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vage of thiacalix[4]arene
sulfoxides†

J. Mikšátko,a V. Eignerb and P. Lhoták *a

Thiacalix[4]arenes having one bridge oxidized to a sulfoxide moiety can react with organolithium reagents

to form cleaved structures which are otherwise difficult to access. Cleavage of the macrocyclic skeleton is

independent of the starting conformation as proven by the same product obtained from the corresponding

cone, partial cone or 1,3-alternate derivatives. Quenching of the crude reaction mixture with D2O allowed

elucidation of the mechanism which is based on the ligand exchange of the sulfoxide functionality. The

general applicability of this reaction was demonstrated using the corresponding distal or proximal

disulfoxide derivatives, while the quenching of the reaction mixture using various electrophiles allowed

the isolation of the corresponding mono- and di-substituted oligomers. The structure of the unexpected

product (a tetrameric derivative) was assigned by single crystal X-ray crystallography.
Scheme 1 ortho-Lithiation of sulfoxides and possible application in
thiacalix[4]arene chemistry.
Introduction

Thiacalix[4]arenes, since their rst appearance1 in 1997, have
been attracting increasing attention as potential candidates for
building blocks and/or molecular scaffolds due to their simi-
larity with the muchmore well established calix[n]arene family.2

The introduction of sulfur atoms in place of the methylene
bridges results in novel features or properties3 that are impos-
sible (or very difficult) in classical calixarene chemistry. Thus,
the stronger directing effects of sulfur compared to the CH2

group offer unusual regioselectivity in the electrophilic
aromatic substitution of thiacalix[4]arenes as documented by
direct meta nitration4 or formylation5 (with respect to phenolic
oxygens). Moreover, the regio- and stereo-selective S-alkylation
to sulfonium salts6 and chemoselective S-oxidation to various
sulfoxides or sulfones7 represent other unique opportunities
inaccessible to the more common calixarene counterpart.

Recently, we studied the partial S-oxidation of thiacalix[4]
arenes using NaBO3$4H2O as the oxidizing agent.8 Interestingly,
despite the possible formation of many regio- and stereoiso-
mers, the reactions leading to mono- or disulfoxides were highly
regio- and stereoselective depending on the starting confor-
mation used.9

Synthetic availability of the monosulfoxide derivatives led us
to attempt further exploration in the derivatization of thiacalix
[4]arenes. The sulfoxide is a versatile moiety which has found
ity of Chemistry and Technology, Prague

ech Republic. E-mail: lhotakp@vscht.cz;

gue 6, Czech Republic

ESI) available. CCDC 1554286. For ESI
other electronic format see DOI:

hemistry 2017
numerous applications in organic chemistry, inter alia in ortho-
directed metallations of aryl sulfoxides. As shown in Scheme 1,
the S]O functionality is a powerful director in ortho-lithiation10

(or ortho-magnesiation11) which could be used for the intro-
duction of an electrophile moiety into the thiacalixarene skel-
eton. In this paper we report on our unexpected, yet fortuitous,
efforts in the derivatization of the thiacalixarene system.
Results and discussion

The starting monosulfoxides 1–3 were obtained as recently
described9 in good yields using the corresponding thiacalixar-
ene conformations and NaBO3$4H2O as the oxidizing agent
(CHCl3/AcOH, 60 �C, 4 h). Sulfoxide 1, immobilized in the cone
conformation, was subjected to ortho-lithiation reaction
(Scheme 2) with n-BuLi (10 equiv.) in THF at �78 �C and aer
one hour the corresponding electrophile (I2 or DMF) was added.
To our surprise, both reactions yielded the same product with
no trace of electrophile within the molecule. Instead, we
RSC Adv., 2017, 7, 53407–53414 | 53407
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Scheme 2 Attempted ortho-lithiation in several conformations of
thiacalix[4]arene.

Scheme 3 Cleavage of thiacalix[4]arenes by organolithium
compounds.

Scheme 4 Reactions of sulfoxides with organolithium agents.
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isolated the linear tetramer 4 (90% yield) resulting from
opening of the thiacalixarene skeleton with the S]O func-
tionality being cleaved off. To evaluate the inuence of the
starting conformation on the unexpected course of the reaction
we carried out the same reaction sequence with the partial cone
2 and the 1,3-alternate 3. In both cases the same product 4 was
obtained in high yields (92% and 91%, respectively).

The structure of the products was conrmed by a combina-
tion of NMR and MS techniques. The HRMS ESI+ analysis of 4
showed signals at m/z ¼ 657.21393 and 673.18726, which were
in good agreement with the [M + Na]+ (657.21374) and [M + K]+

(673.18768) cations predicted for the cleaved product. The 1H
NMR spectrum of 4 (CDCl3) revealed the presence of seven
aromatic signals and two different propyl groups (triplets at 4.11
and 3.93 ppm from –OCH2– moieties; multiplets at 1.85 and
1.69 ppm from –CH2CH3; triplets at 1.02 and 0.88 ppm from
–CH2CH3) indicating the existence of main symmetry plane in
the molecule.

The above results indicate that the cleavage reaction was not
dependent on the starting conformation of the thiacalixarene.
This enabled us to use monosulfoxide 5 for the ensuing study as
this derivative is conformationally mobile, and hence, syntheti-
cally more easily accessible than sulfoxides 1–3 which have
dened conformations. The attempted lithiation of 5 under
identical reaction conditions (n-BuLi (10 equiv.) in THF at�78 �C
for 1 h, followed by direct hydrolysis) gave oligophenol ether 6
(see ESI† for the X-ray structure) in 92% yield (Scheme 3).

As this type of reactivity was unknown in thiacalixarene
chemistry we sought to shed light on the mechanism using
a range of reaction conditions. Thus, compound 5 was reacted
with various bases (2 equiv.) under standard reaction condi-
tions (THF/�78 �C/1 h, then quenched with H2O) to determine
what kind of base is the most suitable. The results clearly
showed that n-BuLi provided the highest yield of 6 (43% yield),
while s-BuLi and t-BuLi gave 6 in 37% and 5% yields, respec-
tively. Application of Grignard agents (MeMgCl, PhMgCl), NaH
or LDA did not invoke any reaction as only starting compound
was observed. The use of MeLi gave 6 only in 11% yield, on the
other hand, oligomeric sulfoxide 7b was isolated as the main
product (49%) from the reaction mixture. The same type of
compound 7a was also obtained from the crude reaction
53408 | RSC Adv., 2017, 7, 53407–53414
mixture with n-BuLi together with dibutyl sulfoxide 12 (Scheme
3). Another type of product was isolated from the reaction with t-
BuLi, compound 8, containing a directly appended tert-butyl
group.

The structure of 7b was supported by the presence of four
singlets from the tert-butyl groups in the 1H NMR spectrum
(CDCl3) at 1.27, 1.24, 1.08, and 1.07 ppm, together with four
singlets from OCH3– moieties (3.93, 3.92, 3.91, and 3.83 ppm),
conrming the absence of any symmetry elements. The methyl
group of the sulfoxide moiety could be found as a singlet at
2.80 ppm. The HRMS ESI+ analysis of 7b revealed signals at m/z
¼ 809.33952, 831.32160, and 847.29315, which were in excellent
agreement with the predicted values for the [M + H]+

(809.33963), [M + Na]+ (831.32158), and [M + K]+ (847.29552)
cations.

The above described results indicate that cleavage of the
thiacalixarene derivatives could proceed via a ligand exchange
mechanism (Scheme 4) which is documented for the reaction of
sulfoxides with organolithium and Grignard reagents.12 These
substitution reactions are considered to proceed via an SN2-type
process involving the formation of a hypervalent sulfurane,13 as
a transition state complex rather than an intermediate (struc-
ture B in the tentative mechanism shown in Scheme 5).
Substitution of aryl moiety with alkyls (Me, Bu) is plausible
because of strain release due to the macrocyclic arrangement
This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Tentative mechanism for the cleavage reaction of thiacalix
[4]arenes by n-BuLi.
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around the sulfoxide moiety—thus leading directly to cleaved
structure C corresponding to products 7a, 7b. On the other
hand, the formation of derivative 8 suggested a ligand coupling
procedure (Scheme 4), which has been reported for some
sterically demanding sulfoxides.14

To further study the mechanism, we carried out a series of
experiments where the reaction mixture was quenched with
D2O. Interestingly, the reaction products quenched aer stir-
ring for 1 h contained no deuterium on the aromatic moieties
instead providing 90% yield of 6. However, HRMS analysis
revealed the presence of dideuterated dibutyl sulfoxide 14
(Scheme 6).15 This indicated that the aromatic anions (B and E),
formed by the cleavage of the hypervalent sulfuran species (A
and D), were quenched by the acidic hydrogens (a-positions of
butyl sulfoxide byproduct) before the addition of D2O thus
providing only deuterated sulfoxide (Scheme 5).

The above reaction is very fast as indicated by quenching
(D2O) the reaction mixture aer only a 2 min treatment with n-
BuLi. Under these conditions a mixture of monodeuterated and
Scheme 6 Cleavage of thiacalix[4]arenes–deuteration experiments.

This journal is © The Royal Society of Chemistry 2017
dideuterated tetramers 9 and 11 was obtained in 72% yield
together with small amount of 10, accompanied by mono- and
di-deuterated dibutyl sulfoxide derivatives 13 and 14 (Scheme
6). If the same reaction was quenched aer 30 seconds very
similar results were obtained. This indicated that the formation
of aromatic dianion G or the corresponding hypervalent sulfu-
ran species F is extremely fast and both species gradually
disappear from the reaction mixture (Scheme 5).

To show the general applicability of this type of cleavage the
corresponding thiacalix[4]arene sulfoxides 15 and 16 (Scheme
7) were subjected to similar reaction conditions (n-BuLi
(10 equiv.) in THF at �78 �C for 30 min, followed by direct
hydrolysis). As expected, the proximal regioisomer 15 smoothly
furnished the appropriate trimer 17 that was isolated in 89%
yield aer preparative TLC. The concomitant formation of the
corresponding p-tert butyl anisol (not isolated) was also
observed. Similarly, the distal disulfoxide 16 was cleaved to
dimer 18 in 90% isolated yield. Both results strongly suggest
that the n-BuLi-induced cleavage of the thiacalix[4]arene skel-
eton is not limited to only monosulfoxide species, but, in fact,
can be successfully applied to a more highly oxidized skeletons.

To further show the usefulness of this approach we have
carried out a series of experiments where the crude reaction
mixture (aer the addition of n-BuLi) was quenched by various
electrophiles instead of water. Our previous experiments
conrmed that the formation of monoanion E or dianion G
(Scheme 5) is very fast, while the longer reaction times with BuLi
led to their complete disappearance due to the quenching by
acidic a-protons of dibutyl sulfoxide formed as a byproduct.
Thus, the stirring of starting monosulfoxide 5 with n-BuLi for
20 min led only to the formation of tetramer 6 without any
products formed by the reaction with electrophiles added. This
indicated that both monoanion E and dianion G are no longer
present in the reaction mixture at the time of electrophile
addition. Based on this nding we set the reaction time with
n-BuLi to only 30 seconds to secure the presence of E and G,
than the corresponding electrophile (benzaldehyde, benzophe-
none, ethyl chloroformate, CO2), was added and the reaction
mixture was stirred 10 minutes at �78 �C, the cooling bath was
removed, and the reaction mixture was allowed to achieve the
Scheme 7 Cleavage of thiacalix[4]arene disulfoxides.

RSC Adv., 2017, 7, 53407–53414 | 53409
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Scheme 8 Quenching with various electrophiles.
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room temperature. Using this procedure (Scheme 8) the
formation of the corresponding monosubstituted oligomers 19,
21, 23, and 25 was observed in 48%, 43%, 42%, and 44% yield,
respectively. In all the cases, the main products (mono-) were
accompanied by the corresponding disubstituted oligomers 20,
22, 24 and 26 in approximately 2 : 1 ratio. The only exception is
represented by the diacid 26 which was obtained in only very
minor amount and was not isolated in enough pure form to
allow full characterization.

All the above prepared oligomers are so far unknown
compounds which are difficult to access. The tert-butylated
compounds 6 and 17 could be potentially obtainable using the
step-by-step condensation of the p-tert-butylphenol with SCl2 to
form the corresponding tetraphenolic or triphenolic precursors
as described by Sone et al.16 On the other hand, the same
procedure would be inapplicable for the synthesis of tetramer 4
due to the nonselective reaction of starting phenol in position
2(6) or 4. From this point of view, the cleavage of thiacalixarene
sulfoxides offers relatively straightforward and general way for
this kind of products, providing the nal tetramers in very high
yields. Potential utilization of the above tetrameric derivatives
can be envisaged in their application as building blocks in the
design and synthesis of bigger thiacalixarene-based structures.
Conclusions

In conclusion, thiacalix[4]arenes having one bridge oxidized to
the sulfoxide can react with organolithium compounds (best
results obtained with n-BuLi) to form cleaved linear structures
which are otherwise highly difficult to access. The structure of
53410 | RSC Adv., 2017, 7, 53407–53414
one such an unexpected product (tetrameric derivative) was
assigned by single crystal structure determination. Cleavage of
the macrocyclic skeleton is independent of the starting
conformation as shown by the same product obtained from the
corresponding cone, partial cone or 1,3-alternate derivatives. The
quenching of the crude reaction mixture with D2O allowed us to
propose a plausible mechanism which is based on ligand
exchange on the sulfoxide moiety. The general applicability of
this reaction was demonstrated using the corresponding distal
or proximal disulfoxide derivatives. Quenching the reaction
mixture using various electrophiles allowed for the isolation of
the corresponding mono- and di-substituted oligomers. Further
synthetic applications of this unusual behavior are currently
under study and will be reported in due course.
Experimental
General experimental procedures

All chemicals were purchased from commercial sources and
used without further purication. Solvents were dried and
distilled using conventional methods. All samples were dried in
the desiccator over P2O5 under vacuum (1 Torr) at 80 �C for 8
hours. NMR spectra were performed on Agilent 400-MR DDR2
(1H: 400 MHz, 13C: 100 MHz) spectrometer. Chemical shis (d)
are expressed in ppm and are referred to the residual peak of the
solvent or TMS as an internal standard; coupling constants (J)
are in Hz. d1-Chloroform (stabilized over silver wool, 99.8% of
deuterium) was used for the spectroscopic studies. The signal
assignment was supported by 1H–1H COSY, 1H–13C HMQC or
1H–13C HMBC 2D NMR using the standard pulse sequences
provided by Bruker. The mass analyses were performed using
ESI technique on Q-TOF (Micromass) spectrometer. Melting
points were measured on Heiztisch Mikroskop – Polytherm A
(Wagner & Munz, Germany) and were not corrected. The IR
spectra were measured on an FT-IR spectrometer Nicolet 740 or
Bruker IFS66 spectrometers equipped with a heatable Golden
Gate Diamante ATR-Unit (SPECAC) in KBr. 100 scans for one
spectrum were co-added at a spectral resolution of 4 cm�1. The
courses of the reactions were monitored by TLC using TLC
aluminium sheets with silica gel 60 F254 (Merck). Thin layer
chromatography (TLC) was performed using glass sheets (25 �
25 cm) coated with silica gel 60 F254, followed by visualization
with UV light.
Synthetic procedures

General procedure for cleavage of thiacalixarene derivatives.
Thiacalixarene monosulfoxide (0.063 mmol) was added to
a 25 mL Schlenk ask and put under high vacuum. Aer 20
minutes, the ask was lled several times with argon and
anhydrous THF (5mL) was added through septum. The solution
was cooled down to �78 �C and n-butyllithium (10 eq., 2 M in
THF) was added dropwise to the ask. The solution was stirred
for 1 h at �78 �C, then removed from cooling bath and the
reaction was quenched by addition of distilled water (3 mL). The
mixture was extracted with dichloromethane (3 � 15 mL) and
brine. Separated organic layers were washed with water (50 mL)
This journal is © The Royal Society of Chemistry 2017
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and dried over MgSO4. The solvent was removed under reduced
pressure to yield crude product which was further puried
using thin layer chromatography with dichloromethane as an
eluent.

Compound 4. The general procedure was applied to
compound 1 (2 or 3). The product 4 was isolated aer prepar-
ative TLC as a colourless oil in 90% yield (42 mg), (92% from 2,
91% from 3). 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.32
(2H, dd, J¼ 7.5, 1.4 Hz, Ar-H), 7.29 (2H, td, J¼ 7.7, 1.6 Hz, Ar-H),
6.91 (6H, m, Ar-H), 6.84 (2H, t, J¼ 7.7 Hz, Ar-H), 6.78 (2H, dd, J¼
7.7, 1.6 Hz, Ar-H), 4.11 (4H, t, J ¼ 6.7 Hz, –OCH2–), 3.93 (4H, t, J
¼ 6.4 Hz, –OCH2–), 1.85 (4H, m, –CH2CH3), 1.69 (4H, m,
–CH2CH3), 1.02 (6H, t, J ¼ 7.5 Hz, –CH2CH3), 0.88 (6H, t, J ¼
7.5 Hz, –CH2CH3);

13C NMR (100 MHz, CDCl3, 296 K) d (ppm):
158.3, 155.5, 134.4, 131.6, 130.0, 129.6, 129.5, 129.0, 124.9,
121.8, 121.2, 112.2, 74.8, 70.2, 23.7, 23.6, 10.6 (2�); IR (KBr) n
2961, 2924, 2874, 2850, 1577, 1464, 1426, 1382, 1273, 1240,
1224, 1067, 977, 747 cm�1. HRMS (ESI+): (C36H42O4S3)m/z calcd:
657.21374 [M + Na]+, 673.18768 [M + K]+; found: 657.21393 [M +
Na]+, 673.18726 [M + K]+.

Compounds 6 and 7a. The general procedure was applied to
compound 5. The product 6 (43 mg, 92%) was isolated aer
preparative TLC as a white foam, mp: 61–63 �C, together with
small amount of oligomeric sulfoxide 7a (3 mg, 6%) in the form
of colourless oil.

Data for 6. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.29
(2H, dd, J ¼ 8.61, 2.35 Hz, Ar-H), 7.26 (2H, d, J ¼ 2.35 Hz, Ar-H),
6.98 (2H, d, J ¼ 2.35 Hz, Ar-H), 6.88 (2H, d, J ¼ 2.35 Hz, Ar-H),
6.87 (2H, d, J ¼ 8.22 Hz, Ar-H), 3.93 (6H, s, –OCH3), 3.83 (6H, s,
–OCH3), 1.23 (18H, s, t-Bu), 1.07 (18H, s, t-Bu); 13C NMR (100
MHz, CDCl3, 296 K) d (ppm): 156.2, 154.5, 147.7, 144.1, 130.7,
129.8, 128.7, 127.7, 127.1, 125.8, 121.4, 110.6, 60.8, 55.9, 34.5,
34.1, 31.4, 31.1; IR (KBr) n 2958, 2904, 2867, 1549, 1489, 1458,
1416, 1392, 1260, 1069, 999, 872, 807 cm�1. HRMS (ESI+):
(C44H58O4S3)m/z calcd: 769.33864 [M + Na]+, 785.31288 [M + K]+,
found: 769.33960 [M + Na]+, 785.31231 [M + K]+.

Data for 7a. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.75
(1H, d, J ¼ 2.4 Hz, Ar-H), 7.32 (1H, d, J ¼ 2.4 Hz, Ar-H), 7.31 (1H,
dd, J¼ 8.5, 2.4 Hz, Ar-H), 7.28 (1H, d, J¼ 2.4 Hz, Ar-H), 7.00 (1H,
d, J¼ 2.4 Hz, Ar-H), 6.97 (1H, d, J¼ 2.4 Hz, Ar-H), 6.89 (1H, d, J¼
2.4 Hz, Ar-H), 6.88 (1H, d, J ¼ 8.5 Hz, Ar-H), 6.81 (1H, d, J ¼
2.4 Hz, Ar-H), 3.93 (3H, s, –OCH3), 3.92 (3H, s, –OCH3), 3.91
(3H, s, –OCH3), 3.83 (3H, s, –OCH3), 3.05 (1H, m, O–CH2–), 2.76
(1H, m, O–CH2–), 1.85 (1H, m, –CH2–), 1.63 (1H, m, –CH2–), 1.44
(2H, m, –CH2CH3), 1.27 (9H, s, t-Bu), 1.24 (9H, s, t-Bu), 1.08
(9H, s, t-Bu), 1.07 (9H, s, t-Bu), 0.93 (3H, t, J¼ 7.4 Hz, –CH2CH3);
13C NMR (100 MHz, CDCl3, 296 K) d (ppm): 156.5, 154.9, 154.3,
152.5, 149.4, 148.3, 148.0, 144.3, 137.5, 133.3, 131.1, 130.5,
129.9, 129.0, 128.2, 127.9, 127.9, 127.7, 127.5, 126.7, 126.2,
121.9, 121.1, 110.8, 61.8, 61.0, 61.0, 56.1, 55.1, 35.2, 34.7, 34.6,
34.3, 31.5, 31.3, 31.2, 31.2, 24.5, 22.0, 13.8; IR (KBr) n 2960, 2888,
1459, 1417, 1262, 1244, 1066, 996, 907, 729, 645 cm�1. HRMS
(ESI+): (C48H66O5S4) m/z calcd: 873.36853 [M + Na]+, 889.34247
[M + K]+, found: 873.36877 [M + Na]+, 889.34261 [M + K]+.

Compound 7b. The general procedure was applied to
compound 5 using MeLi (1.6 M in Et2O) instead of BuLi. The
sulfoxide 7b was isolated from the reaction mixture as the main
This journal is © The Royal Society of Chemistry 2017
product (49%, colourless oil). 1H NMR (400 MHz, CDCl3, 296 K)
d (ppm): 7.78 (1H, d, J ¼ 2.4 Hz, Ar-H), 7.31 (2H, m, Ar-H), 7.29
(1H, d, J ¼ 2.4 Hz, Ar-H), 7.00 (1H, d, J ¼ 2.4 Hz, Ar-H), 6.98 (1H,
d, J¼ 2.4 Hz, Ar-H), 6.89 (1H, d, J¼ 2.4 Hz, Ar-H), 6.88 (1H, d, J¼
8.6 Hz, Ar-H), 6.83 (1H, d, J ¼ 2.4 Hz, Ar-H), 3.93 (3H, s, –OCH3),
3.92 (3H, s, –OCH3), 3.91 (3H, s, –OCH3), 3.83 (3H, s, –OCH3),
2.80 (3H, s, –SO–CH3), 1.27 (9H, s, t-Bu), 1.24 (9H, s, t-Bu), 1.08
(9H, s, t-Bu), 1.07 (9H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296
K) d (ppm): 156.5, 154.9, 154.5, 152.2, 149.6, 148.3, 148.0, 144.3,
139.1, 133.2, 131.2, 130.5, 130.0, 128.7, 128.2, 128.0, 128.0,
127.9, 127.5, 127.0, 126.2, 121.1, 121.0, 110.8, 61.8, 61.0 (2�),
56.1, 42.4, 35.3, 34.7, 34.6, 34.3, 31.5, 31.4, 31.2, 31.2; IR (KBr) n
2960, 2871, 1547, 1459, 1416, 1262, 1244, 1066, 996, 907, 729,
643 cm�1. HRMS (ESI+): (C45H60O5S4) m/z calcd: 809.33963 [M +
H]+, 831.32158 [M + Na]+, 847.29552 [M + K]+, found: 809.33952
[M + H]+, 831.32160 [M + Na]+, 847.29315 [M + K]+.

Compound 8. The general procedure was applied to
compound 5 using t-BuLi (1.9 M in pentane) instead of n-BuLi.
The t-butylated tetramer 8 was isolated as the main product
(66%, colourless oil). 1H NMR (400 MHz, CDCl3, 296 K) d (ppm):
7.36 (1H, d, J¼ 2.5 Hz, Ar-H), 7.29 (1H, dd, J¼ 8.5, 2.5 Hz, Ar-H),
7.26 (1H, overlap, Ar-H), 7.23 (1H, d, J ¼ 2.5 Hz, Ar-H), 6.94 (1H,
d, J¼ 2.3 Hz, Ar-H), 6.93 (1H, d, J¼ 2.3 Hz, Ar-H), 6.87 (1H, d, J¼
2.3 Hz, Ar-H), 6.86 (1H, d, J ¼ 8.5 Hz, Ar-H), 6.61 (1H, d, J ¼
2.3 Hz, Ar-H), 3.96 (3H, s, –OCH3), 3.94 (3H, s, –OCH3), 3.93
(3H, s, –OCH3), 3.83 (3H, s, –OCH3), 1.41 (9H, s, –SO–t-Bu), 1.25
(9H, s, t-Bu), 1.23 (9H, s, t-Bu), 1.07 (9H, s, t-Bu), 1.03 (9H, s, t-
Bu); 13C NMR (100 MHz, CDCl3, 296 K) d (ppm): 158.2, 156.3,
154.6, 153.5, 148.0, 147.9, 146.7, 144.3, 143.3, 131.9, 131.2,
130.8, 129.9, 128.9, 128.3, 127.6, 127.2, 127.1, 125.9, 125.7,
125.3, 125.0, 121.5, 110.7, 61.9, 60.9, 60.8, 56.1, 35.6, 34.7, 34.6,
34.6, 34.3, 31.5, 31.5, 31.2, 31.2, 31.1; IR (KBr) n 2959, 2867,
1549, 1458, 1416, 1361, 1261, 1240, 1070, 1000, 908, 808, 731,
642 cm�1. HRMS (ESI+): (C48H66O4S3) m/z calcd: 825.40154 [M +
Na]+, 841.37548 [M + K]+, found: 825.40149 [M + Na]+, 841.37548
[M + K]+.

Compound 17.When the reaction of proximal disulfoxide 15
(30 mg, 37.1 mmol) with n-BuLi (20 eq., 2 M in THF) was carried
out under the similar conditions as described above in general
procedure (quenched aer 30 min with 3 mL of distilled water),
trimer 17 was isolated from the reaction mixture as the main
product (18 mg, 89%, colourless oil) using preparative TLC with
CH2Cl2 as an eluent. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm):
7.28 (2H, dd, J¼ 8.5, 2.5 Hz, Ar-H), 7.24 (2H, d, J¼ 2.5 Hz, Ar-H),
6.86 (4H,m, Ar-H), 3.94 (3H, s, –OCH3), 3.85 (6H, s, –OCH3), 1.24
(18H, s, t-Bu), 1.05 (9H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296
K) d (ppm): 156.1, 154.3, 147.6, 144.1, 130.4, 129.2, 126.8, 125.6,
121.7, 110.5, 60.8, 56.0, 34.5, 34.2, 31.4, 31.1; IR (KBr) n 2955,
2915, 2868, 1730, 1489, 1459, 1260, 1245, 1070, 1024, 808 cm�1.
HRMS (ESI+): (C33H44O3S2) m/z calcd: 575.26241 [M + Na]+,
found: 575.26254 [M + Na]+.

Compound 18. When the reaction of distal disulfoxide 16
(30 mg, 37.1 mmol) with n-BuLi (20 eq., 2 M in THF) was carried
out under the similar conditions as described above in general
procedure (quenched aer 30 min with 3 mL of distilled water),
trimer 18 was isolated from the reaction mixture as the main
product (24 mg, 90%, colourless oil) using preparative TLC with
RSC Adv., 2017, 7, 53407–53414 | 53411
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CH2Cl2 as an eluent. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm):
7.24 (2H, dd, J¼ 8.5, 2.5 Hz, Ar-H), 7.10 (2H, d, J¼ 2.5 Hz, Ar-H),
6.84 (2H, d, J¼ 8.5 Hz, Ar-H), 3.85 (6H, s, –OCH3), 1.20 (18H, s, t-
Bu); 13C NMR (100 MHz, CDCl3, 296 K) d (ppm): 155.7, 143.9,
129.4, 124.9, 121.9, 110.2, 55.9, 34.1, 31.4; IR (KBr) n 2956, 2866,
1488, 1461, 1439, 1392, 1246, 1066, 1023, 806 cm�1. HRMS
(ESI+): (C22H30O2S) m/z calcd: 359.20393 [M + H]+, 381.18587 [M
+ Na]+, 397.15981 [M + K]+, found: 359.20386 [M + H]+,
381.18622 [M + Na]+, 397.15955 [M + K]+.

Deuteration experiments

Compound 9. When the reaction mixture was quenched
aer 30 s with D2O, mono-deuterated derivative 9 was isolated
as the main product (71%, colourless oil). 1H NMR (400 MHz,
CDCl3, 296 K) d (ppm): 7.30 (2H, m, Ar-H), 7.26 (2H, overlap, Ar-
H), 6.98 (2H, d, J ¼ 2.4 Hz, Ar-H), 6.88 (2H, m, Ar-H), 6.80 (1H,
m, Ar-H), 3.93 (6H, s, –OCH3), 3.83 (6H, s, –OCH3), 1.24 (18H, s,
t-Bu), 1.07 (18H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296 K)
d (ppm): 156.32, 156.30, 154.67, 147.89, 144.27, 144.26, 130.88
(2�), 129.95, 129.94, 128.85, 127.81 (2�), 127.25 (2�), 125.95,
125.86, 121.48, 121.44, 110.72, 61.00 (2�), 56.09 (2�), 34.64
(2�), 34.31 (2�), 31.52 (2�), 31.23 (2�); IR (KBr) n 2952, 2929,
2863, 1592, 1458, 1416, 1387, 1260, 1238, 1070, 996, 871,
807 cm�1. HRMS (ESI+): (C44H57DO4S3) m/z calcd: 770.34522 [M
+ Na]+, 786.31916 [M + K]+, found: 770.34546 [M + Na]+,
786.31763 [M + K]+.

Compounds 10, 11, 13 and 14. The presence of the title
compounds in the reaction mixtures were conrmed by HRMS
(ESI+) analysis.

Compound 10. HRMS (ESI+): (C48H64D2O5S4) m/z calcd:
853.39914 [M + H]+, 875.38108 [M + Na]+; found: 853.39962 [M +
H]+, 875.38134 [M + Na]+.

Compound 11. HRMS (ESI+): C44H56D2O4S3, m/z calcd:
771.35150 [M + Na]+; found: 771.34955 [M + Na]+.

Compound 13. HRMS (ESI+): C8H17D1O1S1, m/z calcd:
164.12139 [M + H]+, found: 164.12170 [M + H]+.

Compound 14. HRMS (ESI+): C8H16D2O1S1, m/z calcd:
165.12767 [M + H]+, found: 165.12774 [M + H]+.

General procedure for cleavage/substitution of thiacalixarene
monosulfoxide

Thiacalixarene 5 (50 mg, 0.063 mmol) was added to a 25 mL
Schlenk ask and put under high vacuum (oil pump). Aer 20
minutes, the ask was lled several times with argon and
anhydrous THF (5mL) was added through septum. The solution
was cooled down to �78 �C and n-BuLi (10 eq., 2 M in THF) was
added in one portion to the ask. The reaction mixture was
stirred for 30 seconds at �78 �C, quenched by the addition of
the corresponding electrophile, and stirred for 10 min at
�78 �C. The cooling bath was then removed and the content of
the ask was allowed to warm to RT. Aer the addition of
distilled water (3 mL), the mixture was extracted with CH2Cl2 (3
� 15 mL) and brine. Collected organic layers were washed with
water (50 mL) and dried over MgSO4. The solvent was removed
under reduced pressure to yield crude product which was
further puried using preparative thin layer chromatography.
53412 | RSC Adv., 2017, 7, 53407–53414
Compounds 19 and 20. The reaction mixture was quenched
by the addition of dry benzaldehyde (4 eq., 0.026 mL, 0.252
mmol). Compounds 19 (26 mg, 48%, colourless oil) and 20
(17 mg, 28%, colourless oil) were isolated using preparative TLC
with CH2Cl2 as an eluent.

Data for 19. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.41
(1H, d, J¼ 2.3Hz, Ar-H), 7.39 (2H,m, Ar-H), 7.33 (2H, t, J¼ 7.3Hz,
Ar-H), 7.30 (1H, m, Ar-H), 7.26 (2H, m, Ar-H), 7.22 (1H, d, J ¼
2.3Hz, Ar-H), 6.96 (1H, d, J¼ 2.3Hz, Ar-H), 6.95 (1H, d, J¼ 2.3Hz,
Ar-H), 6.87 (2H, m, Ar-H), 6.74 (1H, d, J ¼ 2.3 Hz, Ar-H), 6.03
(1H, s, CH–OH), 3.92 (3H, s, –OCH3), 3.91 (3H, s, –OCH3), 3.83
(3H, s, –OCH3), 3.57 (3H, s, –OCH3), 2.94 (1H, br.s, OH), 1.24
(9H, s, t-Bu), 1.23 (9H, s, t-Bu), 1.06 (9H, s, t-Bu), 1.04 (9H, s, t-Bu);
13C NMR (100 MHz, CDCl3, 296 K) d (ppm): 156.25, 155.14,
154.58, 153.94, 148.00, 147.93, 147.80, 144.16, 143.88, 137.20,
131.06, 130.84, 129.99, 128.97, 128.38, 128.33, 127.77, 127.46,
127.42, 127.18, 126.60, 126.42, 126.38, 125.91, 125.32, 121.21,
110.61, 72.95, 61.33, 60.85, 60.77, 55.97, 34.60, 34.49 (2�), 34.17,
31.40, 31.32, 31.10, 31.08; IR (KBr) n 2960, 2868, 1725, 1549, 1459,
1417, 1362, 1262, 1163, 1070, 999, 734, 700 cm�1. HRMS (ESI+):
(C51H64O5S3) m/z calcd: 875.38081 [M + Na]+, 891.35475 [M + K]+,
found: 875.38116 [M + Na]+, 891.35321 [M + K]+.

Data for 20. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.42
(2H, d, J ¼ 2.2 Hz, Ar-H), 7.38 (4H, m, Ar-H), 7.33 (4H, t, J ¼
7.5 Hz, Ar-H), 7.25 (2H, t, J ¼ 7.5 Hz, Ar-H), 7.23 (2H, d, J ¼
2.2 Hz, Ar-H), 6.92 (2H, d, J ¼ 2.2 Hz, Ar-H), 6.74 (2H, d, J ¼
2.2 Hz, Ar-H), 6.03 (2H, s, CH–OH), 3.91 (6H, s, –OCH3), 3.57
(6H, s, –OCH3), 2.92 (2H, br.s, –OH), 1.24 (18H, s, t-Bu), 1.03
(18H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296 K) d (ppm):
155.19, 153.99, 148.04, 147.95, 143.86, 137.22, 131.14, 130.32,
128.58, 128.38, 127.55, 127.42, 126.48, 126.44, 126.41, 125.38,
72.95, 61.34, 60.78, 34.60, 34.48, 31.32, 31.05; IR (KBr) n 2961,
2931, 2868, 1681, 1549, 1459, 1418, 1393, 1362, 1264, 1239,
1163, 1090, 999, 735, 699 cm�1. HRMS (ESI+): (C58H70O6S3) m/z
calcd: 981.42267 [M + Na]+, 997.39661 [M + K]+, found:
981.42185 [M + Na]+, 997.39548 [M + K]+.

Compounds 21 and 22. The reaction mixture was quenched
by the addition of benzophenone (4 eq., 0.252 mmol).
Compounds 21 (25mg, 43%, colourless oil) and 22 (17 mg, 24%,
colourless oil) were isolated using preparative TLC with CH2Cl2
as an eluent.

Data for 21. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.41
(1H, d, J ¼ 2.3 Hz, Ar-H), 7.39 (2H, m, Ar-H), 7.33 (2H, t, J ¼
7.3 Hz, Ar-H), 7.30 (1H, m, Ar-H), 7.26 (2H, m, Ar-H), 7.22 (1H, d,
J ¼ 2.3 Hz, Ar-H), 6.96 (1H, d, J ¼ 2.3 Hz, Ar-H), 6.95 (1H, d, J ¼
2.3 Hz, Ar-H), 6.87 (2H, m, Ar-H), 6.74 (1H, d, J ¼ 2.3 Hz, Ar-H),
6.03 (1H, s, CH–OH), 3.92 (3H, s, –OCH3), 3.91 (3H, s, –OCH3),
3.83 (3H, s, –OCH3), 3.57 (3H, s, –OCH3), 2.94 (1H, br.s, OH),
1.24 (9H, s, t-Bu), 1.23 (9H, s, t-Bu), 1.06 (9H, s, t-Bu), 1.04 (9H, s,
t-Bu); 13C NMR (100MHz, CDCl3, 296 K) d (ppm): 156.32, 156.25,
154.54, 153.41, 148.02, 147.79, 146.79, 146.47, 144.16, 141.84,
132.08, 130.85, 130.75, 129.99, 128.77, 128.52, 128.34, 127.93,
127.85, 127.69, 127.36, 127.16, 126.55, 126.00, 125.91, 125.32,
121.20, 110.61, 82.43, 60.85 (2�), 60.71, 55.97, 34.54, 34.49,
34.39, 34.17, 31.41, 31.09 (2�), 31.07; IR (KBr) n 3488, 2960,
2867, 1595, 1549, 1459, 1393, 1362, 1262, 1245, 1070, 1023, 997,
This journal is © The Royal Society of Chemistry 2017
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908, 733, 699 cm�1. HRMS (ESI+): (C57H68O5S3) m/z calcd:
951.41211 [M + Na]+, 967.38605 [M + K]+, found: 951.41287 [M +
Na]+, 967.38480 [M + K]+.

Data for 22. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.32
(16H, m, Ar-H), 7.29 (4H, m, Ar-H), 7.28 (2H, d, J¼ 2.5 Hz, Ar-H),
6.89 (2H, d, J ¼ 2.3 Hz, Ar-H), 6.66 (2H, d, J ¼ 2.3 Hz, Ar-H), 6.59
(2H, d, J ¼ 2.5 Hz, Ar-H), 5.62 (2H, s, –OH), 3.92 (6H, s, –OCH3),
3.15 (6H, s, –OCH3), 1.08 (18H, s, t-Bu), 1.07 (18H, s, t-Bu); 13C
NMR (100 MHz, CDCl3, 296 K) d (ppm): 156.38, 153.41, 148.05,
146.81, 146.44, 141.88, 132.16, 130.90, 128.38, 128.27, 127.92,
127.85, 127.37, 127.16, 125.86, 125.35, 82.43, 60.86, 60.74,
34.52, 34.39, 31.06, 31.04; IR (KBr) n 3493, 2961, 2867, 1549,
1460, 1419, 1393, 1362, 1265, 1232, 1159, 1091, 1032, 996, 908,
733, 700 cm�1. HRMS (ESI+): (C70H78O6S3) m/z calcd:
1133.48527 [M + Na]+, 1149.45921 [M + K]+, found: 1133.48591
[M + Na]+, 1149.45857 [M + K]+.

Compounds 23 and 24. The reaction mixture was quenched
by the addition of ethyl chloroformate (4 eq., 0.024 mL, 0.252
mmol). Compounds 23 (22 mg, 42%, colourless oil) and 24
(11 mg, 19%, colourless oil) were isolated using preparative TLC
with CH2Cl2 as an eluent.

Data for 23. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.67
(1H, d, J¼ 2.4 Hz, Ar-H), 7.30 (1H, dd, J¼ 8.5, 2.5 Hz, Ar-H), 7.28
(1H, d, J ¼ 2.4 Hz, Ar-H), 7.24 (1H, d, J ¼ 2.5 Hz, Ar-H), 7.01 (3H,
m, Ar-H), 6.89 (1H, d, J ¼ 2.4 Hz, Ar-H), 6.87 (1H, d, J ¼ 8.5 Hz,
Ar-H), 4.40 (2H, J ¼ 7.2 Hz, –OCH2CH3), 3.92 (6H, s, –OCH3),
3.90 (3H, s, –OCH3), 3.83 (3H, s, –OCH3), 1.41 (3H, J ¼ 7.2 Hz,
–OCH2CH3), 1.24 (9H, s, t-Bu), 1.21 (9H, s, t-Bu), 1.10 (9H, s, t-
Bu), 1.08 (9H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296 K)
d (ppm): 166.6, 156.3, 155.8, 155.2, 154.8, 148.2, 147.9, 147.3,
144.2, 132.7, 130.9, 130.6, 130.2, 129.9, 128.7, 128.4, 128.3,
128.1, 128.0, 127.3, 127.0, 126.0, 125.2, 121.1, 110.6, 62.1, 61.3,
61.0, 60.9, 56.0, 34.6, 34.5, 34.4, 34.2, 31.4, 31.2 (2�), 31.1, 14.3;
IR (KBr) n 2960, 1727, 1549, 1460, 1418, 1393, 1364, 1259, 1092,
1000, 875, 791 cm�1. HRMS (ESI+): (C47H62O6S3) m/z calcd:
841.36007 [M + Na]+, 857.33401 [M + K]+, found: 841.36038 [M +
Na]+, 857.33298 [M + K]+.

Data for 24. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 7.68
(2H, d, J ¼ 2.5 Hz, Ar-H), 7.25 (2H, d, J ¼ 2.5 Hz, Ar-H), 7.06 (2H,
d, J ¼ 2.4 Hz, Ar-H), 7.02 (2H, d, J ¼ 2.4 Hz, Ar-H), 4.40 (2H, J ¼
7.2 Hz, –OCH2CH3), 3.92 (6H, s, –OCH3), 3.89 (6H, s, –OCH3),
1.41 (6H, J ¼ 7.2 Hz, –OCH2CH3), 1.22 (18H, s, t-Bu), 1.11
(18H, s, t-Bu); 13C NMR (100 MHz, CDCl3, 296 K) d (ppm): 166.5,
155.9, 155.4, 148.3, 147.3, 133.2, 133.0, 132.9, 130.4, 129.1,
128.9, 128.8, 128.7, 128.6, 127.4, 127.1, 125.3, 62.2, 61.3, 61.0,
34.6, 34.5, 31.2 (2�), 14.3; IR (KBr) n 2962, 1728, 1550, 1464,
1419, 1392, 1366, 1261, 1093, 1003, 876, 791 cm�1. HRMS (ESI+):
(C50H66O8S3)m/z calcd: 913.38120 [M + Na]+, 929.35514 [M + K]+,
found: 913.38123 [M + Na]+, 929.35513 [M + K]+.

Compounds 25 and 26. The reaction mixture was quenched
by the introducing (via cannula) of gaseous CO2 directly
sublimed from dry ice and dried over CaCl2. Compound 25
(22 mg, 44%, colourless oil) was isolated using preparative TLC
with CH2Cl2–methanol (50 : 1, v/v) mixture as an eluent. The
presence of derivative 26 in the crude reaction mixture was
conrmed by MS, nevertheless, it has never been isolated in
a pure form.
This journal is © The Royal Society of Chemistry 2017
Data for 25. 1H NMR (400 MHz, CDCl3, 296 K) d (ppm): 10.79
(1H, br s, –COOH), 8.07 (1H, d, J ¼ 2.4 Hz, Ar-H), 7.41 (1H, d, J ¼
2.4 Hz, Ar-H), 7.31 (1H, dd, J ¼ 8.5, 2.4 Hz, Ar-H), 7.29 (1H, d, J ¼
2.4Hz, Ar-H), 7.02 (1H, d, J¼ 2.4Hz, Ar-H), 7.00 (1H, d, J¼ 2.4Hz,
Ar-H), 6.91 (1H, d, J¼ 2.4 Hz, Ar-H), 6.89 (1H, d, J¼ 2.4 Hz, Ar-H),
6.88 (1H, d, J ¼ 8.5 Hz, Ar-H), 4.09 (3H, s, –OCH3), 3.92 (3H, s,
–OCH3), 3.91 (3H, s, –OCH3), 3.83 (3H, s, –OCH3), 1.24 (18H, s, t-
Bu), 1.09 (9H, s, t-Bu), 1.08 (9H, s, t-Bu); 13C NMR (100 MHz,
CDCl3, 296 K) d (ppm): 165.2, 156.4, 155.5, 154.8, 154.6, 149.2,
148.4, 147.9 (2�), 144.2, 135.7, 131.1, 130.5, 130.4, 129.2, 128.9,
128.3 (2�), 127.6, 127.5, 127.4, 126.1, 122.0, 120.9, 110.7, 63.0,
61.0, 60.9, 55.9, 34.8, 34.6, 34.5, 34.2, 31.4, 31.2, 31.1, 31.0; IR
(KBr) n 2960, 2868, 1692, 1549, 1459, 1417, 1392, 1362, 1260, 1070,
999, 907, 808, 730 cm�1. HRMS (ESI+): (C45H58O6S3) m/z calcd:
813.32877 [M + Na]+, found: 813.32880 [M + Na]+.

Data for 26. HRMS (ESI+): (C46H58O8S3) m/z calcd: 857.31860
[M + Na]+, found: 857.31805 [M + Na]+.
X-ray measurement

Crystallographic data for 6. The structure of compound 6 was
measured using D8 VENTURE equipped with Photon CMOS
detector with Cu-Ka (l ¼ 1.54178 Å) radiation at 180 K. The
structure was in monoclinic system, Cc space group with lattice
parameters a¼ 12.3117 (7) Å, b¼ 20.2840 (7) Å, c¼ 18.3956 (8) Å,
b ¼ 109.3246 (18)�, Z ¼ 4, V ¼ 4335.1 (4) Å3, Dc ¼ 1.145 g cm�3,
m(Cu-Ka) ¼ 1.86 mm�1. The data reduction and absorption
correction were done with Apex3 soware.17 The structure was
solved by charge ipping methods18 and rened by full matrix
least squares on F squared value using Crystals soware19 to nal
values R ¼ 0.026 an wR ¼ 0.070 using 7775 independent reec-
tions (Qmax ¼ 68.5�), 587 parameters and 204 restraint. MCE
soware20 was used for visualization of residual electron density
maps. According to common practice the hydrogen atoms
attached to carbon atoms were place geometrically with Uiso(H) in
range 1.2–1.5 Ueq of parent atom (C). The absolute structure was
conrmed by Flack parameter21 calculation with resulting value
0.064(8). The disordered functional groups were rened with
restrained geometry and occupancy constrained to full for each
atomic position. The structure was deposited into Cambridge
Structural Database under number CCDC 1554286.†
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