforded20

in three conformational isomers out of the possible four, i.e.,
cone 2Q;, partial cone20-c, and 1,3-alternat®0; 3-», as
unambiguously assigned B NMR and X-ray structure
analysis Table 1 lists the combined yield of isola®®hnd

the isomer distributiod? It is interesting to note that the
alkali-metal carbonates had a distinct influence on the
distribution of the conformers, suggesting that the template
effect may be the main controlling factor as in the case of
formation of19. Shinkai’s results of direct tetra-etherification
showed that N&CO; and K,CO; gave conet9 selectively
but CsCO; gave partial cond9.2? They needed the protec-
tion—deprotection technique to obtain 1,3-alternageBy
contrast,2, could conveniently be derivatized directly into
20, 3-a by use of CgCO; as the base. This may be attributed
to the size of the thiacalix skeleton being large enough to
accommodate the Cson to form the intermediate which
leads t020; 3, While the calix skeleton cannot form a
similar intermediate because of steric congestion. Further-
more, reaction o2, and7 with a controlled amount of ethyl
bromoacetate usingXKO; gave dietheR1 and22 in which
distal ether groups adopt a syn orientation (Schenté 8).

Scheme 8. Synthesis of Lactone Compountis

EtOOC COOEt HOOC COOH
By g'ﬂ gst HC CHz Hzc
o 0 s OH
?/4/ /(/ § 54 ;L
24:R=Buf 21 R = Buf 23 R =Buf
7:R=H 22:R=H 24:R=H
V)
liii)
CloC cocl
/\{’@ CH2 HZC
/ < s§
/O/}\, l: :7 Z: :7
29‘R Buf 27‘R Bu 25‘R Bu
30:R=H 28:R=H 26:R=H

aConditions: (i) BrCHCOOEt, acetoneK,CO;; (ii) KOH, H,O—EtOH;
(III) (COCI)Z, CHzClz; (IV) NEts, CH2C|2; (V) P,Os, CH2C|2.

lecular cyclization via bis-acid chlorids and26 or directly

to yield lactone compound7—30, which have inherent
chirality as demonstrated by separation on a chiral HPLC.
Furthermore, novel types of proximally bridgeattert
butylthiacalix[4]arene81cand31; 3 at the lower rim have
been recently prepared by direct aminolysis of tetraacetate
20, and20, 3-» with aliphatic diamines (Scheme %)On the

Scheme 9. Aminolysis Reaction of 20 with Aliphatic
Diamines

EtO 0O, OEt MMk NI:NV
Etotozo j’o OEt NHYO Ooj'oj,NH
//,\@/3‘ EtOH ;/O/\S(
But B Buf But Bt Ry Buf But
20¢ 31 n=012
EtD , OEt "NH
NH
Bu"\ 0O Bu! By B
0
@to oj HoN My NH @ﬂ f
d S \‘)\\ S 2 n NM2 sSO\H}\ s
s T U
Et0 0 Bu’,l O’( Bu
Bu'  OTOEt HNBU' NH O

204 3.5

other hand, several amides suclBaslerived from20c were
synthesized and applied to anion receptofhese results
indicate that the acetate derivatives of thiacalix[4]arenes are
also as versatile as the methylene-bridged counterparts for
derivatization.

Ph  Ph

Ph Ph
HN NH HN
SY s )IS
NH NH HN HN
(CH
(CHQ) CHz)n In
M NH 0 NH JCHa,
Oz jo NH
AQSOT\/\)Q
32 n=236

It is obvious that these acetate compounds can be easily

converted to the corresponding carboxylic acid derivatives.
For example, hydrolysis of diacetat@4 and 22 afforded

Calix[4]areneO-benzyl ethers of defined conformation
have commonly been used as the starting material for the
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preparation of calix[4]arenes of the desired conformation. NMR spectroscopy due to the very low coalescence tem-
Therefore, it is highly desirable to have a set of all four perature. However, introduction of sulfur atoms leads

conformational isomers of tetr@-benzyl ethers33. We
succeeded in the preparation of the four conformational
isomers of33 (Scheme 1037 Among these isomers, cone

Scheme 10. Synthesis of Tetr®-benzyl Ethers from 24

OH OR
%S base, RX S
—_—
L 4
Buf Buf
2% 33: R = CH,Ph
34 R =)
N
35:R=CH,—{ N

surprisingly to a dramatic change in conformational behavior.
Thus, the pinched conginched cone interconversion of
tetraalkylated thiacalix[4]arenes is relatively slow and easily
observable by NMR spectroscopy at normal temperature, and
the thermodynamic activation parameters of the intercon-
version could be determinéd.

Furthermore, Koe et al. compared the conformational
properties ofL1in detail with those of the methylene-bridged
counterpart by means of molecular dynamics and quantum
mechanics?

As stated before, th@-propyl substituent is bulky enough
to retard rotation of a phenol unit of the classical calix[4]-
arenes. Interestingly, however, it was found that e
propylated phenol nucleus @8 still retains the freedom to
rotate, though very slowly, becaugehas a larger ring size
than3,.3% Thus, the 1,3-alternate conformeri§ (the major

and 1,3-alternate isomers could be selectively synthesizedyoqyct isolated from direct alkylation 6f with propyl

directly from24in 68% and 70% using NaH and £0; as

iodide) approached a conformational mixture of thermody-

base, respectively. On the other hand, it required three- andnamic equilibrium containing four isomers after heating at

four-step sequential benzylation 2f for the synthesis of

120 °C in CDCLCDCI, solution for 4 months. On the

partial cone and 1,2-alternate isomers, respectively. Similarly, contrary, all attempts to achieve thermal equilibration of tetra-

the cone and 1,2-alternate conformers of tetrakis(pyridylmethoxy)-

thiacalix[4]arene84 and35 were synthesized by reaction of
2, with 2- and 4-(chloromethyl)pyridine in the presence of
CsCO; as basé?

3.1.2. Conformational Behavior of Alkylated Derivatives
Introduction of a sulfur atom into the calix[4]arene

O-butylthiacalix[4]arenel5 failed. The starting 1,3-alternate
conformer was the only detectable product after heat treat-
ment, indicating that the butyl group is just bulky enough to
prevent rotation of the alkylated phenolic rings through the
annulus of thiacalix[4]arene, at least at temperatures up to
413 K.

skeleton induces considerable changes in the conformational3.1.3. Formation of 1,3-Diethers via the Mitsunobu

behavior of the thiacalix[4]arene derivatives because the
cavity of thiacalixarenes is larger than that of classical
calixarenes. Lhotaet al. studied the details of conforma-
tional preferences of lower rim alkylated thiacalix[4]arenes
using a combination of NMR spectroscopy and X-ray
crystallography.

Whereas the paren®s and7 adopt the cone conformation
both in solution and in the solid state, thd NMR study
showed that tetramethyl eth@rwas in a thermodynamic
equilibrium of at least three different conformaticiidt is
noteworthy that X-ray diffraction of this compound revealed
unique molecular packing. The whole unit cell consists of
16 molecules of9, where 12 molecules adopt the cone
conformation and the remaining 4 molecules are in the 1,3-
alternate conformation.

On the other hand, thtH NMR spectrum of tetraethyl
etherllreveals the presence of all four possible conformers
in CDCLLCDCI, solution at room temperatuf@.The con-
former distribution at 303 K (cone:partial cone:1,2-alternate:
1,3-alternate= 17:55:2:26) should be compared with that
of the methylene-bridged counterpart, which is mobile only
above ca. 130C and possesses the corresponding equilib-
rium ratio of 7:47:44:3.

In the case of alkylated derivatives of methylene-bridged
calix[4]arene, the pinched conr@inched cone interconver-
sion as shown in Figure 3 is usually unobservable'dy

o~ A~ L)
féO/)A 90’*5 0 Xm\,éx 50”0 } 0 064
R R R

R R R R
pinched cone

pinched cone
Figure 3. Schematic representation of pinched cepached cone
interconversion.

R R R
cone

Reaction

Bitter et al. reported regioselective distal dialkylation of
2, with alcohols under the Mitsunobu protocol using diethyl
azodicarboxylate/triphenylphosphine (DEAD/TPP) systém.
For example, treatment @ with a 10-fold excess of MeOH
using 3.0 equiv of DEAD/TPP in THF at ambient temper-
ature afforded 1,3-diethé86ain 80% yield (Scheme 11).
The reaction was repeated with a series of primary alcohols,
resulting in formation of 1,3-diether36b—k. Under these
conditions the reaction generally stopped at the disubstitution
stage and the tri- or tetraethers could not be isolated. The
Mitsunobu protocol provides a convenient route for the
synthesis of chiral thiacalix[4]arenes (see section 4.1.5);
reaction of2, with (9-ethyl lactate andR)-ethyl mandelate
cleanly afforded the chiral dietheBs and38in good yields
with possible inversion of configuration.

3.1.4. Formation of Phosphoryl Ethers and Silyl Ether

Reaction of24 with an excess of Pglgave bis-chloro-
phosphate compoun@9, which adopts the 1,2-alternate
conformation (Scheme 12j.Formation of chlorophosphate
39 instead of the expected compou#d indicates that the
initially formed chlorophosphite readily undergoes oxidation
by air. X-ray data indicated the existence of a weakSP
interaction in39 because the PS distance of 3.22(1) A is
shorter than the sum of the van der Waals radii for sulfur
and phosphorus of 3.65 A. However, reactior2gfvith 2
equiv of PC} in the presence of BMl and subsequent
condensation with diethylamine led to isolation of the diester
amide41 in high yield without oxidatior® Compound41
was investigated by temperature-dependeftiIMR and3'P
NMR spectroscopy in a range from80 to 120°C. In this
range no conformational changes could be detected.
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Scheme 11. Synthesis of Thiacalix[4]arene 1,3-Diethers via the Mitsunobu Reaction
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Me(OCH,CH,), (46%)
CI(OCH,CHb,), (43%)
Br(CHy)s (29%)

BrCH,CH, (89%)

CI(CHy)3 (30%)
Phtalimidomethy! (80%)
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Scheme 12. Synthesis of Phosphorus Thiacalix[4]arenes
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Scheme 13. Formation of Proximally Disiloxane-Bridged
Compound 42 and Application to the Synthesis of
1,2-Diethers

24 42Y.92%
~ v,ﬁu‘ t
Si.o.S. Bu H RR
base, 2RX ~ .00 BuNF 6 90
' SLS Y —— 7 AP
acetone or THF | o)e) THF // ¥
t RR Buf Bu' 1
Bu Buf Bu Bu
base = KOBU!, Cs,CO; 43 44

R = Me, CH2C02Et, CH2Ph

In the calix[4]arene chemistry regioselecti@gO'-difunc-
tionalization at the neighboring phenolic hydroxy groups had
not yet been sufficiently explored, and development of a

CO5Et H CO,Et
R' 0" R'

H .
%0 9
SECSR
7T o
Bu sht But
37.R' = (R)-Me Y.54%

38: R'= (S)-Ph Y. 72%

(S)-ethyl lactate or
(R)-ethyl manderate

DEAD/TPP, toluene
110°C

the proximally disiloxane-bridged compoua#@in 92% vyield
(Scheme 13§’ Treatment of42 with alkyl halide in the
presence of a base gave 1,2-altern@teQ"'-dialkylated
products43 in high yield3” Subsequent desilylation @3

by BwNF eventually gaveO,0'-dialkylated products44
guantitatively. Therefore, it is obvious that compoutiis

a highly useful synthetic intermediate for 1,2-disubstitution
of thiacalix[4]arene2,4 at the lower rim. For example, both
syn-andanti-1,2-bis(O-2-aminoethyl)etherd5aand45b can

be stereoselectively prepared by reactiomafwith chlo-
roacetonitrile followed by reductiof¥.Furthermore, it should
be noted that this method can be applied to methylene-
bridged calix[4]arené’3°

NH
g ? NH, sN'_ézut
H HH
CH S0 O
. OO (0] @
Q sO
iz e
X S
t
Bu/f/ B Bl Yo B
Buf ! Bu NH,
45a 45b

3.1.5. Synthesis of Mercaptothiacalix[4]arenes

It is well known in basic organic chemistry that phenolic
OH groups highly resist displacement by other substituents.
Therefore, it is not surprising that there are few examples
of calixarenes bearing substituents other than thoseQ@R
types at the lower rim? One of the rare examples of phenolic
OH substitution relies on the classical Newmdgwart reac-
tion, where the OH group is eventually converted to SH.
This methodology was applied & for conversion of four
OH to SH*' Then, synthesis qf-tert-butyltetramercaptotetra-
thiacalix[4]arene48 bearing eight sulfur atoms was also
achieved by a series of similar treatmeffté.cylation of 2,
with N,N-dimethylthiocarbamoyl chloride produced a con-
formational mixture ofo-thiocarbamoyl! derivativéd6, which
was thermally converted int&carbamoyl derivative47
(Scheme 14). Finally, deprotection with hydrazine hydrate
gave48in good yield. In contrast to pareBj, the mercapto
derivative 48 adopts the 1,3-alternate conformation in the
solid state as revealed by X-ray crystallography.

general method for such transformations was highly desired.3.1.6. Acylation of Phenolic OH Group

In this regard, it is of great significance that treatmen®.pf
with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane provides

Compared to etherification, acylation at the lower rim (or
more generally ester formation) has been rather rare in
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Scheme 14. Synthesis of Mercaptothiacalix[4]arene 48
from 24

s o e,

OH
K2COs, Cl )LNMe&

S

4 4
But

46124 Y. 12%

46134 Y.80%

But

l 300 °C

>‘~NMe2

53

47 quant.

NHoNH,
100 °C

A

48 Y. 90%

thiacalix[4]arene chemistry. Reaction @f with benzoyl
chloride at low temperature afforded only dibenzoylated
derivative49in a moderate yield (Scheme 15)0n the other
hand, treatment o4, 7, and 48 with isonicotinoyl or
nicotinoyl chloride afforded derivatives0a—e bearing four
pyridine units (Scheme 18}.From each condensation a
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3.2. Modification at the Upper Rim ( p-Position)

Electrophilic aromatic substitution £&r) reaction provides
the most general method for modification of calixarenes at
the p-position of the phenol residue, which basically stands
for thiacalixarene$®

3.2.1. Friedel-Crafts Dealkylation

p-tert-Butylthiacalix[4]arene2, can be converted into the
fully de-tert-butylated compound in 51% yield using AICY
phenol/toluene under reflux conditions, according to the
established procedure in the classical calixarene chemistry
(Scheme 173¢ In the solid state7 adopts a cone conforma-
tion similar to2,4. This procedure, however, sometimes tended
to give rather varying results, especially on large-scale
reactions. Hamada et al. improved this procedure to be more
reliable for the large-scale preparationfftreatment o2,
with 10.5 equiv of AIC} at 80 °C with phenol gaver in
80% vyield*® Furthermore, partial dealkylation ¢, was
achieved using 7.1 equiv of Algand a shorter reaction time
to produce mono-, di-, and tg{tert-butyl)thiacalix[4]arene
51-53 in 7%, 20%, and 21% yield, respectively. X-ray
structure analysis revealed th&tl—53 adopt the cone
conformation and form dimeric self-inclusion units in such
a manner that phenol moieties are inserted into the cavity of
each other molecule, indicating that the numbeteafbutyl
groups determines the solid-state structure of thiacalixare-

series of tetrasubstituted conformers was isolated. In the casenes?’

of 50a and 50b, the most abundant was the 1,2-alternate

conformer, whereas in the case ®fc and 50d, the 1,3-

Scheme 17. Synthesis of Dert-butylated Compounds

alternate conformer was the major component. Finally, in from 242

the case of50e the cone conformer was the exclusive
product.

Scheme 15. Reaction of 7 with Benzoyl Chloride
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- 7

pyridine, 0°C Y
7 49 Y. 39%

Scheme 16. Synthesis of Tetrabenzoyl-Type Derivatives
from 24, 7, and 48
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Method AT:Y"=HY.51%
Method B; 7: Y'#=H Y.77 %
Method C; 51: Y'3=H, Y4=Bu! Y. 7%

52:Y'2=H, Y34 =Bu Y.20%

53: Y3 =Bu, Y4=H Y.21%

aMethod A: AIClz (40 mol equiv), phenol (10 mol equiv), toluene,

reflux, 7 days. Method B: AIGI(10.5 mol equiv), phenol (5 mol equiv),

toluene, 8C°C, 2 h. Method C: AIG{ (7 mol equiv), phenol (5 mol equiv),
toluene, 80°C, 30 min.

(@]

4

3.2.2. Bromination and Nitration

Thiacalixarenes have significant advantages over classical
calixarenes in that the former are viable to additional
modification by oxidation of the sulfide linkage as will be
discussed in section 3.3.1. This oxidizability, however,
sometimes requires exploration of alternative transformation
methods other than those used in the methylene-bridged
calixarenes. For instance, althougkbromo and p-nitro
derivatives of7 should be a potential starting material for
various derivatizations, attempted bromination and nitration
of 7 by conventional methods including the ones used for
the synthesis gf-bromo- andp-nitrocalix[4]arenes resulted
in formation of complex mixtures due to concomitant
oxidation of the sulfide linkagé® It is interesting to note
that the dibromo%5) and tetrabromo derivative$) were
successfully obtained in high yields by Lhktat al. by
bromination of 1,3-dietheb4 (Scheme 18j%2 Later, Kal-
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Scheme 18. Bromination of Thiacalix[4]arene
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chenko et al. and Parola et al. reported the synthesis ofproperties 062 in water were studied by UVvis spectros-

tetrabromo derivative57 in high yield by direct NBS
bromination of7.4° Treatment of57 with Prl/CsCOs; gave
tetra-O-propylthiacalix[4]arenes8 in good yield, which in
turn was treated with BuLi antl-formylpiperidine to give
p-formyl derivative59 (Scheme 19° Obviously, the formyl
function of59 should be a useful starting point for the upper
rim functionalization. Furthermor&8was coupled with both
trimethylsilylacetylene and 4-pentylphenylacetylene using
dichlorobis(triphenylphoshane)palladium(ll) as a catalyst
(Scheme 20). The resulting adduétsand61 have potential
to be used in nonlinear optical applicaticis.

Selective synthesis of dinitro derivatig2 was attained
by nitration of dibenzoyl derivativd9 followed by deben-
zoylation in ag. NaOH (Scheme 2%).The acid-base

Scheme 109. Formylation ofp-Bromothiacalix[4]arene

BT ==

58 Y. 80%
OPr
BuLi
N-formylpiperidine S
4
O™ H
59 Y. 70%

Scheme 20. Synthesis gi-Alkynylthiacalix[4]arenes

OPr OPr
SiMe; Pd(PPhg):Cly,
s |’| __Cul EtN s
+
4 Y.72% 4
Br | |
60
SiMe;

OPr

Cshi1 Pd(PPhg),Cly,
s . Cul, Et3N O S
4 Y.67% 4

Br
58 H

CsHyq

copy, and its f, values were determined. On the other hand,
it was found that nitration of proceeded without oxidation
of sulfur by reacting with KN@AICI; in tetraglyme/CH-

Cl, to give tetranitrothiacalix[4]aren&3 in 67% yield
(Scheme 22j* Choice of solvent is crucial for this reaction;
THF, acetonitrile, or toluene did not afford the described
nitration product. It is said that the key step of the reaction
is in situ formation of NO,, which forms active electrophilic
species NONO;™ stabilized by the complexing ether. X-ray
structural analysis revealed thé® adopts the 1,2-alternate
conformation. Reduction @3 with SnC}, gave tetraamino
compounds4 almost quantitatively, whose acidhase prop-
erty was studied by UV spectroscopy >3

Scheme 21. Selective Synthesis of Dinitro Derivative 62 from

49
j io i) HNOg CHyCOH o

OsQ(\§ ii) NaOH @\@/S;‘E

/b/ NO,

49 62Y.71%

S

Scheme 22. Synthesis of Tetranitrothiacalix[4]arene and Its
Reduction to Tetraamino Derivative

OH OH
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4 CH30(CH20H20)4CH3- 4
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OH
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—_—
4
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3.2.3. Friedel-Crafts Alkylation and Diazo Coupling

Friedel-Crafts alkylation of7 was carried out by heating
at reflux for 3 days with 1-adamantanol in trifluoroacetic
acid in the presence of a catalytic amount of Li¢tO give
p-(1-adamanthyl)thiacalix[4]arern@in 89% yield (Scheme
23) 15 3-Carboxy-1-adamantanol reacted in the same way to
give the analogous derivatib almost quantitatively (96%).
A chloromethyl group was introduced to the upper rim by



Thiacalixarenes

Chemical Reviews, 2006, Vol. 106, No. 12 5301

reaction of7 with an excess amount of chloromethyl methyl would expand their chemistry into aqueous solutions. Inter-

ether and SnGlin chloroform to afford66 in 72% vyield
(Scheme 243% The synthetic potential 086 was demon-

estingly, direct sulfonation of has not yet been described,
but ipso-sulfonation of2, has been successfully accom-

strated by an Arbuzov reaction with esters of phosphorous plished. Treatment a, with concentrated sulfuric acid (80
acids at ambient temperature to give tetraphosphorylated°C) followed by salting out with sodium chloride gave the
derivativesé7a—f in good yield. This transformation shows 4-sulfonic acid sal69 in good yield (Scheme 26¥.

that the chloromethyl group at the calixarene upper rim

possesses high reactivity toward nucleophilic reagents. OnScheme 26. Sulfonation of 2to 69

the other hand, varioysphenylazo derivative68a—f were
synthesized by reaction @fwith the corresponding diazo-
nium salts (Scheme 25} p-Aminothiacalix[4]arené4 was

obtained by reductive cleavage the diazo-coupling products

68b.540

3.2.4. Sulfonation
Although thiacalixplarenes are essentially insoluble in
water, introduction of a sulfo function onto the upper rim

Scheme 23. Synthesis g&-(1-Adamanthyl)thiacalix[4]arenes
from 7
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Scheme 24. Introduction of Chloromethyl Group into 7 and

Its Reaction with Esters of Phosphorous Acid
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Scheme 25. Reaction of 7 with Diazonium Salts
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3.3. Modification Unique to Thiacalixarenes

By virtue of the sulfide function, thiacalixarenes can
undergo unique transformations that are not applicable to
methylene-bridged calixarenes, the most important of which
is oxidation to sulfinyl and sulfonyl function.

3.3.1. Reaction on Bridging Sulfur

Treatment o2, 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 70 almost quantitatively (Scheme 2%).Similar
treatment o#4 and69 gave the corresponding sulfong®”’
and 74,58 respectively, in high yields. X-ray structural
analysis by Hosseini et al. showed that sulfonyl derivative
70 has the 1,3-alternate conformation due to hydrogen
bonding between phenolic hydroxy groups and sulfonyl

oxygens, in contrast to the cone conformation2gfand
34.56a,59

Scheme 27. Oxidation of Thiacalix[4]arenes to Sulfinyl- and
Sulfonylcalix[4]arenes

OH
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OH 50 °C R
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R t OH
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R
72(rtct): R = Buf (Y. 28%)
and 72(rctt) : R = Bul (Y. 17%)
73(rtct ): R=0Oct! Y.35%

_ M0
4 CF3COZH Hzo
SOgNa r.t SOgNa
74 Y.81%

Sulfinylcalix[4]arenes, in which all four bridging groups
are sulfinyl function, can theoretically have four stereoiso-
meric forms (ccc, rcct rctt, andrtct) due to the disposition
of the tetrahedral sulfinyl moiety, and their synthesis and
studies on the characteristics stimulated the authors’ and
other’s interest (Figure £).57:80 Actually, all four isomers
were obtained as follows: Direct oxidation 2faffordsrtct
and rctt stereoisomers of7/2 in 27% and 17% yield,



5302 Chemical Reviews, 2006, Vol. 106, No. 12 Morohashi et al.

Scheme 28. Stereocontrolled Oxidation of 33 to Producescc and rcct Isomers of 72

(}Dg—LR g NaBO4 (44eQU|v S—l—og NaH, CH3(0H2)7SH z é— _2

/

S—*—S AcOH-CHCl3, 50 °C z z THF, reflux

33c R=CH,Ph

75Y.94 % 72(rcce) Y. 57 %
o OR
/‘s&L}@ NaBO; (44 equiv) S } NaH, CHs(CHy)7SH 2
—_— o
SOR S AcOH-CHCl3, 50 C ?OR z THF, reflux g—
33pc R=CHyPh 75 Y. 46 % 72(rcct) Y. 67 %

respectively (Scheme 27). On the other hand,rttoe and [4]arene scaffold possesses inherent advantages to create
rcctisomers were obtained by stereocontrolled oxidation of chirality due to oxidation of the bridging sulfide to generate
tetrabenzyl etheB3 of defined conformations (cone and (1) Scentered chirality and/or (2) molecular asymmétry.
partial cone, respectively) to gives and 76, respectively,  As an example of case 1, disulfinyldithiacalix[4]aren8S
followed by debenzylation (Scheme 28)t can be seen that (+)-78and R R)-(—)-78 were prepared by simple oxidation

the stereochemistry of the oxidation was completely con- of tetramethyl ethe8 with 2-fold excess of NaBgfollowed
trolled by the disposition of the benzyl groups. LHo& al. — py optical resolution on chiral HPLEIn case 2, tetraacetate
reported another stereocontrolled oxidation in which NaNO  fiyed in 1,3-alternate was oxidized to chiral monosulfoxide
CRCOH was effective for oxidation of the sulfide to 79 \vhich was resolved using-menthol62®

sulfoxide function to giver7 (Scheme 295: ’
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PN N ey
// x — /S—/S :
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u 2
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Jd fod 12 A Fait X
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) recc _rect rett rct R = CO-Me

Figure 4. Schematic representation of four sterecisomerg2f 2

Herein the term cisd) or trans f) is used to denote the disposition

of sulfoxide oxygen toward reference oxygen with respect to the o o )

mean plane containing four sulfur atoms. The isomer notation ~ Sulfilimines (sulfimides) are the nitrogen analogues of

proceeds around in a clockwise direction from the reference oxygen, sulfoxides. It is known that aN-sulfonylhaloamide such as
which should be chosen to maximize the number of cis, where cis «hloramine T80 easily reacts with sulfides to give the
is preferable to trans. . S . .
corresponding sulfilimine® Recently, we studied reaction
Scheme 29. Stereocontrolled Oxidation of Tetraethers of of thiacalix[4]arenes with80; thiacalix[4]arene2; was
Cone Conformation converted to tetramethyl eth&r which in turn was treated
‘ with 80 and then BBgto give81 having a sulfilimine group
Qso %o (Scheme 30§* However, it was very difficult to convert the
/{/ NaNO3 \/‘\ . T .
CF.COH 11O other three sulfides to sulfilimine under our condltlpns: X-ray
svv2 f"/ analysis revealed th&l adopts a cone conformation in the

solid state in which the sulfilimine group is directed toward

8Y=Bu,R= Me ¢ ¥ 7724 the axial orientation to take part in circular hydrogen bonding
9 Y =H R=Me a,Y=Bu,R=Me Y. 8% with four OH groups (Figure 5). Although direct treatment
13, Y =H R=Pr b Y=H, R=Me Y. 67% of 2, with 80 did not afford any sulfilimine products, to our
20¢; Y =Bu', R = CH,COEt ¢ Y =H. R =Pr Y. 64% \ any P ’ !
dy= But R = CH,CO,Et Y. 94% pleasure it was a new efficient method for the preparation

of novel thiacalix[4]arene monospirodienor@& In classical
calixarene chemistry similar spirodienone derivatives are very

Construction of chiral host compounds is one of the major 4ractive intermediates to prepare varying derivatives by use
interests in calixarene chemistry. The most feasible syntheucof the strained spiro structure and the presence of diene
strategy for chiral calixarenes is to anchor chiral residues at hydroxy, and carbonyl functiorf§ '

the lower or upper rim of the calixare skeleton. On the other
hand, introduction of at least two kinds of achiral substituents ~ During the study of the synthesis of intra- and intermo-
provides a more sophisticated way to create chiral calixarenedecular bridged thiacalix[4]arenes (see section 4.2.2), Bitter
owing to generation of dissymmetry or asymmetry within et al. found unprecedented, interesting cyclizations of thia-
the molecule. In addition to these strategies, the thiacalix- calix[4]arene2, with glycols under the Mitsunobu protocol
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to produceD,Sbridged thiacalix[4]arene®83 and84, Scheme substituent is not only a potential metal-ligating moiety but
3156 also the most reliable starting functional group in synthetic
aromatic chemistry for transformation to various entities via
diazonium methodology. Although partially aminated calix-
[4]arenes fronB, were reported by Shinkai et &f.there is
no precedent for those comprised of only aniline units.

The authors developed the chelation-assisted nucleophilic
aromatic substitution (@\r) protocol in which carbonyl,
sulfinyl, phosphinyl, and the like highly activate aralkoxy
group toward nucleophiles containing a cationic center that
can form a chelate complex with the substi®tés an
extension of the principle, treatment of tetramethyl ether of
sulfinylcalix[4]arene 85 (rtct) with lithium benzylamide
displaced all the methoxy groups with a benzylamino moiety
to give 1,3-alternat86 with high stereoselectivity (Scheme
32)5° Subsequent debenzylation \8¥ gave aminosulfin-
ylcalix[4]arene88, reduction of the sulfinyl function of which
afforded aminothiacalix[4]aren&9, providing the first
example of a calix derivative comprised of only aniline units.
X-ray crystallographic analysis revealed ti8&tadopts the
1,3-alternate conformation in which intramolecular N3
bondings are observed between an amino group and ortho
Scheme 30. Reaction of Thiacalix[4]arenes with Chloramine sulfides (Figure 6). It should be stressed here that calixarene

Figure 5. X-ray structure oB1. Protons are not shown for clarity.

T80 chemistry based on aniline chemistry has now emerged in
o o 1) Mel, KzCOs Bt . addition to that based on phenol chemistry.
qs@ 2) Te- N q&ﬁ Scheme 32. Synthesis gi-tertButylaminothiacalix[4]arene
7 Na
S X5 XS (80) S o & 8N
X, 3) BBr3 %
—_—
S S |) ii) |||)
Buf Buf . 23% N 4%
2, 81 Y.22%
85 (rtct)
t l 80 NHCH2Ph N=CHPh
B
4 s

Bu
; C; |v)
; t Y. 85% Y 85%
O X S

Buf Buf NH> NH,
82 Y.80% S vi) S
_ _ o Y. 65%
Scheme 31. Synthe5|s dD,SBridged Thiacalix[4]arenes 4 4
Bu Bu
S s 88 89
&ﬂ /—{ q a Conditions: (i) NaBQ, CH3CO,H—CHCI;; (ii) K 2,CO;, Mel, acetone,
s N s HO " % reflux; (iii) PhCH,NHLI, THF, room temperature; (iv) NBS, BPO, benzene,
—> Sep X S reflux; (v) conc. HCI, CHGQJ, reflux; (vi) LIiAIH 4—TiCls, THF, room
d& TPP/DEAD temperature.
S S
2, 83 R < H 3.4. Acidity of Sulfonic Acid Derivatives
84:R=

Me It is essential to know the acidity of the relevant phenol
. . residues for development of novel functions of calixarenes.
3.3.2. Displacement of OH with NH, Group Calixarenes having-sulfonate functions are highly water
As mentioned in section 3.1.5, there have been very few soluble. The acidity of the phenolic hydroxy groups6$f
examples of calixarenes bearing substituents other than thos@nd 74 were measured to compare them with those of
of —OR types at the lower rim, which means that conven- monomeric90 and methylene-bridge®l (Table 2)7° It was
tional calixarene chemistry has essentially relied on phenol found that the phenolic OH &9 is more acidic than that of
chemistry. Therefore, development of the methodology for 91, an especially large difference being observed Ka.p
substitution of the lower rim OH with other groups would These differences may be ascribed to the electronic effect
open a new world in calixarene chemistry. In this context, of the sulfur moiety as well as changes in hydrogen bonding
development of a method for introducing an amino substitu- due to enlargement of the ring. It was also seen that conver-
ent to the lower rim is highly desirable because the amino sion of the sulfide to sulfone further strengthened the acidity.



5304 Chemical Reviews, 2006, Vol. 106, No. 12

Figure 6. X-ray structure o89. Protons on carbon atoms are not
shown for clarity.

Table 2. Comparison of K, Values of p-Sulfonated Compounds
Determined by Spectrophotometric Titration

OH OH

CH;

OH
S

OH
SO;
4

4 4

SO;3Na SO3Na SO3Na SO;3Na
90 91 69 74
pKa 8.9 3.08 £0.05 2.18 £0.05 .
pKa2 12.02 £0.02 8.45+0.01 1.28 +0.09
pKas - 11.19£0.15 4.600.11
pKas - 11.62 £0.12 442+0.13

aThe Kazand [Kas values are not measurable; estimated te th8.
b The Kaz value is not measurable; roughly estimated to be in the range
from —2 to O.

4. Function of Thiacalixarenes

Thiacalixarenes have intrinsic features due to the sulfide
function which allow various transformations unique to them
in addition to those common to conventional calixarenes.

Morohashi et al.

pound2s, which has six phenol units, formed stable inclusion
complexes with many of the solvents examined. Although
these crystallization experiments could not definitely tell
whether the guest molecules were really included in the ca-
vity or retained among the crystal lattice, the results in Table
3 indicate that the type of bridging group and number of
ring members bring about rather different crystal structures.
Although 2, is essentially insoluble in water, Zhu et al.
found an interesting phenomenon that a water molecule could
also be included into the hydrophobic cavityZf’* Single
crystals suitable for X-ray analysis were prepared by addition
of water to a solution 02, in CH,Cl,—MeOH followed by
slow evaporation. X-ray crystallographic analysis and density
functional calculation confirmed that dimeric water is
embedded within a hydrophobic cavity &f and stabilized
by hydrogen bonding of aromatie:--H,O(1) and methyl
+*H,0(2) in the complex with binding energies of 1.4 and
0.9 kcal mot?, respectively.

Table 3. Host versus Guest (H:G) Ratio of the Calixfjarene
Complexes Formed from Crystallization

I
(9]

solvent

acetone
chloroform
benzene
1,2-dichloroethane
toluene
ethylbenzene
cyclohexane
aniline

1,4-dioxane
octane

m-xylene

o-xylene

p-xylene

decaline
dicholomethane 1
1,2-dibromoehtane 11

aNot examined? Inclusion complex does not formHost-to-guest
ratio is not clear.

Ll N

TR
KR

=

NHOOOOHOHUN
[o

4.1.2. Complexation with Water-Soluble Thiacalix[4]arene

It is well known that hydrophobic interaction is the major
driving force for inclusion of organic guests into the calix

These merits have been advantageously utilized for develop-cavity. The complexation behavior pfsulfonatothiacalix-

ment of new functions of thiacalixarene class compounds,
among which are recognition of organic molecules as well

as metal ions, synthesis, and utilization of metal complexes.

Herein, these new functions of thiacalixarenes will be
discussed with regard to the role of the sulfur function.

4.1. Recognition of Organic Molecules

4.1.1. Inclusion of Organic Molecules by Crystallization

Inclusion of organic molecules into the cavity formed by
the aromatic rings is one of the major characteristics of calix-
[nlarenes. The inclusion manner of thiacatijfrenes has

[4]arene69 with organic molecules was studied by NMR
titration method or salting out of the complexes from aqueous
solutions®® It was found that69 showed size and shape
selectivity to bind small chlorinated organic molecules in
its hydrophobic cavity in a 1:1 or 1:2 manner in aqueous
solution. On the other hand, detailed inclusion behavior of
p-sulfonatecalix[4]aren69 toward monosubstituted benzenes
in water was compared with that of the methylene-bridged
91.72 Both hosts encapsulated almost all the guest examined
into the cavity from the side of the aromatic moiety. Stability
of the inclusion complexes increased with electron-with-

actually been substantiated by X-ray structural analysis of drawing ability of the substituent on the guest, suggesting

several hostguest complexe¥:16180hba et al. and the au-
thors studied the inclusion behavior of calixaren&s 24,

and 25) by measuring the amount of solvent molecule re-
tained in the crystals formed upon crystallization from the
solvent (Table 3}%¢1318|n the cases where crystals were
obtained, methylene-bridged calixareBggave 1:1 host
guest complexes with all the solvents but acetone, while
sulfur-bridged2, afforded crystals of somewhat different
composition ranging from 2:1 to 1:2 host-to-guest ratio. Com-

s— electronic interaction between the host and guest for
inclusion. Comparing the two hosts, thiacalix[4]aret@
showed higher inclusion ability than calix[4]arerf&l
Considering the lower electron density on the aromatic ring
of 69than that o@1, the size rather than the electron density
of the calix framework seems to be more operative in
determining the inclusion ability.

Interestingly,69 can form inclusion complexes with even
water-miscible organic molecules such as alcohols, ketones,
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cyclic ethers, et X-ray crystallographic analysis 60 with two hosts and the degree of preorganization by hydrogen

acetone suggested that the guest is retained with the aid obonding.

cation coordination and hydrogen bonding (Figure 7). :

Similarly, the structures and thermodynamics of complexes \T,\?;frf - Removal of Halogenated Organic Compounds from

of 69 and91 with dipyridinium ions’* diazacycloalkane¥,

dipyridines’® phenanthroliné® and metal complexéswere o] Complexation

reported. o%¢
Polluted H H HH

t HOp
water SA«ObQ(f\S

Trapping

S
y@’\go _ Purified
038 3504 water
20,8 S04 .
Week anion-
69 (=@) exchange column

guest Cinitia/ppm Ciina/ppm removal ratio
CH.Cl> 170 6.58x 1073 99.99613%
CHCls 239 1.23x 1072 99.99485%
CHBrCl, 328 3.44x 1072 99.9895%
CHBr.CI 417 2.33x 107t 99.9441%
CHBr3 508 4.60x 107t 99.9094%
CH,CICH.CI 198 4.08x 1072 99.9794%
CH.CICHCl, 267 1.35x 1071 99.9495%

a Conditions are as follows. Sample soluti@i = 2.0 mmol dnT3,
[691ota = 5.0 mmol dnt3, Column: 20 crd of weak anion-exchange
resin having dimethylamino groups. Flow rate: 23min.

Figure 7. X-ray structure 069 complex including acetone.

The inclusion behavior &9 with Cgin water was inves-
tigated by photoluminescence (PL) and quantum-chemical
methods’® The stoichiometry of calixarenedgcomplex was
found to be 2:1, in which g fullerene is included in a cavity
composed of two-half-bowl molecules 68.

4.1.3. Removal of Organic Halides from Water

As mentioned above, water-soluble thiacalix[4]ar&®e
can form inclusion complexes with small chlorinated organic
molecules, which was advantageously utilized for removing
organic halides of environmental concern from watdius, Hosoya et al. studied the applicability of thiacalix[4]arene
69was added to an aqueous solution containing halogenated as a selector for high-performance liquid chromatography
organic molecules to form hosguest complexes. The (HPLC)® First, uniformly sized polymer particles were
solution was subsequently passed through a column packedrepared by using a multistep swelling and polymerization
with a weakly basic ion-exchange resin. Then, the host method Wl_th ethylene glycol dlr_nethacrylate as a cross-linker.
guest complexes were trapped onto the resin by electrostatidVieéthacrylic acid (MAA) was introduced onto the surface
interactions between the sulfonate function of the complex ©f the resulting polymer particles through a new modification
and the cationic center of the resin (Table 4). It should be Method. Then2, was chemically bonded through the MAA
noted that the inclusion ability &9 toward organic halides group using 1,4-dibromobutane as a spacer. The performance

: . : _of the prepared polymer-based thiacalix[4]arene-modified
l)srif;éergo;e] ;;égigolr to that of the corresponding methylene stationary phase was evaluated with HPLC. Specific chro-

matographic retention behavior was observed for catechol

4.1.4 Recognition of Organic Molecules by Thiacalix[4]- relative to positional isomers. Separation factasgine for
arene Derivatives respective compounds are shown in Table 5.

Lhotak et al. synthesized calix[4]arene derivati@%and  4.1.5, Chiral Recognition by Optically Active Thiacalix[4]-
93 which had two zine-porphyrin residues attached to distal arenes
two phenolic oxygen& Their recognition ability toward 1,4- Optically active thiacalix[4]arenes having chiral amines
diazabicyclo[2.2.2]octane (DABCO) as organic guest was were synthesized from tetraacetaficand applied to chiral
studied. It was revealed th@g trapped one DABCO mole-  selectors of chiral stationary phases (CSPs), the enantiose-
cule by pinching with the two porphyrin rings to give a 1:1 lectivity of which was assessed by GC for various chiral
complex, while each of the porphyrins 88 independently  analytes such as alcohol, amine, and amino acid derivéfives.
caught the guest molecules to form a 1:2 complex. This dif- For example, CSP4 having four §-1-phenyethylamide
ference was ascribed to the difference in the ring size of the groups exhibited chiral separation for the samples tested
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Table 5.dSepIaration Facgor Bxylene = k’(r?oIute):k’c(ijyl%lne))hoff (+)-ester moiety gave inherently chiral 1,2-bridged thiacalix-

Prepared Polymer-Based Staitionay Phase Modified with 2for i ; - 3a i

Catechol-Related Compounds by Reversed-Phase HPEC [4]crovv_n_carb0>_(yllc acid —(_) 98 (SChe.me 33j*ts chiral .
recognition ability as a chiral solvating agent was studied

0 m P by IH NMR spectroscopy. It was shown thait)-98 clearly
xylene 1.00 1.00 1.00 icerimi ; ; : : .
cresol 0.86 092 090 discriminated enantiomeric primary amines as well as amino
benzene-diol 2.02 1.22 0.84 esters.

aHPLC conditions: mobile phase, methanol/water (90:10 v/v); flow
rate, 150 L minl; column, stainless steel column (150 mmxL2.0

mm i.d.); detection, UV 210 nm; temperature, 0. Scheme 33. Synthesis of Inherently Chiral

Thiacalix[4]crown Carboxylic Acid 982

. . EtO OEt
(Figure 8). On the contrary, calix[4]aren85] based CSP 0 00 & Jo o=$
could not discriminate chirality of the same samples. H J H(O J C O)H
i Y395 i) . 5639 O o
Although the difference of the performance of the two CSPs Q S A NS SIS
: . : AP — SEUTIR * Heovs
may partly be due to the high melting point @5 to inhibit }4/ \\S( // % 5 \§
sufficient interaction between the selector and an analyte, Bl Buf \ I/ But N\, /7 BUf Bu!
the flexibility of the thiacalix platform may play an important Y ol Bu But Bu! Bu Buf
role in making strong hydrogen bonding with the analyte to 96 (+)-97 (-)-97
show the chiral discrimination ability. li")
H HO
Ij
o Ph ng 0o
RPN
X ;‘/ ¥
Bu( But ¢
4 Buf Bu
Buf (+)-98
gg i : gH _a Conditions: (i) BrCHQOzEt, N&CO;, THF; (ii) optical (esolution by
2 chiral HPLC [column, Daicel CHIRALPAK AD, 20 mm i.dx 25 cm;
mobile phase, hexane-2-propanol (98:2); flow rate, 6.0 mLAjir(iii)
o KOH, EtOH-H0.
O "NHPr/
R
4.2. Recognition of Metal lons
(@) ® By p, . . o .
Pr 4.2.1. Complexation with Thiacalix[4]arenes Modified at
Lower Rim
Et . pr Since the conventional calix[4]arenes have poor coordina-
Pr tion ability to metal ions, it has been a common practice to
R =Me Me || p, design and synthesiz_e calix—typg Iigands .t_>y introducing
L functional groups having metal-ligating ability. Although
D thiacalix[4]arenes by themselves have varying metal-recogni-
| i \ tion ability, the ability is also improved by applying similar
' ' ' ' methodology. Along this line, various thiacalix[4]arene-based
20 40 60 20 40

ligands have been prepared by introducing functional groups
such as ethét, ester?85 ketone® carboxylic acic®’
Figure 8. Gas chromatograms of alcohol enantiomers derivatized amide2.c&phosphine oxidé® etc. Generally, the coordina-
to isopropyl carbamates on chiral stationary phases conta#ng tjon apility of these thiacalix[4]arenes was investigated by a
(a) and95 (b). Carrier gas, He (15 cifs); column temperature, - ?
140°C. solvent extraction study. For example, Lamartine et al.
compared the extraction ability of compoun@&—-101 for

As mentioned in section 3.3.1, introduction of at least two various metal-ion picrates (Table %y The percent extraction
kinds of achiral substituents into the upper and/or lower rims E % was calculated by eq 1
may create molecular dissymmetry or asymmetry to form
inherently chiral calixarenes because of the cyclic structure
of calix class compounds. In fact, synthesis and optical reso- E % = [(Ay- A)/AQ] x 100% 1)
lution of inherently chiral thiacalix[4]arenes have been re-

ported?*# For example, it is readily conceivable that 1,2-
bridged thiacalixcrowns (see section 4.2.2) having only one WhereA and A, are the absorbances of the aqueous phase

symmetry plane are desymmetrized to inherently chiral deriv- Measured at 355 nm before and after extraction. The results
atives by introducing an achiral substituent at one of the two listed in Table 6 show that compouti@1 containing amide
remaining hydroxy groups. Actually, mor@-alkylation of groups shows significant complexation ability toward all
96 with ethyl bromoacetate gave-}-97, which were optic-  cations examined with maximal levels for KRb", and Ag',

ally resolved by chiral HPLC. Subsequent hydrolysis of the while the corresponding methylene-bridged compou@#

Retention Time / min
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Table 6.E % of Metal lons by 99—-101

Chemical Reviews, 2006, Vol. 106, No. 12 5307

extractant L Na* K+ Rb* Cs™ Ccat Ba2+ Mg2*+ Al3+ PR+ Fext Niz* cut Ag*
99 1.1 1.4 0.6 0.6 0.6 1 0.6 0.9 0 1 2.5 1.4 1.3 2.4
100 1.2 2.8 8.6 8.3 3.2 2.4 2.8 3.1 3.9 3.1 8.2 2.7 3.6 35.3
101 22.9 55 80.1 78 56.4 29.8 24.1 39.7 42.8 32.6 50.9 32.7 40.5 95.9

showed a somewhat different behavidr.

On the other hand, it was found that compo@ddaving
pyridyl groups shows high affinity to Agion.?® Similarly,
compoundsl03 and 104 having bithiazoyl and bipyridyl
groups have the best efficiency for €uand Ag' ions!

OR

But

99: X =S, R =CH,COMe
100: X = S, R = CH,COCgHs
101: X = S, R = CH,CONEt,
102: X = CH,, R = CH,CONEt,

HRH

fj
@@ <la
£,

\
_Hzc

103: R= —H,C

7\
N N %
104:R =

4.2.2. Complexation with Intra- and Intermolecular Bridged
Thiacalix[4]arenes

Among the calixarene derivatives, calixcrowns are those
in which any two of the phenolic hydroxy groups are bridged
with a polyether chain. It has been proved that this class of
ligands has high metal-recognition ability. Therefore, the cor-
responding sulfur analogues of these calixcrowns, thiacalix-

crowns have also been prepared. Lamare et al. reported the

first example of thiacalixcrowns; 1,3-alternate thiacalix[4]-
bis(crown-5)105aand -bis(crown-6105bwere synthesized
by reaction of7 with tetra- and pentaethylene glycol dito-
sylate in the presence of potassium carboffaBitter et al.

!
@EZ %@

nso IO\ /S
s[;©/ \jg
5]
0581

reported similar transformation for the synthesis of bis- and
monocrowng39 Biscrowns105—-106 were synthesized by
cyclocondensation dt, and7 with tetraethylene glycol dito-
sylate and 1,14-diiodo-3,6,9,12-tetraoxatetradecane (Scheme
34). On the other hand, previous formation of 1,3-diethers
36a and 107 from 2, was followed by reaction with
tetraethylene glycol ditosylate or 1,14-diiodo-3,6,9,12-tet-
raoxatetradecane to afford monocrowt38a—d.*** Rein-
houdt et al. studied in detail the reaction 8f with
oligoethylene glycol ditosylates catalyzed by alkali-metal
carbonates to give three types of thiacalix[4]croWns§, 109

and 110 and found that any of these could be obtained
selectively by choice of the base catalyst and the number of
ethylene glycol units (Scheme 35, Table®¥)urthermore,

the Mitsunobu protocol using the DEAD/TPP system for
selective synthesis of 1,3-diethers (see section 3.1.3) was also
applied to the synthesis of thiacalixcrowdisAs expected,
treatment of2, with 1.5 equiv of various ethylene glycol
derivatives using 3.0 equiv

Scheme 34. Synthesis of Bis- and Monocrowns frony and 7

HyHH TsO(CHoCHo0)4Ts )
o 09 S or @L 0
AOC RS (CHaCH;0)4CH,CHyl d By
A NI : @) \J ~
2/ TN KzCO;, CHAON, reflu [\©/\%o
Y
Y Y o7 5)
2, Y = Buf (
7.Y=H OL/o
n
106a: Y =Bu, n=0 Y. 45%
RX/base 106b: Y =Bul, n=1 Y. 44%
105a: Y =H,n=0 Y. 68%
105b:Y =H,n=1 Y. 39%
\
R RH TsO(CH CH,0)4Ts
OO 2 214 \H\
/{, %\ S
S S I(CH2CH20)4CH20H2I [
f B\:t KoCO3, CH3CN, reflux Bé,)
Bu But But ( Bu
36a: R = Me \—L/ ‘/n
107:R = Pr

108a:R=Me,n=0 Y. 40%
108b: R=Me,n=1 Y. 32%
108c:R=Pr,n=0 Y. 35%
108d: R=Pr,n=1 Y. 30%

Table 7. Synthesis of Thiacalix Mono- and Biscrowns

entry n base (equiv) time conv.d, (%) productsformed (ratio)
1 0 NaCO0O;(12) 15d 50 109a
2 KoCOs(4) 2d 40 110a
3 C3COs3(4) ©6h 100 110a
4 1 NaCO;(12) 11d 50 109b
5 KoCO;3 (4) 12 h 100 106a
6 CsCOz:(4) 12h 100 1100/106a(1:1)
7 2 NaCO0;(1.2) 15d 40 109c
8 KoCOs (4) 7d 100 106L/109c(1:4)
9 C3CO:(4) 6h 70 106b
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Scheme 35. Formation of Thiacalixcrowns from 2

§MN L [ofg f\
nBu Buf
O Bu'
AH o8 oty MCOo X429 j b j j
ARCIS - d)n;i o v\ % o°
p U\gu TsO TsO {/ \( [ \Y}? p
Bu Buf Buf (n=0-2) Bu! Bu But
2 Qo
109a (n = 0) 106a(n—1) 110a(n—0)
109b (n = 1) 106b (n = 2) 110b (n = 1)
109¢c (n=2)

Morohashi et al.

of DEAD/TPP in toluene at ambient temperature selectively various monocrowns such akl2-115°% On the con-

afforded 1,3-bridged monocrown&09a,b and 11la—c
(Scheme 36). Furthermore, Mitsunobu cyclizatior2pfvith

trary, reaction of disiloxane-cappe® with several oligo-
(ethylene glycol) ditosylates using £X0; as the base

glycol was expanded to oligoethylene glycol analogues gave monocrowns 16 which were desilylated by Bu
composed of O, S, and N atoms in the chain to produce NF to give only 1,2-bridged monocrownkl7 (Scheme

Scheme 36. Reaction of 2with Oligoethylene Glycols under
the Mitsunobu Conditions To Give 1,3-Bridged Monocrowns

/_\ VR
Ao Q
SA{%Q(\ S,g,solj(i’é S
(f@«r DEADITPP, toluene /1 <
Buf t t Bu'
But Bu Bu Buf Buf

2, A
109a: OCH2CH20

109b: O(CH,CH,0),

111a: (OCH,CHy),N(Ph)
111b: (OCH,CH,),NBn

111c: O(CH2CH20)2-1,2-C6H4

C o SKSFK >
HO
SAFOSO“F'/’SQ S [s BJ x \(

Scheme 37. Synthesis of 1,2-Bridged Monocrowns from 42

\( .0 YLu Bu!
H TsO/—[—\O/i_\OTs

S

/
/fos S
s § Cs,CO5 THF or DMF 9@{0 N
Buf Bu' gyt n
116
. ok
BuNF
—_—

Q90
THF S“%O{\S\‘ N
7ors
Bu ny But

117
n=0-3

37)%7

Then, the complexation ability of the synthesized thia-
calixcrowns to metal cations was studied by performing a
solvent extraction stud$°3° and dynamicH NMR
experiment§429.93n glmost all cases, thiacalixcrowns as
well as classical calixcrowns showed high affinity to alkali-
metal cations. On the contrary, Reinhoudt et al. found that
thiacalix[4]crownsl09band110a,bshow a higher extraction
ability toward Ag" ion than alkali-metal ions, in sharp
contrast to the corresponding methylene-bridged calix[4]-
crowns, such as Kand Cg ions?* The difference was
ascribed to the presence or absence of coordination by
bridging sulfurs in addition to crown ether oxygens of the
thiacalix- or calixcrowns. Thiacalix[4]crown derivatives
could be modified to show excellent selectivity fgfRa*
ion for use as extractant, which attracted some interest
because the ion is found as trace amounts of naturally
occurring radioactive materials in aqueous waste streams of
non-nuclear industries, e.g., coal mini¥d=or example, the
extractability of the thiacalix- and calix[4]crown dicarboxylic
acid were investigated fG?®R&" ion in the presence of a
large excess of the common alkali and alkaline-earth cations.
Selective extraction cP’Ra" (2.9 x 108 M) was observed
even at an extremely high W/??R&* ratio of 3.5 x 107
[MM = Na', Kt, Rb", Csf, Mg?t, C&*, and St (1 M)] at
extractants concentration of 10 M. Furthermore, the
selectivity for R&" ion was evaluated in terms of the
selectivity coefficients [log{R%,/KMe,)], in which KRa,, and
KMoy are extraction constants for Raand M ions,
respectively (Table 8). Compoundsl8-121 show high
selectivity for?26Ra™, with log(KR%,/KM,) of ~4.2 (M),
~3.5 (C&"), and~3.4 (SP"). Itis known that B&" has very
similar properties to Rd, and then it is noteworthy that
onlythiacalix[4]crown derivativel21 showed substantial
selectively toward?’R&".

Recently, it became clear that those calixarenes which are
bridged intermolecularly often show superior functions to

Table 8. Selectivity Coefficients (lo
Calix[4]crowns 118-121 for 2Ra?"

Raex/KMex)) Of

log log log log

ionophores (KR&,/KMIg)  (KRa,/KCa,) (KRa,/KSy,) (KRa,/KB,)
118 3.7 1.1 0.3 -1.3
119 4.2 3.4 2.6 —-0.5
120 4.2 3.5 1.7 -05
121 3.8 35 34 +0.9
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o binding of 126 with alkali metals were undertaken usitd
0 Oln NMR and ESI MS. On the other hand, Bitter et al. reported
[ j various intermolecular bridged derivatives suchl23a,b
o859 o using the Mitsunobu protocét®
/{’XO&J\ X g p
[& \gu[ ‘S\ X\/\ S@ t
Bu Buf But ,Sfo)/Bu Buf sof‘ofw
. o]
118: X = CH,, R= CH,COzH, n=0 \
119: X = CHy, R = CH,CO,H, n = 1 k’O\J S/ B But’(S °_ o~
120: X =S, R = CH,CO,H, n =0 Bu s X0 B!
121:X =8, R=CH,CO,H, n =1
127a: X =0
127h: X =S

those of the corresponding monomeric entities. Actually, the

authors synthesized bisthiacalix[4]arerdi@?, which quan- It should be noted that the above-mentioned strategies were
titatively and selectively extracted silver ion from the aqueous used for preparation of thiacalix[4]arene derivatives poten-

phase into an organic oA¥.These extraction behaviors were tially applicable to segments of nanotubes and cores of
much better than those reported for the analogues havingdendrimerg??

conventional calix[4]arene unit8? Monomeric thiacalix ; o ali ;
podandl123did not extract any of the metal ions under the zégb.’;’dilr:;ggggtggx%rzslaCallx[4]arenes without

same conditions. On the other hand, thiacalix[4]tlBéwas The authors found that the sulfur-containing calixarenes

By! But can extract various metal ions without requiring introduction

<S8 —~ 1+ sz7 of coordinating auxiliaries, which is one of the most advan-
Bur{:y?so N N O s,)Buf tageous characteristics of the thiacalixes as compared to the
O-H H-04

{ (‘)_H o o corresponding classical methylene-bridged counterfsafso4

But{S o N Thus, the metal extraction abilities pftert-octylthiacalix-
s — M WA ‘% [4]arenes4, 71, 73, and 128 toward as many as 40 metal
Buf ions were investigated under varying pH conditions (Table

122a-d 9) 57 As known for calixarene chemistry, methylene-bridged

extracted soft, hard, and both soft and hard metal ions,
respectively. These extraction behaviors can be reasonably
explained based on the HSAB principle in which compound

— N J \ 128 hardly extracted any metal ions whi%e 71, and 73
—= O L )fN\L /@\ ' . i -
a b c d

Buﬁ%%\ /_\N//_Q 4 can ligate to soft metal ions with the bridging sulfur in
3 addition to the phenoxide oxygen aiidl to hard metal ions
\O"'_* with sulfonic oxygen, while73 alters its coordination site
/} between the sulfur atom and the oxygen atom of the SO
S W function depending on the softness and hardness of the

relevant metal ion (Figure 9).
p-tertButylthiacalix[6]arene2s extracted soft to intermedi-

Scheme 38. Synthesis of Thiacalix[4]tube 126 ate metal ions to the same extent as the [4]counterpart did,
HO OH indicating that the O, S, O tridentate binding manner rather
HO j OH Ts0. j OTs than the effect of the ring extension is critical to determine
\ 2 2 f the complexing ability'®> On the other hand, it is interesting

20 i) §’{’ @ i) S’{’ {\ OH
¢ v. 48% / Y 62% ’
r u 5 Bu But X

ut

4
124 125 Octt
4:X=8S
71: X = S0,
73:X =80
i Q @Bu 128: X = CH,
o\.oY .,
Y 10% O’\/O )~Bu Table 9. Periodic Table of Extracted Metal lons by 4, 71, and 73
Buf Bu’ 1[2[3[4|5]|6|7[8]|9]|10[11[12]13|14[15[16[17][18
r
126 >
aConditions: (i) LiAlH4, EO; (i) tosyl chloride, E4N; (jii) 24, KoCOs, 3 Al
xylene, reflux. 4 Sc V Mn[Fe|Co[ Ni[Cu[Zn|Ga
_ 5 Nb Ru[Ra| Pd [Ad|cd | In
prepared by starting from tetraacet2@ (Scheme 38)%? 6 B Au Pb| Bi
Reduction of20; gavel24, which was subsequently treated [ 7
with tosyl chloride to give tetratosylate25. This precursor E— %] E)’:’age: 2!-' ;:' .
: : : : : racted by racted by 71 an
was treated with thiacalix[4]aren, to give the desired % Extracted by 4and 73 | M| Not extracted by 4, 71, 73

product126, though in low yield. Preliminary studies on the
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Figure 10. Column breakthrough profile for the adsorption of metal ion®GByoaded resin. Resin bed: 0.80 €(®.0 mm i.d.x 40 mm
high). Concentration of metal ions in feed solution: 0.50 mmol&8r&olution pH: 6.5. Feed rate: 0.10 gémin~! (7.5 beds h?).

to note that aminothiacalix[4]arer®9 selectively extracts N(CH3),
noble-metal palladium and gold ions from a mixture contain-

ing several heavy metal iod% Furthermore, complexation Oe
thermodynamics of water-soluble thiacalix[4]aregfewith n

lanthanoid(lll) ions in aqueous solution was investigaféd.

o
M M' M M’ S
7 Ve N
o /.\ 40 o'g A o’Jo l4

o .
/{St /\\ S .SO 5 .Sy /SO:S)O\\ 3 ( )m
¢ \( \( NS 120 m=0~4

R R n=2~4

R R R , . . : ,
(a) 4 (b) 71 )73 (d) 73 tion-metal ions examined. Among the ionophores, biscrown-6

+
Figure 9. Schematic representation of the coordination manners : 130b(m, n = 2) showed a high selectivity for Coover K

of (a) p-tert-octylthiacalix[4]arene, (b) the sulfonyl71, and (c,d) ion and could be applied to a Cson-selective electrode.
sulfinyl 73 analogues. M and Mdenote soft and hard metal ions

respectively. R= Oct. ’ {’_\47

4.2.4. Sensing of Metal lons

.S

The remarkable complexation ability of thiacalixarenes
toward metal ions has been utilized for the sensing of them.
For example, J-Renault et al. and Lamartine et al. applied \©/
thiacalix[4]arene2, to a component of thin films for
electrolyte-insulator-semiconductor (EIS), ion-sensitive

field effect transistor (ISFET), and gold microelectrodes, o o

which allowed detection of Ct at a level of as low as 10 {\_/ n
M.108 Needless to say, phenols are electroactive functional 105a (m =n = 0)
groups. Therefore, voltammetric recognition of metal ions 105b (m = n = 1)
using2, was examined® In pH 8 solution, voltammograms 130a(m=2,n=1)
of 2, dramatically changed in the presence of transition-metal 130b (m =2, n=2)

ions such as Cd, Co?*, and N#*, while alkali-metal ions 425 R I and S tion of Metal |
and alkaline-earth-metal ions caused only negligible changes ™" emoval ana >eparation of Metal lons
to that of2, even at high concentrations. It was demonstrated The high complexation ability of thiacalixarenes to metal
that the voltammetry was applicable to the analysis of"Cd ions was applied for the component of adsorbent for removal
ion. and preconcentration of heavy-metal ions in water and
On the other hand, modified thiacalix[4]arenes were also precolumn chelating reagent for HPLXE.For example, a
applied for sensing of metal ions. Hamada et al. modified chelating adsorbent was prepared by loading an anion-
the phenolic function o2, and its detert-butylated com- exchange resin with water-solubl@9 having a sulfo
pounds7 and 51-53 with a dansyl moiety to the corre- function*?*This resin strongly retained the heavy-metal ions
sponding derivative$29, which were used as host molecules tested (Cé&", Ni?", Ci?*, Ct, Zn?*, Hg?t, and PB") in a
for the fluorescent sensing of metal ions in aqueous solu- slightly acidic to neutral pH region, while no adsorption was
tions#6:1101t was found that the number @frt-butyl moieties observed for alkaline-earth-metal ions, #Mgand C&", in
significantly affected the fluorescent intensity, increasing with this pH region, which is in good accordance with the result
decreasing number aért-butyl groups. of the solvent extraction study 8. A continuous column
Furthermore, Kim et al. reported the potentiometric adsorption system with the present resin allowed the selective
responses of thiacalix[4]biscrowns with 1,3-alternate con- and almost quantitative (more than 99.98%) removal of
formation105a,band130a,bin poly(vinyl chloride) mem- heavy-metal ions until a given capacity volume of the column
brane electrode'd! Their potentiometric measurement by the (Figure 10).
fixed interference method showed selectivities toward K On the other hand, Kikuchi et al. prepared ion exchangers
and Cs ions over other alkali-, alkaline-earth-, and transi- by impregnating a polyformylstyrenalivinylbenzene-coated
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silica column supported wit, and sulfonyl analogu&0

to investigate their adsorption performance¥8Am3* and
lanthanide iond! Interestingly, the distribution coefficient
of 70 for 22Am?3* is 5000 cn¥/g at pH 4, whereas that for
Nd*" or EL?t is only 10 cni/g.tt%Therefore, the separation
factor of 24! Am3*/lanthanides becomes 500, suggesting that
selective separation of Atis attainable in the weak acidic
solution.

Yilmaz et al. reported the synthesis of polymeric thiacalix-
[4]arenel31and132a,band their complexation properties
toward alkali- and heavy-metal ions by liquitiquid and
solid—liquid extraction study4

CH c:H2 +NH NH: c—@—c—]—

/9 a 5
7 Y /é/ \Yﬁ
Bt Bu Bt But

O

~.

t
But Bu But Buf
131 132a:n=2
132b:n=6

4.2.6. Preparation of Metal Complexes Using
Thiacalixarenes as Ligand

Table 10. Ratio of Ligands and Metal lons in Metal Complexes
Based on Thiacalixp]arenes

ligand metal species ligand:metal ref
2 LiClO4-3H,0 1:2 115
NaO:;SCFRs 1:1 115
KOH 2:2 115
RbOH 4:4 115
CsCIQ, 4:3 115
MnCl; 2:4 116
FeCb 1:4 117
4:10 117
Cu(OAc)-HO 2:4 118
ZnCl, 34 119
[M(DMSO)¢](ClO4)2 (M = Zn, Co) 2:3 120
cis[M(N2)2(PMe&Ph)] (M = Mo, W) 11 121
[CPMCI3]2 (M =Rh, Ir) 11 122 Figure 11. X-ray structure o2, P+ complex (a) an@9—PF*
Pd(OAc) 2:2 123 complex (b). Protons on carbon atoms are not shown for clarity.
Nd(dmso)(NOs)s 2:4 124
[UO2(dmso}](ClO)2 1:1 125 L . .
CpTiCl, cis [Mo(N2)o(PMePh)] 1 1(T|) 1(Mo) 126 of thlacahx[n]arene_s (ligand) _and r_netal ions of the reported
% Cu(OAC) 127 metal complexes is summarized in Table 10.
ﬁﬁgﬁgh 1 i gg For examplep-tert-butylthiacalix[4]aren&, formed a 2:4
2 . -+ . .
Ni(OAG)s+ M(OAC)> (M = Co, Mn, Cu)  L:A(Ni):1(M) 128 complex Wl'th Cd (S%hl%ng 39), whllg Pd afforgied az22
48 [CPMCl]» (M = Rh, Ir) 1:2 128 complex (Figure 11a):8123Similarly, _am|noth|acallx[4]arene
69 MnClz-2H,0 1:2 129 89 formed stable complexes with soft metal ions by
CuSQ-2H,0 14 130 coordination of the bridging sulfur and amine nitrogen. For
70 Co(OAc 12 131 example, a89—Pc* complex of 2:2 composition was
Ni(acac) 1.2 131 . . .
Zn(OAC)2H,0 + 1,4,7-triazacyclononane 1:1 132 Prepared and its structure elucidated (Figure ﬂbﬁe— )
M(OAC)3-3H,0 (M = Gd, Nd) 4:8 133 cently, Hidai et al. reported an example of a heterobimetallic
;ggrtct)) ﬁd(COIAC)z gri ﬁ;l complex incorporating a thiacalixarene ligand (Scheme
rccc) MnCl, : 126 i i i i _
89 PA(OAC) o 123 40)1%¢ The preparation involves incorporation of a cyclo

pentadienyl titanium fragment into the thiacalix[4]arene
ligand to obtain a partiallyO-metalated Ti complexl33

As mentioned above, thiacalifarenes and their deriva-  followed by reaction with molybdenum complé84to give
tives have high affinity to various metal ions by virtue of Ti—Mo complex135 The Ti—Mo distance in this complex
the coordination of the bridging groups. Actually, a variety is 2.730(9) A, indicating the presence of some bonding
of metal complexes have already been prepared, many ofinteractions between these metals. In these structurally
their structures being elucidated by X-ray crystal anaky%is3** elucidated complexes coordination of the phenolic oxygens
It has been revealed that they frequently assemble to formas well as the bridging moieties to the metal centers has been
multinuclear complexes using many ligating sites. The ratio proved.
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Scheme 39. Synthesis ofs2 Cu?™ Complex Scheme 41. Synthesis of 7Zn2*—tacn Complex
HH 2 2
A Hog 28 1) 200 2 S
AN G Et;N, Cu(OAc) s 3 S O017NHOX
8 \/} = B OH HO 2) TACN, OtzniQ
ﬁ/ gr 0:S:=0 0:8:0 DMF O=S:O£ )O:SO
Bu But OH HO OH HO
Buf
2 2 °
4 Q= cu?* S S
o} o}
Scheme 40. Synthesis of FiMo Heterobimetallic 70 [Zn] = {Zn(tacn)}**
Thiacalix[4]arene Complex tacn = 1,4,7-triazacyclononane
? Scheme 42. Formation of a Lanthanide Wheel
HH‘HDCHJ CpTiCl O/||\OCH) PP
Q pliCls 0 10 ¢
AL NEg A q@g\o X
., 3 —_— /, 3 2(‘ =
Y )// Y s
Bu! Bu' 3¢ Buf Bu 3 t Buf
BUt Bu But Bu Bu Bt But
2 133 70: X = SO,
E H
%i\\ l_ H|_
cisMo(No)z2(PMezPh)] /130 \
Q
(134) _ S‘{’ f\‘ S o
1€ - Q[
/t/ Bu!
Bu But But Ln3+
135
L = PMe,Ph

On the other h?fdv a ternary complex of sulfonylcalix[4]-  guest molecules such as methanol and benzene when kept
arene70 with Zn*" and 1,4,7-triazacyclononane shows a n the vapor of the guest. Upon binding with methanol as

unique dynamic behavior. That is, variable-temperature NMR e guest molecule, the apohost returned to the original
of the complex indicated that 2his freely going around  sirycture.

among the eight oxygen atoms including four sulfonyl
oxygens and four phenolic oxygens of the thiacali@ 4.3.2. Energy-Transfer Luminescence
arranged on a plane as shown in Schemé&331.

It has been revealed that thiacalildrenes also serve as
cluster-forming ligands. For example, reaction of Cu(GAc)
and thiacalix[6]arene2s gave ferromagnetically coupled
decacopper cluster sandwiched by two hexaaniggnté’ On
the other hand, lanthanides formed wheels using sulfonylcalix-
[4]arene70 (Scheme 42)% For example, Gd(OAg}4H,O
gave a complex possessing a wheel-like core involving eight
Gd®* ions supported by four ligands and eight AcO
groups.

The energy-transfer luminescence of lanthanide complexes
has been widely applied to dye lasers and luminescent probes
owing to their characteristic properties such as long lifetime,
narrow emission band, and large Stokes’ shift. Therefore,
efforts to develop effective ligands have been continuing to
further improve the luminescent ability. Considering that the
calixarenes are a potential ligand of lanthanoid metals, the
authors compare@9 and 74 with methylene-bridge®1 in
terms of the complexation ability with Tband then energy-
transfer luminescent capability of the resulting comple®es.

; It was found tha69 as well as74 are superior t®1in both
4.3. Function of the Metal Complexes complexation ability toward T9 and luminescent strength

As stated above, thiacalixarenes form stable and uniqueof the complex, with74 giving somewhat better results than
complexes with various metal ions. Therefore, it is quite 69 (Figure 12). Thus, it was shown th@# is a practical
natural to expect the development of novel functional reagent for high-sensitivity detection of ¥bin aqueous
materials by combining a given metal of characteristic nature solution (detection limit of 37 ppt)2®

with a thiacalixarene of specific ligating ability. ) )
4.3.3. Peroxidase-like Catalyst

4.3.1. Guest Absorption by Metal Complexes Odo et al. investigated the peroxidase-like catalytic activity

Hamada et al. reported that potassium saltcdind 2g of ion exchangers modified with some metal complexes of
construct zeolitic structure, which can absorb several guestthiacalix[4]arenetetrasulfonate (MTCAS, M = Fe¥t, Fet,
molecules3® For example, treatment & (HsL) with KH Co*f, Mn?*, CW*, Zn?t, and N#).2%7 The ion-exchanger

in THF, followed by recrystallization from methanol, af- modified with Fé"—69 showed the highest catalytic activity
forded crystals of [IK(LH,)]-8MeOH of a zeolite structure  among the metal complexes tested. The activity of this
because of the highly extensive coordination ability of the catalyst was then used for determination of hydrogen
unit.13%° Because of the zeolitic crystal structure, the crystal peroxide, quantitative determination of which is a subject
of adduct [K(LH,4)]-8MeOH gradually lost methanol to give  of particular importance in the field of chemistry and food
eventually methanol-free apohostKH,)] when exposed  chemistry. Thus, determination of,8, was carried out by

to air. Surprisingly, the apohost could again absorb organic measuring the fluorescence intensity of a fluorescent substrate
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@r OH X-ray crystallographic analysis to show that the calixarene
ligand adopted a cone conformatidl6 forcing the two
% metal centers to reside in close vicinity with a syn arrange-
5 Na4 ment with respect to the mean plane defineql by the
91 ; = CH, macrocyclle _(Scheme_44§ﬁThe other one was assigned to
69X =S be an anti dinuclear titanium(IV) complex37 based ortH
74 X = SO, NMR spectroscopy. Syn complé86 showed high catalytic
0 activity in the Mukaiyame-aldol reaction of aromatic
®) aldehydes with silyl enol ethers, suggesting the double-
(© hv' activation ability of the bidentate Lewis acid toward the
H 2 aldehydes (Scheme 44b). On the other hand, anti complex
g(g 0o Energy 137 was found to be an effective catalyst for cyclotrimer-
w4 @X Transfer ization of terminal alkynes, preferentially giving 1,3,5-
Q’Yﬁ‘-zhv trisubstituted benzenes (Scheme 442)These functions
R R R were rationalized in terms of the steric effect of the

thiacalixarene skeleton and coordination of the bridging
i o ] ) sulfur atom to the titanium center.

Figure 12. Emission spectra of Pty complexes with calix[4]arenes . o

69, 74, and91(a), effect of pH on the luminescence intensity (b), Scheme 44. Synthesis of Titanium Complexes of, 2a), the

and schematic mechanism for energy-transfer luminescencéof Tb Mukaiyama Aldol Reaction Using 136, and Regioselective [2
complex (c). B9, 74, or 9 tota = 4.0 x 1075 mol dn3, [Th3 ] rota + 2 + 2] Cycloadition of Terminal Alkynes Using 137 (c)

= 2.0 x 107 mol dnm3, [buffer] = 1.0 x 1072 mol dn3. (a) Agx (@) ca cl cl
= 314 (TB*—69), 330 (TB*—74), and 290 nm (TH —91). The CLY %) ~¥  Bulgyt
pHs are 9.7 (TH —69), 6.5 (TBt—74), and 12.0 (TB"—91). (b) HyHH Ti o Ti AN
dex = 261 (TB*—69), 330 (TB+—74), and 263 nm (TH —91). %6 20 eI 518 0 ﬁ
~j S S

oY)

produced through an oxidative reaction pfsubstituted Bu Bht Y But BUtB Bu'

¢Bufg,,t -Ev
phenol by the ion exchanger modified with 3Fe 69 ! Bul =" Bu gl

o) Ticl, /O™ d
Aem = 543 nm. ATt 450205 . g
7/ \\( S' + / OO ;
¢ Y < “v,
t u

u

(Scheme 43). The calibration curve of this method was linear 24 136 137
over a concentration range from 0.1 to @ of H,O; in a (b)
10 mL of sample solution. Furthermore, this method was o} oTMs 1) 136, MS4A, CHCl,  OH O
applied to the spectrofluorometric determination of uric acid R)J\ + Ph/\ 78 ©, 15 min R)\)Lph
and glucosés’e 2) 2 MHCI, THF ~Y.93%
4.3.4. Catalyst for Organic Synthesis © R R

) o L 137(0.4 mol%), Na /@ R’

As mentioned above, thiacalixarenes have a characteristic R —= +

ability to form stable polynuclear metal complexes by virtue toluene, rt., 15 hr g R ©
of the many ligation sites. The authors then studied the _ R
synthesis of metal complexes which are useful for synthetic l’?f’?'zs‘grl‘%b1.'(2)'4"s°mer

organic chemistry. Treatment @f with TiCl, afforded two

binuclear metal complexes, one of which was subjected to These examples clearly show that thiacalixarenes are a
very hopeful candidate for obtaining high-performance

Scheme 43. Detection of Hydrogen Peroxide Using catalysts for organic transformation, and studies in this area
lon-Exchanger Modified Metal Complexes of 69 as are now in progress in the authors’ group.
Peroxidase-like Catalyst
OH 0O O 5. Conclusion
2H,0, + 2 M-69ns00 O 0 + 4H0 Since the discovery of a practical method for the synthesis
of sulfur-bridged calixarenes, studies on their modification
R R and development of the functions are now vividly progress-
non-fluorescent fluorescent ing. These new members of the calix family are open to

oxidation of the bridging sulfur moiety and chelation-assisted
OH SVAr substitution of the phenolic hydroxy groups in addition

s to the common transformations applicable to the conventional

= 8308 éa methylene-bridged calixarenes. Furthermore, the sulfur func-

4 s s tional groups provide the thiacalixes characteristic abilities

SO3Na for recognition of organic molecules as well as metal ions,

69 which should be useful for development of a wide range of

o functional materials. In other words, thiacalixarenes are novel

833 SO, host molecules having almost boundless potential to be

: : developed.

s N

R &
(C2Hs)HN H(C2Hs)
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