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Thiacalixarenes — new members of the calixarene family —
are very promising molecules with many potential applica-
tions in supramolecular chemistry. The presence of four sul-
fur atoms in the place of methylene groups imparts many
novel features and properties to these molecules. This review
deals with the chemistry of thiacalixarenes, and by compari-

sion with “classical” calixarenes, emphasizes their differ-
ences in reactivity, unusual conformational preferences and
modified complexation abilities.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)
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1. Introduction

Thiacalixarenes 1 have recently emerged as new members
of the calixarene family,[' and from the beginning they have
attracted considerable interest in the broad field of supra-
molecular chemistry.?! The presence of sulfur atoms in
place of the usual CH, bridges makes thiacalix[4]arenes
very interesting molecules, with many features that are not
present in the chemistry of “classical” calixarenes. Until re-
cently, the employment of thiacalix[4]arenes as receptors,
building blocks, and molecular scaffolds (platforms) in
supramolecular chemistry — applications which are well-
explored in the chemistry of classical calixarenes — was
restricted by the lack of knowledge about these compounds
and the absence of any general methods for their derivati-
zation. As research continues, it is now obvious that these
compounds possess some very uncommon features, differ-
ent conformational preferences, and special complexation
properties, and thus have many potential applications.
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2. Nomenclature of Thiacalixarenes

The official nomenclature used in Chemical Abstracts is
clearly unsuitable for standard writing and discussion of
these compounds. For example, the parent thiacalix[4]arene
(1, n = 4, R = H) has the somewhat cumbersome name
2,8,14,20-tetrathiapentacyclo[19.3.1.137.1%13.115:1%]-octa-
cosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-dode-
caene-25,26,27,28-tetrol. Therefore, not surprisingly, the
well-established nomenclature, numbering, and rules for
“classical” calixarenes!'! have also been accepted for the thi-
acalixarene family. For example, the most common thiaca-
lixarene (containing four phenolic rings) is considered to be
the calix[4]arene which is substituted in positions 2, 8, 14,
and 20 by four sulfur atoms, namely 2,8,14,20-tetrathiaca-
lix[4]arene-25, 26, 27, 28-tetraol, or more simply thiacalix-
[4]arene (Figure 1).

17

Figure 1. Numbering of thiacalix[4]arene

Consequently, the representation of conformational iso-
mers is the same as in the calix[4]arene series (Figure 2).

3. Synthesis of Thiacalixarenes
As shown by Miyano,P! the parent p-tert-butylthiacalix-

[4]arene 2 is easily prepared by the reaction of p-tert-bu-
tylphenol with elemental sulfur and NaOH in tetraethylene

Scheme 1. Direct synthesis of thiacalix[4]arenes

glycol dimethyl ether (Scheme 1) with the concomitant re-
moval of H,S. This reaction is a one-step, one-pot pro-
cedure that can be carried out on a large scale. Moreover,
purification of the product can be accomplished using only
simple precipitation and/or crystallization steps, leading to
2 in good yields (about 50 %). A similar procedure has been
used for the preparation of the corresponding fert-octyl de-
rivative 6, but unfortunately the yield of this compound
was much lower (14 %). Very recently, thiacalix[4]arenes 7
and 8 were prepared in 20—28 % yields under similar reac-
tion conditions, starting from p-(1-adamantyl)phenol® and
biphenyl-4-01,1 respectively. Whereas four-membered thia-
calixarenes are now accessible in multi-gram amounts, the
higher thiacalixarenes 3 and 4 have only been isolated as
by-products (trace amounts and 0.03 %, respectively) from
a direct condensation procedure.[”!

Another approach to the synthesis of thiacalixarene de-
rivatives is based on a stepwise procedure that could be de-
scribed as non-convergent strategy.l'! This method enables
the preparation of compounds possessing both -CH,- and
-S- junctions.®! Although the individual steps usually pro-
ceed quite well, the overall yields of the reactions, outlined
in Scheme 2, are very low and the whole process is rather
complicated and tedious. On the other hand, this linear
stepwise approach has produced derivatives 9—11, which
are unobtainable by direct condensation methods.

Very recently, a similar synthetic strategy based on the
sulfur-bridged linear dimer 12 was described.! The starting
compound can be prepared in high yield (75 %) in a one-
step procedure from p-tert-butylphenol. Cyclization is ef-
fected by reaction with elemental sulfur under basic con-
ditions (NaOH) in diphenyl ether. This procedure leads to
the even-membered thiacalixarenes 2, 4, and 5 in reasonable
yields (83 %, 5.3 %, and 4.3 %, respectively, depending on
the reaction conditions and the ratios of reactants).

Figure 2. The four basic conformations of thiacalix[4]arenes: a) cone, b) partial cone, ¢) 1,2-alternate, and d) 1,3-alternate

1676 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Linear stepwise synthesis of thiacalix[4]arenes
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4. Reactions of Thiacalixarenes

4.1. Lower Rim Derivatization — Shaping of the Molecular
Skeleton

Tetraalkylation of the lower rim (the phenol functions) is
a standard method by which to modify the calix[4]arene
skeleton."! Accordingly, several groups have studied!!%-11-12]
the alkylation of thiacalixarenes 2 and 13 with ethyl bromo-
acetate using the acetone/M,COj; reaction system (M = Li,
Na, K, and Cs). This reaction (Scheme 3) exhibits a surpris-
ingly pronounced template effect, and leads to high yields
of the corresponding tetraacetates 14 and 15 in various con-
formations (cone, partial cone, 1,3-alternate). The products
are easily accessible in multi-gram amounts without chro-
matographic purification. Very recently, the distribution of

X
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PP Vo /E /L j\olx
H H H EtO F(I)tO 0O “Ort OEt
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15a X =H (65%)
Scheme 3. Alkylation of thiacalix[4]arenes with ethyl bromoacetate
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conformers from the alkylation reaction of the thiacalixar-
ene 2 with a-bromoacetophenone was studied in detail ['3]

Tetraacetates 14 and 15, which have precisely defined
three-dimensional structures, are valuable building blocks
for the construction of more sophisticated thiacalixarene
systems. However, they are not compatible with common
organometallic reagents (due to the presence of the ester
groups), which partly hinders their utilization in subsequent
chemical transformations.

As a part of our ongoing research into the derivatization
of thiacalix[4]arene, we carried out a systematic study!'¥l
into the tetraalkylation of this compound using simple alkyl
halides which are bulky enough to immobilize the products
in specific conformations that are isolable at room tempera-
ture. The conformer distribution of products 16 and 17
indicates that the behaviour of thiacalixarenes 2 and 13 is
significantly different from classical calix[4]arenes. Theo-
retically, four basic conformations are accessible for thiaca-
lix[4]arene (Figure 2). In the classical calix[4]arene series,
method A (Table 1) yields a mixture of /,3-alternate and
partial cone conformations in various ratios, depending on
the alkylating agent (partial cone being always the major
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© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1677



MICROREVIEW

P. Lhotak

product). On the other hand, method B is known to yield
preferentially the cone conformation.!'! The results obtained
in the thiacalixarene series are summarized in Table 1.

The alkylation of 2, carried out by Method A, leads
to the corresponding I,3-alternate 16d accompanied by
small amounts of 16b and 16¢. Similarly, 13 yields /,3-
alternate 17d and partial cone 17b. Hence, this method is
suitable for large-scale (multi-gram) preparation of the
1,3-alternate conformers 16d and 17d, which can be ob-
tained in high yields (about 60 %) by simple precipitation

from the crude reaction mixture with CHCl;/methanol.['*]
Surprisingly, using Method B, 2 did not give the expected
cone conformer 16a. After two days, almost one half of
the starting material remained unchanged and only small
amounts of 16b, 16¢c, and 16d were isolated from the
reaction mixture. The same reaction with 13 gave the
desired cone conformer 17a (in only 19 % yield) ac-
companied by the partial cone derivative 17b. Substitution
of NaH with KH (Method C) does not bring any im-
provement in the yield of the come conformers 16a (0 %

Table 1. Alkylation of thiacalix[4]arenes 2 and 13 with Prl; A: PrI/K,COs in refluxing acetone, B: PrI/NaH in DMF at room temperature,

and C: PrI/KH in DMF at room temperature

Compound Alkylation Isolated yields of 16 and 17 (%)
method a (cone) b (partial cone) ¢ (1,2-alternate) d (1,3-alternate)
2 A - 5 9 66
2 B - 7 9 12
2 C - - 21 50
13 A - 17 - 61
13 B 19 16 - -
13 C 2 25 - 10
t
Bu'BY
t
X Bu Bu
293, X=H,Bu\,n=1,2 29b, X =H,Bu,,n=1,2 29¢, X=H,Bu,n=1,2
| 16 17 18 19 20 21 22 23 24 25 26 27 28

X Bu H MBu H Bu H Bu H H tBu H H H

R' |[nPr nPr Me Me Et Et nBu nBu -CH,CH,COCH, -CH,COCH, H H H

R? nPr nwPr Me Me Et Et nBu #nBu -CH,CH,COCH; -CH,COCH; H Me Me

R nPr nPr Me Me Et Et »nBu #nBu -CH,CH,COCH; -CH,COCH; H H Me

R! nPr nPr Me Me Et Et #Bu sBu -CH,CH,COCH; -CH,COCH, Me Me Me
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yield) and 17a (2 %). However, the I,2-alternate con-
former (the least accessible in the classical calix[4]arene
series) 16¢ formed in unexpectedly high yield (21 %).

It is surprising that neither Method B nor C is suitable
for the synthesis of the cone conformer. By comparision,
using Method B, calix[4]arene gives the cone conformer in
82 % (for X = H), and 88 % yield (for X = rBu). Conse-
quently, the cone conformers in the thiacalixarene series
bearing four alkyl groups on the lower rim have so far been
hardly available for derivatization.['® This is another ex-
ample of how the conformational behaviour of thiacalix[4]-
arenes differs from that of classical calixarenes.

Alkylation of the parent calixarenes 2 and 13 using the
RI or RBr/M,CO; system (M = Na, K, Cs) in acetone
or acetonitrile generally gives the tetraalkylated products in
good yields. For the systematic study of the conformational
behaviour of thiacalixarenes, a series of tetraalkylated and
partially alkylated compounds 18—23 and 26—28 were pre-
pared by this method.['®!”] The derivative 24 was synthe-
sized!!®] by the alkylation of 13 with the corresponding tos-
ylate, and 25 was obtained by using chloroacetone as the
alkylating agent.['” Very recently, more sophisticated sys-
tems based on thiacalix[4]arene have been reported. Thiaca-
lix[4]tube 30 was prepared from the starting tetraacetate 14a
by reduction and subsequent conversion into the tetratosyl-
ate. This precursor was treated with thiacalixarene 2 to give
the desired product 30 in 10 % yield.[?”! Similarly, thiaca-
lixcrowns of general formula 29a were synthesized by direct
alkylation of 2 and 13 with tetra- and pentaethylene glycol
ditosylates?!-??! or diiodides.?3! The alkali metal cation
complexation abilities of these compounds were studied by
dynamic '"H NMR experiments,?* ESI-MSPY or by extrac-
tion experiments.l?!-?3 Similar dialkylation methods can be
used for the synthesis of monobridged compounds 29b.[’]
Bridging of 2 with ethylene glycol ditosylates was recently
studied in detail.?®) It was found that (depending on the
length and the nature of metal carbonate used) either
monocrowns 29b or biscrowns 29a and 29¢ could be ob-
tained in acceptable yields. These compounds are excellent
chelators of the Ag* cation.

An alternative route to 25,27-diethers is the Mitsunobu
reaction.’”] The reaction of 2 with the appropriate alcohol
in the presence of triphenylphosphane and diethyl azodicar-
boxylate leads regioselectively to the distally dialkylated de-
rivatives. The same reaction system was also used for the
preparation of the corresponding crown derivatives 29a
and 29b.[81
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So far, acylation of the lower rim (or more generally ester
formation) has been quite a rare procedure in thiacalixarene
chemistry. Among the few examples, we should mention the
reaction of dansyl chloride with thiacalixarene 2?°! or its
partly de-ert-butylated analogues,?% leading to water-sol-
uble dansyl-modified thiacalix[4]arenes. These compounds
were tested for their ability as fluorescent detectors of met-
als in aqueous solutions. Another example of ester forma-
tion is the phosphorylation of 2 with PCl; in boiling toluene
in the presence of NEt;, to give the double-bridged phos-
phonous diester 31 in 68 % yield. Subsequent condensation
with diethylamine leads to a high yield of the diester amide
32. It is noteworthy that the above esterification preferen-
tially gives the /,2-alternate conformation, which is the least
accessible in classical calixarene chemistry.?-3% Accord-
ingly, the reaction of 2 and 13 with isonicotinoyl chloride
in pyridine gives the /,2-alternate compounds as the main
products.*3] Analogously, treatment of 2 with TiCl, in di-
chloromethane led to a mixture of two novel dinuclear ti-
tanium(1v) complexes [Ti,2Cly] in the /,2-alternate and cone
conformations. These were used as bidentate Lewis acid
catalysts in the Mukaiyama-aldol reaction.34

A similar strategy has been used?>! for the synthesis of
proximally dialkylated thiacalixarenes 35 (Scheme 4). Treat-
ment of 2 with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
provides the proximally disiloxane-bridged compound 33 in
92 % yield. Reaction of this O,0’-disiloxane 33 with an
alkyl halide in THF in the presence of a base (Cs,CO;5 or
tBuOK) gave the corresponding proximally dialkylated
products 34 in excellent yields. Desilylation of this inter-
mediate by treatment with tetrabutylammonium fluoride in
THF yields the corresponding 25,26-dialkylated thiacalix-
arenes 35 quantitatively. The analogous 25,26-bridged de-
rivatives were obtained using difunctional alkylating
agents.[3%]

To enhance the complexation ability of the thiacalixar-
enes, the lower rim hydroxyls were transformed into SH
groups.’” The acylation of 2 with N,N-dimethylcarbamoyl
chloride produced the corresponding O-thiocarbamoyl de-
rivative which was thermally converted into the S-carba-
moyl derivative (the Newman—Kwart rearrangement). De-
protection with hydrazine hydrate gave the tetramercapto-
thiacalix[4]arene 36 in good yield.

In contrast to the parent thiacalixarene 2, the mercapto
derivative 36 adopts the 1,3-alternate conformation in the
solid state.’®! (Scheme 5) This compound was transformed
into the doubly bridged derivative by alkylation with 1,2-
dibromoethane. In this case, X-ray single crystal diffraction
proved the [,2-alternate conformation of the bridged prod-
uct.B

During our attempts at derivatizing thiacalixarenes, we
found that bis(carboxymethyloxy) derivatives 38a and 38b
undergo an unprecedented intramolecular cyclization to
yield the nine-membered lactone compounds 40a and 40b,
respectively (Scheme 6).[4%]

Thus, the treatment of a dichloromethane solution of 38a
with phosphorus pentoxide leads to a mixture of 40a (66
%) and 41a (10 %). The same type of compounds can be

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1679
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Scheme 5. Preparation of tetramercaptothiacalix[4]arene 36
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Scheme 6. Synthesis of lactone derivatives of thiacalix[4]arene.

prepared in high yield from the corresponding acid chlo-
rides 39a or 39b in the presence of triethylamine. For in-
stance, stirring 39a (prepared from 38a by reaction with
oxalyl chloride) with six equivalents of triethylamine in

1680 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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THF at room temperature yields 40a in 69 % yield. The 'H
NMR spectrum of compound 40a indicates that the mol-
ecule has C, symmetry, since it exhibits two singlets for the
tBu groups (6 = 0.88 and 1.40 ppm) and four doublets with
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a characteristic meta coupling (J = 2.2—2.7 Hz) in the aro-
matic part of spectrum. The inherent chirality of the new
compounds was demonstrated by their ability to be sepa-
rated on a chiral HPLC column.

The bis(carboxymethyloxy) derivatives 39a and 39b ad-
opt a cone conformation both in solution (as proved by
NMR) and in the solid state (as shown by X-ray crystal-
lography). Therefore, the formation of the /,2-alternate
product 41a is rather surprising and requires rotation of
the -CH,COOH substituent through the cavity. The forma-
tion of lactones of type 40 and 41 was only observed for
thiacalix[4]arene derivatives; the same reactions, carried out
with classical calix[4]arene derivatives, never give cyclic
products of this type. Thiacalixarenes are probably better
disposed for intramolecular cyclization because of their
larger ring size.

Novel types of (lower rim) proximally bridged p-tert-bu-
tylthiacalix[4]arenes 42 have been recently prepared by di-
rect aminolysis (Scheme 7) of the starting cone tetraacetates
14a and 15a with aliphatic a,0-diamines.*!] The structures
of the corresponding products were proved by X-ray analy-
sis and display a cyclic array of binding sites (-NHCO-),
potentially suitable for the complexation of selected sub-
strates by means of hydrogen bonds. Aminolysis with chiral
amines [(IR,2R)- or (1S,25)-1,2-diaminocyclohexanes]
leads to the isolation of chiral bridged products 43a and
43b.

The substitution of the lower rim hydroxy groups with
amino groups is a very difficult task in the classical calixar-
ene series; hence only partly “aminated” calix[4]arenes have
been reported.[*l However, an elegant strategy leading to

142,152 + HZN\/HNHZ
n

Scheme 7. Aminolysis of thiacalix[4]arene tetraacetates

Eur. J. Org. Chem. 2004, 1675—1692 wWWww.eurjoc.org

EtOH
——i

fully aminated thiacalix[4]arenes has very recently appeared
in the literature.*3! The route (Scheme 8) starts with prep-
aration of the sulfoxide derivative of 2 (for more details on
the oxidation of thiacalixarenes see later), which is then al-
kylated with methyl iodide. The key step of the synthesis
is chelation-assisted nucleophilic aromatic substitution, in
which the methoxy groups of the aromatic subunits are dis-
placed by a nitrogen nucleophile (lithium benzylamide).
The final thiacalixarene 44, which possesses four amino
groups on the lower rim, is then obtained by dehydrogen-
ation, hydrolysis, and reduction. This compound proved to
be highly specific for the extraction¥ of Au'" and P4 3]
ions, amongst the 40 transition metal ions tested.

4.2. Conformational Studies

Not surprisingly, the introduction of four sulfur atoms
into the calix[4]arene skeleton induces considerable changes
in the conformational behaviour of the thiacalixarenes. Be-
cause the cavity of thiacalix[4]arene is larger than classical
calix[4]arenes, we were interested in the restrictions that go-
vern the conformational behaviour of these compounds. To
gain deeper insight into their conformational preferences,
lower rim peralkylated and partly alkylated thiacalix[4]ar-
enes were studied using a combination of NMR spec-
troscopy and X-ray crystallography. In general, the confor-
mational analysis of thiacalix[4]arene derivatives is not a
trivial task due to the absence of CH, bridges, the signals
of which are used in classical calix[4]arene stereochemistry.
Therefore, the assignment of conformers almost always re-
quires more sophisticated methods, such as COSY, NOESY,
EXSY and HMQC, amongst others.

42,n=0,1,2

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1681
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Scheme 8. Lower rim amination of the thiacalix[4]arene 2 — the sulfoxide pathway

Whereas the parent thiacalixarenes 2 and 13 adopt the
cone conformation both in solution and in the solid state,
the '"H NMR spectrum of 21 reveals the presence of all
four possible conformers in CI,CDCDCI, solution at room
temperature.*) The conformer distribution at 303 K
(cone:partial cone:1,2-alternate:1,3-alternate = 17:55:2:26)
should be compared with that of tetraecthoxycalix[4]arene,
which is mobile only at elevated temperatures (above about
130 °C) and possesses the corresponding equilibrium ratio
7:47:44:3.147) This result highlights the different confor-
mational preferences of thiacalixarenes. Some interesting
behaviour was observed in the case of the cone conformer
of 21 (Figure 3). The aromatic signals at 6 = 6.60 and
6.95 ppm, indicating an average C,;, symmetry at 368 K,
gradually broaden at lower temperatures, and almost disap-
pear at 298 K. Finally, they reappear at 239 K with doubled
multiplicity, indicating C,, symmetry. This demonstrates the
presence of an additional conformational movement with a
free energy barrier only slightly lower than for a single aryl
ring inversion. It is well-known®® that the C,, symmetry

C
12 P 13 P 13
p,13
P P P P P P

a) 368K

T T
7675 74 23 72 71 10 69 68 67 66  ppm 43 42 41 40 19 opn

MJLMJJ& JJL_J

77 76 75 74 73 72 7170 69 68 67 66ppm 41

4 38 me s 1e 1z 10 wam

JI TSR TN

s a2 40 A% p{! U 14 12 1o o8 p,

Figure 3. Temperature-dependent 'H NMR spectra of 21
(500 MHz, Cl,CDCDCl,); P = partial cone, C = cone, 12 = 1,2-
alternate, 13 = 1,3-alternate

1682 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

commonly observed in '"H NMR spectra of calix[4]arene
cone conformers is in fact the time-averaged signal of so
called pinched cone conformations possessing C,, sym-
metry (Scheme 9).

In classical calix[4]arene derivatives, this pinched cone —
pinched cone interconversion is usually unobservable by 'H
NMR spectroscopy, due to the very low coalescence tem-
peratures. However, the introduction of sulfur atoms leads
surprisingly to a dramatic change in conformational behav-
iour. The temperature-dependent '"H NMR spectra of 21
were used for the quantitative determination®! of the acti-
vation free energies AG* (Figure 4). The thermodynamic
parameters of ring inversion in thiacalixarene 21 were
found to be similar to those of the classical derivatives.!)
However, the barrier for the pinched cone—pinched cone in-
terconversion (12.5 kcal mol™!) is notably higher.

The dynamics and thermodynamics of pinched cone in-
terconversion equilibria in peralkylated thiacalix[4]arenes
have also been studied by Hartree—Fock and Density
Functional methods in combination with temperature-de-
pendent '"H NMR spectroscopy. Theoretical calculations
confirmed patterns observed in the stabilities of these sys-
tems, but the absolute values of the energy barriers were
lower than found experimentally. The explanation could be
related to the solvation of transition states (of C; or Cy,
symmetry). Indeed, it was found that the coalescence tem-
perature of the equilibrium process in 17a depends on the
solvent used for the measurement (Table 2), thus indicating
a possible influence of the solvent on the energy of the tran-
sition state.[>"

The conformational behaviour of the tetramethoxy de-
rivatives 18 and 19 was studied®!! in the temperature range
183—336 K in CDCl;. The spectrum of 18 acquired at room
temperature exhibits time-averaged signals caused by the
fast chemical exchange of several conformers. The spectral
pattern at lower temperatures is consistent with the pres-
ence of partial cone and 1,3-alternate conformers, but un-
fortunately, extensive signal broadening did not allow us to
prove the presence of these conformers by more sophisti-
cated methods.
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Scheme 9. Pinched cone—pinched cone interconversion of thiacalix[4]arenes
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Figure 4. Activation free energies AG, for the interconversion processes of 2 (in CI,CDCDCl,) (paco = partial cone)

Table 2. Coalescence temperatures (7;.) and corresponding acti-
vation free energies (AG*) for the pinched cone—pinched cone in-
terconversion of 17a

Solvent T.JK AG*[kcal mol™!
Cl,CDCDCl, 313 13.8
CDCl, 298 13.3
CD,Cl, 293 12.9
[D,]DMF 259 11.3
CDsCl 308 13.6

The temperature-dependent 'H NMR spectra of 19 show
rather complicated conformational dynamics (Figure 5). At
336 K, a simple set of three signals (a broad singlet and
triplet in the aromatic region, and a methyl singlet at § =
3.7 ppm) is observed, due to the fast interconversion of all
four conformers. Lowering the temperature (to 220 K) leads
to the appearance of new resonances. These can be assigned
to the well-separated signals of the pinched cone confor-
mations. Small signals due to the interconverting alternate
and partial cone conformers are also visible.

The single-crystal X-ray analysis of conformationally
mobile thiacalixarenes showed that the molecules adopt a

cone € paco <> alt
336 K

paco ©> alt pinched cone pinched cone
paco <> alt
251K
pinched pinched

cone cone

1.5 1.0 6.5 ppm 4.0 3.5 ppm

Figure 5. Temperature-dependent '"H NMR spectra of 19 (CDCls,
500 MHz) (alt = 1,2- and 1,3-alternate, paco = partial cone)
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1,3-alternate conformation. It should be noted that oppos-
ing phenyl rings are usually far from being coplanar. Thus,
the two pairs of opposing aromatic subunits in 2005 are
distorted, with interplanar angles of 30(3)° and 36(2)°. The
square box-shaped cavities of /,3-alternate conformers are
often packed parallel to each other in the crystal lattice to
form beautiful infinite channels. These channels are always
empty, but the free space outside can be occupied by solvent
molecules. Such an arrangement was found in the cases of
20 and 18,21 in which molecules of dichloromethane are
regularly spaced in the crystal lattice (Figure 6).

Figure 6. X-ray crystal structure of 18 showing CH,Cl, molecules

X-ray analysis of 19 revealed unprecedented confor-
mational behaviour!l in the solid state. The unit cell con-
tains 16 molecules of thiacalixarene 19; 12 molecules adopt
the cone conformation and the remaining 4 molecules prefer
the 7,3-alternate conformation (Figure 7). To the best of
our knowledge, this is the first example of a solid-state
structure in which two different calix[4]arene conformations
coexist in a crystal lattice. The whole structure is held to-
gether by a complex array of CH—n and n—mn interactions.
The corridor-like structures consisting exclusively of the
cone conformers (Figure 7, b) are filled with infinite lines
of 1,3-alternate conformers (Figure 7, a). The above
phenomenon emphasizes the basic distinction between the
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Figure 7. X-ray crystal structure of 19

conformational behaviour of the thiacalix[4]arenes and
classical calixarenes. At the same time, it clearly demon-
strates the importance of weak non-covalent interactions
(t—n and CH—m) in the solid state conformational prefer-
ences of thiacalixarene derivatives.

Another unique example of unusual thiacalixarene be-
haviour was found in the case of the partly alkylated deriva-
tives. It is known from the chemistry of classical calix[4]-
arenes that distally dialkylated derivatives always prefer the
cone conformation in the solid state. Surprisingly, 27 adopts
an unusual /,2-alternate conformation, which is fixed by
two hydrogen bonds (between the neighbouring methoxy
and OH groups) on the opposite sites of the main molecular
plane. The preference for the /,2-alternate conformation in
thiacalixarenes seems to be more general. Recently, several
other derivatives (namely, unsubstituted thiacalix[4]arenes
bearing nitro- or arylazo- groups on the upper rim) were
also found™*-34 to adopt this unexpected conformation in
solid state. It indicates that the larger cavity of thiacalixar-
enes leads to a better energy minimization in the /,2-alter-
nate conformation rather than the come conformation.
Moreover, compound 27 exhibits very interesting molecular
packing.['l The thiacalix[4]arene molecules are arranged
along the x axis in such a way that they create infinite chan-
nels held together by intermolecular m—n interactions be-
tween the aromatic parts (upper rims) of the methoxy-sub-
stituted rings. The average distance between the two co-
planar rings is 3.41 A (Figure 8, a and b). Whereas the cor-

Figure 8. a) and b) X-ray crystal structure of 27; ¢) Molecular pack-
ing of 25,27-dipropoxythiacalix[4]arene

1684 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

responding diethoxy derivative possesses almost exactly the
same structural features, dipropoxythiacalix[4]arene prefers
the cone conformation. In this case, however, the individual
molecules form beautiful star-shaped assemblies bound to-
gether by a complex array of m—m interactions (Figure 8, c).
It is well-known!! that the introduction of propyl groups
(or bulkier groups) onto the lower rim of calix[4]arenes hin-
ders the interconversion of conformers, and consequently,
leads to the formation of four stable isomers. However, in
contrast to classical calix[4]arenes, the tetrapropoxy deriva-
tive 17 was found to be mobile at elevated temperatures.
The 1,3-alternate conformer 17d (the major isolated prod-
uct from the direct alkylation of 13 with propyl iodide) ap-
proached thermodynamic equilibrium after heating at 120
°C in Cl,CDCDClI, solution for four months (Figure 9).55%
All four conformers 17a—d could be identified in the 'H
NMR spectrum of the resulting mixture. The experimen-
tally measured equilibrium distribution of conformers for
17 (31:58:4:7 = a:b:c:d) was, surprisingly, quite different
from that for the above-mentioned tetraethoxythiacalix-
arene 21 (17:55:2:26 = a:b:c:d at 303 K). The 7,3-alternate
conformer 17d is strongly disfavoured whereas the popu-
lation of the cone conformer 17a is significantly greater than
for the ethoxy derivative 21. The thermal equilibration of
17 reflects the fact that the cavity of thiacalix[4]arene is big-
ger than for calix[4]arene; the distances between the two
distal and the two proximal sulfur atoms are approximately
7.8 A and 5.5 A, respectively,['3] whereas the typical dis-
tances between the corresponding CH, groups in the /,3-
alternate conformer of calix[4]arene are 7.1 A and 5.0 A.
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Figure 9. Thermal isomerization of 17d (120 °C, Cl,CDCDCl,)

All attempts to achieve thermal equilibration of tetrabu-
toxythiacalix[4]arene 23 failed; only the starting /,3-alter-
nate conformer could be isolated. This shows that the n-
butyl groups are just bulky enough to prevent rotation of
the alkylated phenolic rings through the main annulus of
thiacalix[4]arene, at least at temperatures up to 413 K. Simi-
larly, the tetrapropoxy derivative 16d, bearing ferz-butyl
groups on the upper rim, did not interconvert under similar
conditions. The above findings indicate that only the
mechanism involving movement of the lower rim substitu-
ents through the annulus is possible in the thiacalix[4]ar-
ene series.
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4.3. Upper Rim Derivatization

Since the thiacalix[4]arene 2 is easily available on a large
scale, great attention has been devoted to the introduction
of functional groups onto its upper rim. Modifications of
the upper rim in the family of classical calixarenes are
mainly carried out by two processes: (i) electrophilic substi-
tution in the para position, and (ii) direct ipso-substitution
of tert-butyl groups by electrophilic agents. In the thiacalix-
arene series, the Friedel—Crafts dealkylation of the upper
rim substituentst® is an example of the first approach. The
starting material 2 was converted into the fully de-fert-bu-
tylated compound 13 in 51 % yield using an established
procedure from classical calixarene chemistry (AlCls/phe-
nol/toluene). However, we have found that this procedure
sometimes gives very unsatisfying results, especially on a
larger scale. To achieve complete removal of the ferz-butyl
groups, a lengthy reflux of the reaction mixture is needed,
which seems to lead to partial decomposition of the starting
material. Surprisingly, however, the dealkylation can be
achieved smoothly at lower temperatures if phenol is not
used.[*% This procedure was found to be more suitable for
the large-scale preparation of 13, and generally gives much
better results (with yields about 80 %). Regioselective par-
tial dealkylation of 2 was achieved using 7.1—7.4 equiva-
lents of AICl; and a shorter reaction time. This procedure
leads to a mixture of 45, 46, and 47 in 6.5, 20, and 21 %
yield, respectively.?0-37]

R
S S
OH
R OHHO R
OH
S S
R3
[13 45 46 47
R |[H H H Bu
RR |[H H H Bu
RR (H H Mu Bu
R* |H Mu MBu H

We found that the reactivity of these unsubstituted thia-
calixarenes is very different from that of calix[4]arene. To
our surprise, all attempts at nitration, halogenation,
Friedel —Crafts acylation, and formylation of the tetra-O-
alkylated thiacalixarenes 17, 19, and 21 using procedures
known from classical calixarene chemistryl!l failed. Because
dialkylated thiacalixarenes are easily accessible, we directed
our attention to these compounds; one can envisage that
bromination might lead to distally dibrominated deriva-
tives.’8] The bromination of 25,27-dipropoxythiacalix[4]ar-
ene 48 was carried out by the addition of 6 equivalents of
bromine, leading to the dibromo derivative 49 in 73 % yield
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(Scheme 10). However, the use of 12 equivalents of bromine
under otherwise identical conditions smoothly gave the
tetrabromo compound 50 in very high yield (90 %). This
derivative 50 can be further alkylated with propyl iodide to
give a mixture of the /,3-alternate conformer 51 and the
partial cone conformer 52. The ratio of these compounds
depends on the reagent used (K,CO5; or NaH).

On the other hand, the unsubstituted starting thiacalixar-
ene 13 smoothly reacts with N-bromosuccinimide in ace-
tonel>%% to yield the corresponding 5,11,17,23-tetrabromo
derivative in 61 % yield. This compound was alkylated with
propyl iodide/Cs,COj5 in acetone to give 51 (in 80 % yield),
which was subsequently coupled to both trimethylsilylacety-
lene and 4-pentylphenylacetylene, with dichlorobis(triphen-
ylphosphane)palladium(i) as a catalyst. The resulting ad-
ducts have the potential to be used in non-linear optical ap-
plications.>”!

Amino-substituted calix[4]arenes are useful intermediates
for the introduction of many other functionalities.'l Com-
monly, their synthesis involves two steps: (i) nitration/ipso-
nitration of the upper rim, and (ii) subsequent reduction of
the resulting nitro compounds. Unfortunately, our attempts
at nitrating thiacalixarenes, using the reaction conditions
usually employed in calixarene chemistry, led exclusively to
the oxidation of the bridging sulfur atoms. Starting from 2,
13, or their tetraalkylated derivatives, the formation of nitro
compounds could not be achieved under any of the con-
ditions tested [conc. HNO; (or 100 % HNO3)/CH,Cl, (or
AcOH), 100 % HNO3;/CF;COOH, NaNO;/CF;COOH].
On the other hand, these nitrating agents were shown to be
excellent agents for the preparation of sulfones and sulfox-
ides.[®!

To achieve the introduction of amino groups to the upper
rim of thiacalixarenes, we employed diazo coupling, which
is a well-known reaction from classical calix[n]arene chemis-
try. The reaction between the thiacalixarene 13 and a di-
azonium salt proceeded efficiently to yield the correspond-
ing tetraazo compound 53 (Scheme 11). The reaction can
be carried out with a solution of the diazonium salt (usually
the tetrafluoroborate) in THF, using pyridine as a cata-
lyst.[%%! The formation of an azo compound is easily detect-
able by the change of colour (from orange to dark red).
Reduction of the azo compounds was most efficiently
achieved using Na,S,0, and NaOH in an aqueous solution;
the carboxy derivative 53 was found to be suitably soluble
in the reaction medium (Scheme 11). Stirring the reaction
mixture at elevated temperatures gave the expected product
54 in 90 % yield. Subsequent reaction with p-methylbenzal-
dehyde in toluene gave the Schiff base 55, which is more
soluble in organic solvents and is stable enough to be ana-
lysed using common techniques. The '"H NMR spectrum of
55 indicates that it prefers the expected cone conformation.
A similar reaction pathway was employed recently>3># for
the synthesis of the azo derivatives of thiacalixarenes, which
have potential for use in nonlinear optics.

We realized that in order to avoid nonspecific oxidation
of thiacalixarenes during nitration, derivatives which have
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Scheme 10. Bromination of thiacalix[4]arene derivatives: (i) Br, (6 equiv.), CHCl3, room temp. (73 %); (ii) Br, (12 equiv.), CHCl3, room
temp. (90 %); (iii) PrI/K,COs, acetone, reflux, 48 h (56 %) or PrI/NaH, DMF, room temp., 48 h (73 %)
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Scheme 11. Upper rim amination of thiacalix[4]arenes: (i) NaOH/Na,S,0,, water, 90 °C (90 %); (ii) p-MeC¢H4CHO, toluene, room temp.
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Scheme 12. Nitration of thiacalix[4]arene: (i) Mel/K,COs, reflux (95 %); (i) H,O,/CF;COOH/CHCI;, room temp. (87 %), (iii) 100 %
HNO;/CF;COOH, 80 °C, 2 days to give 57 (45 %) or (iii) 100 % HNOs/CF;COOH, 80 °C, 4 days to give 58 (59 %)

already been oxidized could be used as starting materials
(Scheme 12). Accordingly, tert-butylthiacalix[4]arene 2 was
alkylated to provide the tetramethoxy derivative 18 in 95 %
yield. Subsequent oxidation with a 35 % aqueous solution
of H>O, in trifluoroacetic acid/CHCl; gave the correspond-
ing tetrasulfone 56 in high yield (87 %). Attempted nitration
of 56 using 65 % or 100 % HNOj; in glacial acetic acid did
not lead to any nitration products, but the use of 100 %
HNOj; in trifluoroacetic acid was successful (Scheme 12).
The best results were obtained at an elevated temperature
(80 °C) with a large excess of nitrating agent (200 equiv.).
Under these conditions, either one or two nitro groups
could be introduced into the upper rim of the thiacalixarene
derivative, depending on the reaction time.[®3] A shorter re-
action time (two days at 80 °C) gave the mononitro deriva-
tive 57 (45 % yield) whereas four days at the same tempera-
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ture led to the diametrically substituted dinitro derivative 58
(59 %), accompanied by a small amount of the proximally
substituted derivative 59 (2 %). It is noteworthy that the
tetrasubstituted product could not be isolated under any of
the conditions used (i.e. larger excess of nitrating agent and
longer reaction time). This implies that the reactivity of the
sulfone system towards ipso nitration is much lower in com-
parison with that of classical calix[4]arenes, where tetrasub-
stitution is common even under much milder conditions (65
% HNO3 in CH,Cl,/CH;COOH at room temperature). The
electron-withdrawing effects of the two introduced nitro
groups (and four sulfonic bridges) make the whole system
unreactive towards subsequent nitration. Hence, under the
conditions used, the dinitro derivative is the main product.
The above-described reaction pathway offers us quite a rare
opportunity for the regioselective mono- or di- ipso-func-
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tionalization of the upper rim of thiacalixarenes. '"H NMR
and X-ray crystallography of 57 and 58 revealed that both
compounds prefer the /,3-alternate conformation.[3!

Very recently, nitration of the parent thiacalixarene 13
without concomitant oxidation of sulfur atoms was de-
scribed.’* The method uses KNO/AICl; in di-, tri- or
tetraglyme and gives 5,11,17,23-tetranitro-25,26,27,28-
tetrahydroxythiacalix[4]Jarene (60) in good yields (67 %).
The choice of solvent is crucial for the reaction — use of
THF, acetonitrile, or toluene did not result in the desired
nitration products. It seems that the key step of the process
is in situ formation of N,O,, which is then stabilized as
the active electrophilic species NO*NO; ™, but only in the
presence of complexing ethers. The proposed mechanism
was supported by an experiment in which 13 was treated
with a previously prepared complex of NO*NO;~ and 18-
crown-6, which led to the same nitration product. Interest-
ingly, the X-ray crystal structure of 60 proved that the mol-
ecule adopts a 1,2-alternate conformation.

Friedel—Crafts alkylation of 13 was achieved®™ by re-
fluxing for three days with 1-adamantanol in trifluoroacetic
acid in the presence of a catalytic amount of LiCIO,, lead-
ing to p-(1-adamantyl)thiacalix[4]arene (7) in 89 % yield. 3-
Carboxy-1-adamantanol reacts in the same way to give the
analogous derivative 61 almost quantitatively (96 %). Very
recently, the introduction of the chloromethyl group onto
the upper rim of thiacalixarene 13 (in 90 % yield) using
chloromethyl methyl ether and AICl; was reported.[®"]

SO,Na
62a, X =§
62b, X = S0
X 62¢c, X = SO,
OH 4

Thiacalixarenes are essentially insoluble in water, and
therefore the introduction of sulfonate functions onto the
upper rim would enable the extension of their chemistry
into aqueous solutions, which would be essential for poten-
tial biological applications. Although a direct sulfonation of
13 has not yet been described, ipso-sulfonation was success-
fully accomplished by the treatment of 2 with conc. H,SOy4
at 90 °C.[¥ The resulting sulfonate 62a was isolated as the
tetrasodium salt in 69 % vyield. The single-crystal X-ray
structures of this tetrasodium salt!®! and the corresponding
dimanganese complex[®? have recently been published. It is
noteworthy that the tetrasulfonate 62¢, which possesses four
sulfone bridging groups (-SO»-) was prepared by ipso-sub-
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stitution of the corresponding tetrasulfone®”! using chloro-
sulfonic acid at 140 °C (compare with the above-described
ipso-nitration of thiacalix[4]arene). The product was ob-
tained as the pentasodium salt in 72 % yield. Attempts to
prepare the appropriate sulfoxide derivative 62b by ipso-
substitution failed.

4.4. Reactions Involving the Bridging Groups

The presence of sulfur atoms in the thiacalixarene skel-
eton offers another pathway for derivatization of the mol-
ecule: reactions on the bridging moieties. Such reactions are
rare in classical calixarene chemistry, but the derivatization
of sulfur is much easier. Oxidation of the parent thiacalix-
arene 2 with aqueous H,O»/trifluoroacetic acid or excess
NaBO3;/CHClx/acetic acid leads in high yield to the deriva-
tive 64 possessing four sulfone bridging groups. However,
using a slight excess of the oxidizing agent (NaBOs) gives
the tetrasulfoxide 63.1°%%°1 The introduction of the sulfoxide
functionality induces a novel type of stereoisomerism in
thiacalixarene derivatives, which originates from the relative
positions of the oxygen atoms.

}I3ul }|3ul

=0

{5}

S

1l
OH © J4 oH O |4
63 64

Therefore, assuming free rotation of the phenol subunits,
the derivative 63 could adopt four different configurations,
as depicted in Figure 10. X-ray analysis confirmed that the
thiacalixarene skeleton of 63 had the /,3-alternate confor-
mation, with the sulfoxide groups in a rzct configuration.l’?]
The sulfone 64 also prefers the 7,3-alternate conformation
in the solid state,’ which is held together by a 3D network
of intermolecular hydrogen bonds between the OH and
SO groups.

Because only the rzct and rett stereoisomers are avail-
able’” by direct oxidation of 2 (27 % and 17 % yield,
respectively), the other two isomers were prepared®*!63] by
the route shown in Scheme 13 (the rctt isomer is obtain-
able?»7!1 from the methanol-soluble part of the crude oxi-
dation product). The synthesis employs benzyl groups for
the protection of the hydroxyl functionalities and conse-
quent immobilization of the thiacalixarene in one confor-
mation (cone or partial cone). Subsequent oxidation and de-
protection leads to the rcce and rect stereoisomers. The syn-
thesis of chiral compounds via oxidation of the sulfur
bridges was also reported.l’?

Our attempts to carry out ipso-nitration of the tetraacet-
ate 14a using conditions described for classical calix[4]arene
derivatives were completely unsuccessful. However, the re-
sults of this “nitration” were identified as partly oxidized
products, containing S=O groups. These compounds rep-
resent novel building blocks that could find many potential
applications in supramolecular chemistry. Consequently, we
focused our interest on the development of methods leading
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Scheme 13. Stereocontrolled synthesis of stereoisomers of derivative 63 (schematic)
to the regioselective oxidation of 14a in acceptable yields.[6!] ﬂ) (|? (R ﬁ
We found that the tetrasulfinyl derivative 65 can be ob- ﬁ s 1 ,(S ﬁ S M /rs s 1] ,(5
tained almost quantitatively by reaction with hydrogen per- S I s

oxide in acetic acid or by 100 % HNOj in dichloromethane.
The relative orientation of the sulfoxide oxygens and the
substituents on the lower rim of the thiacalix[4]arene results
in the formation of several stereoisomers. As shown in Fig-
ure 11, the cone conformation of the tetrasulfinylcalix[4]-
arene 65 could display up to six isomers 65a—f.

However, during our investigations we have always iso-
lated only one stereoisomer, which possesses C, symmetry,
consistent with structures 65a and 65b. The final evidence
was obtained by X-ray crystallography, which confirmed
that the sulfoxide groups in 65 were in opposition to the
acetate substituents (structure 65a). We propose that the ox-
idizing agent preferentially attacks the thiacalix[4]arene
skeleton from the “upper” surface in order to minimize the
steric interaction with the substituents on the lower rim. As
a consequence, oxidation of immobilized cone thiacalix[4]-
arenes proceeds stereoselectively, with the acetate and sul-
foxide groups pointing down and up, respectively (compare
with oxidation of the tetrabenzyl derivativel!®al),

h 9 T 9
) SorsS O §og
P ﬁ,l/s i ,I/g I ,r
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Figure 11. All possible stereoisomers of tetrasulfinyl derivative 65
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Figure 12. Oxidation of the tetraacetate derivative 14a (schematic)

The preparation of the partly oxidized products 66—69
was not as easy as the synthesis of the tetrasulfoxide 65
(Figure 12). The product mixtures always contained several
(chromatographically isolable) regioisomers, which we ex-
pected to have upwards-pointing sulfoxide groups, although
it was not possible to confirm this because X-ray analysis
was unsuccessful. Finally, the tetrasulfonyl derivative 70
was obtained in 70 % yield using an excess of mCPBA in
boiling 1,2-dichloroethane (Figure 12).

A similar approach was recently applied to fix the tetra-
acetates 14b and 14d in the partial cone and 1,3-alternate
conformations, respectively. Regio- and stereoselective oxi-
dation[”3 enabled a collection of novel building blocks to be
prepared. For example, the oxidation of 14b with NaNOj as
the oxidizing agent gave the tetrasulfoxide 71 (containing
the rctt configuration of sulfoxides) in 64 % yield. Anal-
ogously, the [,3-alternate conformer 14d was transformed
into the sulfone 72 and to 73, which possesses three sulfone
groups and one sulfinyl group (Figure 13).I741 Such partly
oxidized derivatives may find potential application for the
construction of various receptors and more sophisticated
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Figure 13. X-ray structures of oxidized products

thiacalixarene-based structures. Some of these compounds
are chiral due to the asymmetric nature of the sulfoxide
substituents.

5. Applications of Thiacalixarenes

The presence of sulfur atoms (which possess lone pairs
and vacant 3d orbitals) in thiacalixarenes results in many
novel features, especially in the field of metal complexation.
In contrast to classical calix[4]arenes, the parent thiacalixar-
ene 2 was found to extract a wide range of transition metal
ions from aqueous solutions.[’””! The influence of oxidized
bridges (SO, SO,) upon the complexation ability of deriva-
tives 63, 64 and their zert-octyl analogues was also system-
atically studied.[®3:%°] These results can be summarized as
follows: (i) 2 prefers soft-to-intermediate metal ions (e.g.
Ag*®, Zn?*, Cd>", Hg?"), (ii) sulfone 64 extracts hard metal
ions (alkaline earth metals, lanthanoids), and (iii) sulfoxide
63 represents a somewhat intermediate situation and ex-
tracts both the above mentioned groups of metals. These
results enable us to speculate about the binding modes of
thiacalixarenes. The situation is depicted schematically in
Figure 14.

Whereas the binding modes of 2 and 64 are imposed by
their molecular structures, the sulfoxide 63 can switch be-
tween an interaction involving the sulfoxide lone pair or its
oxygen, depending on the coordinating metal.[®%-%°1 Similar
binding modes have also been proposed for metal com-
plexation by thiacalix[6]arene (4).7%] Recently, many X-ray
structures of thiacalixarene complexes with various tran-
sition metals have appeared in the literature.’’ 32 These
crystallographic results confirmed the presence of the
above-mentioned binding modes. Moreover, many crystal-
lographic structures revealed a characteristic feature of thia-

calixarenes; namely, formation of multinuclear metal com-
plexes through multiple MO and/or M-S interactions,
leading ultimately to cluster assemblies.[33~37]

The interactions of thiacalix[4]arenes (bearing acetate or
amide groups on the lower rim) with transition metals[®®]
and alkali metal cations!!®!2:8% have also been studied. Al-
though the absolute values of the complexation constants
for tetraacetates 14a,b,d and 15a,b,d are much lower that
those of the corresponding calix[4]arene derivatives, the se-
lectivities for alkali metals were quite interesting. 'H NMR
titration experiments carried out in a 4:1 mixture of CDCl;
and CD;CN revealed that 14a prefers to complex sodium
over potassium cations [K(Na*) = 6600 m~!, K(K*) = 320
M~ ']; the addition of Rb* or Cs* did not induce any
changes in the NMR spectrum of 14a. The selectivity of
15a is shifted towards the smaller sodium cation [K(Na™) =
2900 M~ ']; K*, Rb", and Cs* were not complexed at all
under the conditions used.[!?]

The important feature of thiacalixarenes 2 and 4 is their
ability to accommodate neutral molecules (i.e. solvent mol-
ecules) within their cavities or in the crystal lattice.”! The
inclusion of guest molecules into 2 and 4 was studied using
NMR spectroscopy. The thiacalixarenes were recrystallized
from the appropriate solvent, the crystals formed were dried
under vacuum, and then subjected to NMR analysis. The
host:guest ratio was assigned by integration of the appro-
priate signals.[*7 This ratio was usually 1:1 (thereby indicat-
ing an interaction with the cavity), but some exceptions
were also found. Thus, the host:guest ratio for 1,2-dichloro-
ethane was 1:2, and that for toluene was 2:1. The structure-
affinity relationships for guest inclusion within solid 2 were
studied for a vapour guest-solid host system using head-
space gas chromatographic analysis.[*!]

@ soft

Figure 14. Proposed binding modes of 2, 63, and 64; M denotes a metal cation (schematic)
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Scheme 14. The complexation of DABCO

Recently, interesting differences in the behaviour of
classical- and/or thiacalixarene-based metalloporphyrin
conjugates have been observed.? It was found that the li-
gand 1,4-diazabicyclo[2.2.2]octane (DABCO) can be com-
plexed by metalloporphyrin units in two different ways, de-
pending upon the structure of the metalloporphyrin
(Scheme 14).

We found that the thiacalix[4]arene 74 prefers an intra-
molecularly closed cavity with a very high binding constant
of (1.0 = 0.1) X 107 m~! in CHCI; at 294 K (host:guest
1:1), the classical calix[4]arene 75 forms an intermolecular
complex by coordinating two DABCO molecules (host:guest
1:2). The differences observed can be rationalized in terms
of cavity size and preorganization due to intramolecular hy-
drogen bonding of the calixarene lower rim.

Interesting inclusion properties were found for the case of
the water-soluble sulfonate 62a. This compound can create
complexes with a range of both water-miscible organic
molecules (ketones, alcohols and ethers)®¥ and water-im-
miscible mono-substituted benzenes.”*! The dependence on
the stabilities of the complexes with respect to the electronic
effect of the substituent in mono-substituted benzenes indi-
cates that m—m interactions between the guest and host mol-
ecules are a predominant factor in complexation. The
thiacalixarene 62a exhibits much higher complexation abili-
ties than the corresponding classical tetrasulfonate, which
is attributed to the differences in the cavity size.’*! More-
over, 62a can almost completely remove traces of halogen-
ated compounds from water,”> which is very attractive
from an ecological point of view. Several other applications,
such as the use as a stationary phase for gas chromatogra-
phy,®! a specific pre-column chelating agent for Ni'l in KD
HPLC,P a chelating adsorbent for heavy metal ions,®®! a
highly selective means for the luminescence determination
of terbium,*! and in the construction of ion-sensors!!%’ or
self-assembled monolayers!!?! =194 have also been reported.

1690 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

6. Concluding Remarks

The chemistry of calixarenes has been “rejuvenated” by
the appearance of thiacalixarenes. The research reviewed
here demonstrates some novel possibilities arising from the
modification of the classical skeleton with sulfur atoms. The
presence of heteroatoms results in many novel features, such
as metal complexation through the sulfur atoms, easy
chemical modification of the bridges, as well as different
ring sizes and dynamic properties. Thiacalixarenes exhibit a
broad range of interesting functions, chemical behaviour
and novel conformational preferences, which make these
compounds good candidates for building blocks in supra-
molecular chemistry. Although the field is still young, thia-
calixarenes, with their unusual metal-binding properties,
have already shown potential for many useful applications.
It is evident that the continuing progress in the chemistry
of these compounds will bring many fascinating discoveries
in the future.
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