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ABSTRACT: Monohalogenation of thiacalix[4]arene in the
cone conformation gave either the meta- or para-substituted
isomers depending on the halogen and reaction conditions
used. Surprisingly, the same reaction with the 1,3-alternate
conformer led only to the meta isomer. This is the first
example of such a conformation-dependent regioselectivity in

calixarene/thiacalixarene chemistry. As the halogen-substituted calixarenes are useful synthetic intermediates, this provided the
unique opportunity to functionalize the basic skeleton at two different positions.

hiacalix[4 ]arene emerged1 in 1997 as a new member of the

calix[n]arene family.” Substitution of the methylene
bridging units with sulfur atoms leads to many novel features
that are not present in the chemistry of common calixarenes.’
Thus, thiacalix[4]arenes can be highly re§io— and stereo-
selectively S-alkylated to form sulfonium salts™ or S-oxidized to
provide various sulfoxides or sulfones.” Moreover, the presence
of sulfur significantly modifies the chemical behavior of
thiacalixarenes as documented by the altered regioselectivity of
electrophilic aromatic substitution. Contrary to classical
calixarenes where only para-isomers are formed (with respect
to phenolic oxygen), formylation® or nitration” of tetraalkylated
thiacalix[4]arenes results in meta-substitution of the macrocycle.
Consequently, thiacalixarenes represent very attractive building
blocks as they allow for a direct approach to unique substitution
patterns that are still very rare in calixarene chemistry.

Until recently, a broader application of thiacalixarenes was
hindered by our limited knowledge of their chemical properties
and a lack of general derivatization methods. Halogen-
substituted calixarenes are considered to be important
intermediates in the synthesis of more sophisticated molecules,’
but very little is known about the halogenation of thiacalixar-
enes.® In this paper, we report on the first monohalogenation of
thiacalix[4]arenes immobilized in the cone or 1,3-alternate
conformations. To the best of our knowledge, this is the first
example of conformation-dependent regioselectivity in calixar-
ene/thiacalixarene chemistry where the result (meta or para
substitution) is dramatically influenced by the conformation of
the starting compound, halogen source, and the reaction
conditions used.

As iodo-substituted thiacalix[4]arenes are expected to be
useful synthetic intermediates, known iodination agents were
selected first and screened against the 1,3-alternate conformer 1
(Scheme 1). Treatment of 1 overnight with I,, ,/HNO, or NIS
in CHCI, at rt gave no reaction. On the other hand, ICl gave
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Scheme 1. Halogenation of Thiacalix[4]arene in the 1,3-
Alternate Conformation
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monosubstituted compound 2a in 22% yield, while I,/
CF;COOAg provided the same product in 48% yield. Finally,
we found that NIS in the presence of acidic catalyst (AcOH or
TFA) afforded the monosubstituted product in 28% and 54%
yield, respectively. In all cases, the monosubstituted product 2a,
separated by column chromatography on silica gel, was
accompanied by a fraction of disubstituted products (as shown
by MS) as an inseparable mixture of various regioisomers. The
choice of solvent was shown to be very important as the same
reaction carried out in acetone or 2-butanone resulted in no
product formation. The best reaction conditions (NIS/cat. TFA
in CHCl;, 30 min at rt) were then applied without further
optimization for bromination (NBS) and chlorination (NCS)
reactions. The corresponding products’ 2b and 2c were isolated
on a gram scale in 56 and 33% yield, respectively, albeit with
some amount of disubstituted byproducts.

The structures of the products were assigned by a combination
of NMR and MS techniques. Thus, HRMS analysis of 2a showed
signal at m/z = 813.06681, which exactly matched the
monoiodinated structure ([M + Na]*). The complex splitting
pattern and multiplicity of signals in '"H NMR spectrum of 2a
suggested the expected inherently chiral structure. The presence
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of two well-resolved doublets in the aromatic region of the 'H
NMR spectrum (7.46 and 7.02 ppm) with a typical ortho-
interaction constant (J = 8.2 Hz) confirmed the meta substitution
pattern (see Figure 1).
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Figure 1. Partial 'H NMR spectrum of 2a (CDCl,, 298 K, 300 MHz).

The meta regioselectivity was also confirmed by X-ray
crystallography using monocrystals of 2b and 2c (see the
Supporting Information). As shown in Figure 2, the meta-

Figure 2. (a) X-ray structure of 2b confirming a dimer formation via
halogen—r interactions (hydrogen atoms omitted for clarity).

bromine atom in 2b forms a unique dimeric structure via halogen
bonding'® with the aromatic subunit of the neighboring
thiacalixarene molecule. The bromine atom is oriented almost
exactly to the middle of the aromatic bond with C---Br distances
of 3.479 and 3.536 A. The resulting supramolecular structure
could be described as a T-shaped halogen— interaction with 7
binding mode, recently studied for bromobenzene—benzene
dimer formation.""

Conversely, the cone conformer 3 did not react under the
optimized reaction conditions (NIS/cat. TFA). Even use of an
excess of NIS, higher temperature, or longer reaction time did
not lead to iodination, thus showing a substantial difference in
reactivity between the conformers. Fortunately, using a
stoichimetric excess of TFA (instead of catalytic amount) led
smoothly to monoiodination after stirring for 24 h, and two
regioisomers 4a (meta) and Sa (para) could be isolated in 6 and
64% vyields, respectively (Scheme 2). The 10:1 selectivity with a
dominating para isomer was very surprising as to date meta
substitution has always prevailed®” in tetraalkylated thiacalixar-
enes. As the corresponding para-substituted derivatives are
inaccessible by a direct electrophilic substitution, this unexpected
regioselectivity paves the way toward this kind of substitution in
thiacalixarene chemistry."”

Interestingly, bromination of the cone conformer with NBS
gave a mixture of 4b and Sb in a 23:49 ratio, while the same
reaction with NCS gave meta isomer 4c as the major product
(33%) accompanied by only a minor amount of para isomer 5c
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Scheme 2. Halogenation of Thiacalix[4]arene in the Cone
Conformation

(<1%). Obviously, the regioselectivity toward the para position is
directly proportional to the size of halogen used. While the bulky
iodine atom prefers para substitution, the much smaller chlorine
atom attacks preferentially at the meta position. To the best of
our knowledge, this kind of interdependence is unprecedented in
calixarene chemistry and gave us the unexpected opportunity to
tune the regioselectivity using different halogens. Moreover, the
regioselectivity of bromination could be tuned using various
reaction conditions. Thus, the same reaction with NBS added at
—78 °C and then warmed to room temperature over 30 min gave
the reversed ratio of isomers 4b:5b = 47:26. This indicated that
the meta bromination could be under kinetic control.

The assignment of the corresponding meta and para isomers of
the cone conformation was not trivial due to the pinched cone—
pinched cone interconversion that strongly influences the NMR
spectra of these compounds. As a consequence, all signals in the
"H NMR spectra of 4 and 5 were extremely broadened and gave
us almost no structural information at room temperature (see the
Supporting Information). Fortunately, the same spectra at low
temperature were relatively well resolved and reflected a higher
symmetry for the para isomers. Thus, the spectrum of 4b
(CD,Cl,, 213 K, 500 MHz) exhibited two aromatic doublets'* at
7.35 and 7.47 ppm characteristic of meta substitution.
Furthermore, the spectrum of Sb showed a singlet' at 6.53
ppm (aromatic C—H bonds next to Bratom) supporting the para
substitution of this isomer.

The conformational behavior of 4a and Sa in solution was
studied using dynamic NMR measurements. The 'H NMR
spectra revealed that the pinched cone—pinched cone interconver-
sion was heavily influenced by the substitution pattern of
thiacalixarene. As shown in Figure 3, the temperature-dependent
"H NMR spectra (CD,Cl,, 500 MHz) of para-substituted isomer
Sa exhibited typical features for a pinched cone—pinched cone
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Figure 3. Partial '"H NMR spectra of 5a (CD,Cl,, 500 MHz) in the
range of 213—298 K.
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equilibrium. Very broad spectra at 298 K due to the time-
averaging of signals were gradually (with decreasing temper-
ature) changed into the well resolved signals of individual pinched
cone conformers under slow exchange conditions. The integral
intensity of the corresponding singlets at 6.81 and 7.84 ppm
indicated that both pinched cone conformers were present at 213
Kin a ~1:1 ratio (Figure 3).

On the other hand, a similar dynamic study of meta-substituted
isomer 4a revealed that the equilibrium was shifted toward one
specific pinched cone conformer as the ratio under slow exchange
conditions was approximately 10:1 (Figure 4).

208 K

283 K N

___./\-.__./\
253 K ‘k 1 j\
"J\_ﬂ

203

A T T T T

T T T
7.0 6.8 6.6 6.4 6.2 6.0 Ppm

Figure 4. Aromatic region in the '"H NMR spectra of 4a (CD,Cl,, 500
MHz) in the range of 203—298 K.

As the '"H NMR spectra of both 4a and Sa suffered from severe
overlap in the corresponding pinched cone resonances, well-
resolved, low-temperature, *C-decoupled spectra were neces-
sitated to assign all signals of both individual pinched cone
conformers (see the Supporting Information). These results
indicated that the installation of iodine atom at the meta position
exhibited much more dramatic consequences to the equilibrium
than the same substituent at the para position.

To explain these differences in conformational behavior
between the meta and para substitution we carried out
quantum-chemical calculations of the corresponding pinched
cone conformers of iodo derivatives 4a and Sa using a B3LYP/6-
311G(d,p) method. The results are shown in Table 1. The
energy difference between in—out conformers was almost
negligible (0.22 kcal'mol™) for the para isomer Sa, which
perfectly agreed with the ~1:1 ratio of conformations in solution.
On the other hand, the in—out difference for meta isomer 4a was
almost 2 kcal'mol™. Obviously, as a consequence of the

Table 1. Comparison of Total and Relative Energies of the
Pinched Cone Conformers of 4a and Sa
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o 0 o, Og A0
T Pr \Pr

Pr /O\Pr P P pr
fingin  PT ring out
structure” total energyb relative energy® in—out difference®
4a (in) —10208.962001 517 199
4a (out) ~10208.965170 3.18
sa (in) —10208.970243 0.00 0.22
sa (out) —10208.969895 0.22

“B3LYP/6-311G(d,p) method. ®In au. “In keal'mol ..

introduction of iodine at the meta position, the molecule prefers
a specific pinched cone conformation in solution, with a bulky
group on the flattened aromatic ring (ring out). Similar trends
can be observed also for the respective bromo isomers (see Table
2).

Table 2. Comparison of Total and Relative Energies of Bromo
Isomers 4b and 5b (Upper Part) And the Corresponding
Complexes (Lower Part)

Br Br & ,
X Ny
e s i B Ts¥s
F’rfo 9 Pr C L5
o

%
o pr O Prpyp
ring in ring out Pr
relat. energy®

run structure” total energy”

1 4b (in) -5863.583072 4.49
2 4b(out) -5863.585155 3.18
3 5b (in) -5863.590224 0.00
4 5b (out) -5863.589465 0.48

Br*

exc;\\
5 4b (in-endo) -5863.920512 10.06
6 4b (in-exo) -5863.936550 0.00
7 4b (out-endo) -5863.928638 4.96
8 4b (out-exo) -5863.928673 4.94
9 5b (in-endo) -5863.920657 9.97
10 5b (in-exo) -5863.928136 5.28
11 5b (out-endo) -5863.925542 6.91
12 5b (out-exo) -5863.926401 6.37

“B3LYP/6-311G(d,p) method. *In au. “In keal'mol ™.

The opportunity to control the formation of either meta or
para isomers is so far unprecedented in calixarene chemistry.
Hence, to gain deeper insight into the regioselectivity of
bromination, we carried out a quantum-chemical calculation of
the corresponding meta and para products 4b and Sb. The
B3LYP/6-311G(d,p) method was used for the evaluation of the
thermodynamic stability of the monobrominated products. As
mentioned previously, the cone conformations of thiacalix[4]-
arenes exhibit so-called pinched cone—pinched cone interconver-
sion.’ Consequently, we had to consider both frontier
conformations with the Br-substituted rings being pointed inside
(“ring in”) or outside the cavity (“ring out”). As shown in Table
2, para substitution (runs 3 and 4) of the cone isomer was
thermodynamically favored by more than 3 kcal'mol™' when
compared to meta substitution (runs 1 and 2). This was in a good
accord with our observations that the para isomer was formed at
room temperature (as the thermodynamic product). On the
other hand, the relative stability of the & complexes indicate the
most stable structure for the o complex formed by exo meta
attack of Br" to the phenolic units oriented inside the cavity (run
6). This arrangement was more stable than any other o complex
by ca. § kcal'mol™ (see Table 2) and indicated kinetic control of
meta substitution, which was once again in perfect agreement
with our experimental data.

In conclusion, the halogenation of thiacalix[4]arenes immo-
bilized in the cone and in the 1,3-alternate conformations revealed
substantially different reactivity of these conformations. While
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the I,3-alternate afforded only meta substitution, the halogen-
ation of the cone conformation yielded a mixture of two
regioisomers located at the meta or para positions. Quantum
chemical calculations support our finding that the regioselectivity
can be controlled by utilizing kinetic or thermodynamic
conditions, which is unprecedented in calixarene chemistry. As
halogen-substituted thiacalix[4]arenes are potentially useful
synthetic intermediates, this gave us the unique opportunity to
functionalize the basic thiacalix[4]arene skeleton at two different
positions.
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