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ABSTRACT

Electrophilic aromatic substitution in the calix[n]arene series is a well-established procedure leading exclusively to para-substituted derivatives.
An unprecedented regioselectivity of the mercuration reaction leading to the meta-substituted calix[4]arenes is described. These compounds
represent a new type of substitution pattern in classical calixarene chemistry and open the door for the straightforward synthesis of inherently
chiral receptors based on calixarenes.

Calixarenes1 and more recently thiacalixarenes2 are
frequently used as molecular scaffolds or building blocks
in supramolecular chemistry. The unique 3D shapes of
these molecules together with well-established derivatiza-
tion procedures make these compounds good candidates
for the design and construction of various molecular
receptors. A general strategy usually consists of (i) immo-
bilization of calixarene in a specific conformation (the cone
conformer is mostly used due to the precisely defined

cavity) and (ii) subsequent introduction of functional
groups into the upper rim of a calixarene.
Electrophilic aromatic substitution represents a straight-

forward strategy for the modification of classical calix-
arenes. Many reactions known from the chemistry of
aromatic compounds (nitration, halogenation, sulfona-
tion, alkylation, acylation, etc.) were optimized for calix-
[n]arenes1,3 and gave high yields of the para-substituted
products (Figure 1). In this context, we have recently
described unexpected regioselectivity during the nitration
and formylation of the thiacalix[4]arene skeleton, surpris-
ingly leading to the meta substitution.4 Obviously, this
phenomenon can be ascribed to the electronic effects of
two sulfur atoms which can override the influence of the
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alkoxy group otherwise known as a textbook example of
the ortho/para strongly orienting group (Figure 1).

The meta-substituted derivatives represent attractive
inherently chiral systems, and their application in classical
calix[n]arene chemistry would enable the construction of
chiral receptors.5,6 Unfortunately, no such direct substitu-
tion has been described so far as the influence ofORorOH
groups on the lower rim always direct the electrophile
exclusively to the para position of the calixarene skeleton.

During our ongoing research on calixarene derivatiza-
tion we discovered an unprecedented regioselective sub-
stitution of classical calixarenes using a very simple
experimental procedure. Derivative 1 immobilized in the
cone conformation was treated with mercury(II) trifluo-
roacetate in CHCl3 at rt to achieve the mercuration of
unsubstituted phenolic rings. Depending on the stoichio-
metry, eithermono- ordisubstitutedderivativeswere easily
obtained in good yields (Scheme 1). The structures of
organomercurial products were assigned by MS. Thus,
MS ESIþ analysis of a monosubstituted compound
showed a signal at m/z = 1041.5, which is in agreement

with the [MþNa]þ cation, also the exactmass obtained by
HRMS (m/z = 1041.41845) perfectly agreed with a pro-
posed structure.
On the other hand, the splitting pattern and multiplicity

of signals in the 1HNMRspectra of crude products did not
correspond with those expected for para-substituted deri-
vatives 2 and 3. Thus, two pairs of doublets at 2.99, 3.24,
4.46, and 4.69 ppm for methylene bridges with typical
geminal coupling constants (J≈ 14Hz) suggested the cone
conformation with C2 symmetry. The presence of two
doublets at 6.03 and 6.33 ppm with an ortho-coupling
constant (J ≈ 7.8 Hz) showed the presence of two neigh-
boring H-atoms in the aromatic part of the product. This
evidence clearly supported the introduction of Hg(TFA)
groups into themeta position of the calix[4]arene skeleton
leading to inherently chiral structure 5. Surprisingly, the
formation of achiral regioisomer 5a was not observed.

The final unequivocal structural evidence was obtained
by single crystal X-ray crystallography (Figure 2). Com-
pound 5 crystallizes in the centrosymmetric space group
C2/c with the half of the molecule in the independent part
of the lattice cell. Themolecule keeps theC2 symmetry, and
both enantiomers are present in the crystal. The calixarene
moiety adopts the pinched cone conformation (with the
interplanar angle between two tert-butyl phenolic units
∼125� and with ∼37� between two meta substituted/
mercuriated aromatic rings). The linear coordination
sphere of mercury (the C�Hg�O bond angle is 174� with
distances 2.038 and 2.092 Å) is supported by Hg�π
interaction of the adjacent phenolic unit bearing a tert-
butyl group (Figure 2a) and by Hg�π intermolecular
interaction with the proximate calixarene molecule in the
crystal lattice (Figure 2b). The distance of the mercury
atom from the plane defined by the aromatic ring in the
intramolecular Hg�π interaction is 2.98 and 3.21 Å in the
intermolecular one. The stronger intramolecular interac-
tion draws the Hg-atom into the calixarene cavity causing
the distortion of the mercuriated aromatic ring and its
deviation from the parallel direction (∼7�).
Presuming a similar interaction as a general feature of

the meta mercuriated calix[4]arenes, the presence of the
first Hg-atom in 4 probably deactivates the nucleophilicity
of the neighboring aromatic unit which excludes the for-
mation of achiral regioisomer 5a. Another explanation lies

Figure 2. X-ray structure of 5 (H-atoms were omitted for better
clarity): (a) intramolecular and (b) intermolecular Hg�π
interactions.

Figure 1. Regioselectivity of electrophilic substitution in the
thiacalixarene and classical calixarene series.

Scheme 1. Electrophilic Substitution of 1 with Hg(TFA)2

(5) Meta-substituted calix[4]arene derivatives were recently prepared
by the rearrangement of p-bromodienone derivatives: (a) Gatea, C.;
Troisi, F.; Talotta, C.; Pierro, T.; Neri, P. J. Org. Chem. 2012, 77, 3634.
(b) Troisi, F.; Pierro, T.; Gaeta, C.; Neri, P. Tetrahedron Lett. 2009, 50,
4416. Nevertheless, this approach needs the lower rim unsubstituted
starting calixarenes.

(6) Several meta-substituted calixarenes were prepared using ortho-
directing groups introduced into the para position of the calixarene
moiety; see e.g.: (a) Miao, R.; Zheng, Q. Y.; Chen, C. F. J. Org. Chem.
2005, 70, 7662. (b) Xu, Z. X.; Zhang, C.; Chen, C. F.; Huang, Z. T.Org.
Lett. 2007, 9, 4447. (c) Herbert, S. A.; Arnott, G. E. Org. Lett. 2010, 12,
4600. (d) Herbert, S. A.; Arnott, G. E. Org. Lett. 2009, 11, 4986. (e)
Mascal, M.; Warmuth, R.; Naven, R. T.; Edwards, R. A.; Hursthouse,
M. B.; Hibbs, D. E. J. Chem. Soc., Perkin Trans. 1 1999, 3435.
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in the severe interference between two Hg-atom van der
Waals radii7 in the corresponding σ-complex leading to the
formation of 5a.
As this unusual regioselectivity of electrophilic substitu-

tion has never been observed in the classical calixarene
series we attempted to use organomercurial 4 and 5 as
intermediates in the preparation of synthetically useful
calix[4]arene-based derivatives. Trifluoroacetates 4 and 5

could not be purified on silica gel; hence, we transformed
them into the chloromercurio derivatives 40 and 50 by
reaction with aqueous HCl in acetone.8 These intermedi-
ates were then purified using column chromatography9

and converted (Scheme 2) into the corresponding halogen
derivatives.10 Thus, calixarene 1 was stirred overnight
with 2 equiv of Hg(TFA)2, the crude reaction mixture
(containing mainly 5) was evaporated, and the remaining
solid was treated overnight with I2 (rt, MeCN) to yield the
corresponding diiodo derivative 7a. A similar strategy
using only 1 equiv of Hg(TFA)2 gave monosubstituted
6a or 6b.

The electrophilic aromatic substitution in the calixarene
series is a well-established procedure leading exclusively to
the para-substituted calixarenes. This indicates that the
unusual regioselectivity must be a consequence of either
using Hg(TFA)2 as an electrophile or choosing an

uncommon calixarene derivative 111 (two t-Bu groups) as
the starting compound. We have carried out an extensive
literature survey focused on the reactivity12 of Hg2þ deri-
vatives in SE

Ar, but we could not find any reaction with
similar unexpected results.13

To shed light on this situation, we have carried out the
mercuration of model compounds 8 and 9. The results are
depicted in Scheme 3. As expected, simple propoxy deriv-
ative 8 gave only ortho- and para-substituted products in a
67:33 ratio, and no isolable amount of meta-substituted
product was formed. Surprisingly, 2,6-dimethyl-1-propoxy-
benzene 9 gave a high yield of meta substitution (33%)
which is rather unexpected. Due to the strong ortho/para
orienting effect of the alkoxy group together with possible
steric repulsion with large electrophile þHg(TFA) in posi-
tion 3, one should expect the regioselective formation of a
4-substituted derivative.14 Based on these model reactions,
we have selected simple tetrapropoxycalix[4]arene 10 to
test the general applicability of this reaction in calixarene

Scheme 2. Synthesis of Inherently Chiral Calixarenes

Scheme 3. Synthesis of Inherently Chiral Calixarenes

Table 1. Comparison of Total and Relative Energies of the
Corresponding Meta- and Para-Substitution with Hg(TFA)2

calculationa total energyb
relative

energyc

σ-complexes

meta-exo-in �2563.3265643 13.73

meta-exo-out �2563.3224481 16.31

para-exo-in �2563.3263886 13.84

para-exo-out �2563.3230609 15.93

meta-endo-in �2563.3484429 0.00

meta-endo-out �2563.3483226 0.08

para-endo-in �2563.3482551 0.12

para-endo-out �2563.3484095 0.02

products

meta-in (11) �2562.9595952 0.00

meta-out (11) �2562.9580536 0.97

para-in �2562.9540017 3.51

para-out �2562.9517125 4.95

aPBEPBE/LANL2DZ method. b In [au]. c In [kcal 3mol�1].

(7) Canty, A. J.; Deacon, G. B. Inorg. Chim. Acta 1980, 45, L225.
(8) Patel, A.; Liebner, F.; Mereiter, K.; Netscherc, T.; Rosenau, T.

Tetrahedron 2007, 63, 4067.
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and 50 were obtained only in 45% yields after column chromatography
on silica gel. A substantial part of the compound (∼50% of original
mass) “disappeared” during chromatography as it is irreversibly ad-
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(11) Frank, M.; Maas, G.; Schatz, J. Eur. J. Org. Chem. 2004, 3, 607.
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(13) The formation of a substantial amount of meta isomer in the
mercuration of toluene with Hg(TFA)2 in TFA was reported: Olah,
G. A.; Hashimoto, I.; Lin, H. C. Proc. Natl. Acad. Sci. U.S.A. 1977, 74,
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Only the formation of meta-substituted derivative 4 was observed.
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3638 as suggested by one of the referees.
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chemistry. Using 1 equiv of Hg(TFA)2 and subsequent
reaction with HCl gave only meta-substituted product 110

in 70% yield. This experiment indicates that the unex-
pected regioselectivity ofmercuration is a general phenom-
enon in the calixarene series irrespective of the upper rim
substitution.15,16

To gain deeper insight into the regioselectivity we have
carried out a quantum-chemical calculation of the reaction
of 10 with Hg(TFA)2. The study of the interactions of
mercury compounds with an organic substrate is not a
trivial task, as there is no reliable critical evaluation of the
applicability of the existing bases. Therefore, we tested
some selected methods included in the Gaussian03 soft-
ware package17 (LANL2DZ andCEP) in the combination
with DFT methods B3LYP and PBEPBE. As a criterion
for assessing the appropriateness of the corresponding
method, the agreement of computed geometrical pa-
rameters with a known X-ray structure of mercury(I)
trifluoroacetate18 was evaluated. The best fit was achieved
using the combination PBEPBE/LANL2DZ, and the en-
ergies of the corresponding σ-complexes were evaluated

using this method. Similarly, the thermodynamic stability
of meta- and para-substituted products was obtained.
Generally, the attack of electrophilic species þHg(TFA)

is possible from two basic directions: (i) inside the cavity
(endo-σ-complex) and (ii) outside the cavity (exo-σ-
complex). What is more, calix[4]arenes in the cone con-
formation are also known to exhibit so-called pinched
cone�pinched cone interconversion.1 As a result, we took
into consideration two boundary conformations with the
substituted ring pointing into the cavity (“ring in”) or
outside the cavity (“ring out”) (Table 1).
As can be seen from Table 1, all endo attacks of the

electrophile represent the lower energy state if compared
with the exo σ-complexes. The huge energy gap (13.7
kcal 3mol�1 for themost stablemeta-endo-in arrangement)
clearly indicates that electrophile is highly stabilized by the
interactions with theπ aromatic cavity. On the other hand,
the differences between the appropriate endo attacks are
negligible (less than 0.12 kcal 3mol�1) and cannot be used
for the evaluation of the regioselectivity. The explanation
could be based on the energy of the products. Obviously,
the meta substitution is favored over the para attack by
more than 3.5 kcal 3mol�1. This indicates that regioselec-
tivity is thermodynamically driven and the most stable
isomer is finally formed.
To conclude, we have discovered an unprecedented

regioselectivity of the mercuration reaction leading to the
meta-substituted calix[4]arenes. These compounds repre-
sent a very unique substitution pattern in classical calix-
arene chemistry and open the door for the synthesis of
inherently chiral receptors based on calixarenes. The ap-
plication of organomercury derivatives as synthetically
useful intermediates is currently underway.
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