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Abstract: A synthetic route towards homodiselenacalix[4]ar-
ene macrocycles is presented, based on the dynamic cova-
lent chemistry of diselenides. The calixarene inner rim is dec-
orated with either alkoxy or tert-butyl ester groups. Single-
crystal X-ray analysis of two THF solvates with methoxy and
ethoxy substituents reveals the high similarity of their mo-
lecular structures and alterations on the supramolecular
level. In both crystal structures, solvent channels are present

and differ in both shape and capacity. Furthermore, the me-
thoxy-substituted macrocycle undergoes a single-crystal-to-
single-crystal transformation during which the molecular
structure changes its conformation from 1,3-alternate
(loaded with THF/water) to 1,2-alternate (apohost form). Mo-
lecular modelling techniques were applied to explore the
conformational and energetic behaviour of the macrocycles.

Introduction

There is a continuing demand for new, easy-to-synthesise, or-
ganic materials that form channels or voids in the crystalline
phase. Examples of these molecules include resorcinarene de-
rivatives,[1a] tris-(o-phenylenedioxy)cyclotriphosphazene,[1b] cu-
curbit[6]uril,[1c] bisurea macrocycles,[1d] some chalcogen-con-
taining cyclic alkynes and alkenes[1e] and dipeptide crystals.[1f]

These materials have drawn attention in the fields of chemical
and material sciences for gas storage and selective gas recog-
nition and separation. There is also a growing interest in crys-
talline materials with so-called dynamic pores that respond to
guest uptake/removal without crystal disintegration.[2] Howev-
er, these are still rarely encountered among organic com-

pounds.[3, 12] The main driving forces for the formation of supra-
molecular organic frameworks are the geometrical constraints
on the building blocks, which favour a particular molecular
conformation achieved through a net of different supramolec-
ular interactions, such as hydrogen and halogen bonding and
p–p stacking. In the case of soft supramolecular frameworks,
these can switch when triggered by external stimuli, which
causes reorganisation of the molecules in the crystal unit.

Calix[n]arene macrocycles have also received great attention
as potentially porous materials. Their molecular cavities in
combination with a broad range of functional groups render
them excellent candidates for this purpose.[5] One of the most
appealing aspects of calixarenes is their availability and sus-
ceptibility to chemical modification by ligating groups at both
the endo- and exo-positions of the central annulus. These sub-
stituents enable calixarenes to exist in different conformations
depending on the rotation around the Ar-CH2-Ar bonds, which
results in the most energetically favourable arrangement of
the molecules. The strong interest in the supramolecular
chemistry of calixarenes has stimulated efforts to synthesise
a number of related macrocycles, such as heteracalix[n]ar-
enes,[6, 7] homocalix[n]arenes[8] and homoheteracalix[n]ar-
enes.[8–11] Of the various known “calixarenoid” macro-rings, the
supramolecular features of homoheteracalix[n]arenes are par-
ticularly attractive because they introduce dimethylenehetera
linkages and thus provide an additional opportunity to tune
the ring size, conformation and binding properties.

The chemistry of homoheteracalixarenes is still relatively
under-developed and our search for related receptors by com-
bining our earlier knowledge on heteracalix[n]arenes[7] and ho-
moheteracalix[n]arenes,[11a, b, 12] resulted in the development of
a new class of macrocycles called homodithiacalix[4]arenes.[4]

They are expanded analogues of homoheteracalix[n]arenes in
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which all of the methylene bridges between the aromatic units
of the classical calixarenes are replaced by CH2-S-S-CH2 groups.
As a consequence of the additional heteroatom in the bridge,
the homodithiacalix[4]arene macrocycle possesses a higher
conformational flexibility compared with the related homothia-
calix[4]arenes.[11a] Moreover, it was shown that its THF solvate
exhibits a very special solid-state phenomenon, namely, a rever-
sible conformational switching between 1,3-alternate and 1,2-
alternate forms in single crystals as a response to solvent
uptake/removal. In the single-crystal state, the molecules shift
in a concerted fashion and the process is correlated with the
formation/disappearance of channels in the structure.[4a]

Thermodynamically controlled dynamic covalent chemistry
(DCC) based on disulfide bonds has been used successfully for
the synthesis of homodithiacalix[4]arenes and is considered an
attractive approach to prepare a range of macromolecules.[13]

To date, there has been no report on the selective synthesis of
macrocycles by using DCC of diselenide bonds.[14] Glutathione
peroxidase (GPx) is an antioxidant enzyme that has a diselenide
at its active site and protects various organisms from oxidative
damage.[15] Other selenoenzymes that contain selenium in their
active sites are iodothyronine deiodinase and thioredoxin re-
ductase.[16] Recently, selenide- and diselenide-containing poly-
mers have been effectively used to develop sensitive respon-
sive systems.[17] Macrocycles containing selenium as a donor
atom within the cycle are better s-donor ligands and show
unique coordination behaviour compared with their lighter
congeners.[18] Finally, one of the major advantages of Se-based
macrocycles is the possibility of monitoring the host–guest in-
teractions by the shift in the 77Se NMR signal.

From the above-mentioned facts, it is evident that calixar-
enes with CH2-Se-Se-CH2 bridges between the aromatic units
of the macrocyclic framework are attractive target molecules in
diverse domains of supramolecular chemistry. Herein, we
report a successful DCC approach for the synthesis of homodi-
selenacalix[4]arenes, the covalent synthesis of which has not
been explored to date. The solution chemistry is supported by
single-crystal X-ray studies and molecular modelling.

Results and Discussion

Synthesis and Characterisation

The extremely simple and high-yield synthetic procedure, to-
gether with the remarkable supramolecular features of the ho-
modithiacalix[4]arene macrocycle in the solid state,[4] encour-
aged us to use an analogous building block for the generation
of bis-selenolate anions. Diselenol derivatives are, however, not
easy to prepare and difficult to handle. The required selenium
bisnucleophile was thus generated through the reduction of
1,3-bis(selenocyanato)benzene derivative 1 by using NaBH4 as
the reducing agent. The first experiment towards the synthesis
of homodiselenacalix[n]arene macrocycles involved a [2 + 2]
homocoupling reaction by initial reduction of precursor 1 with
NaBH4, followed by oxidation in air over a time period of 12 h,
to give homodiselenacalix[4]arene 4 as the only macrocyclic
product in the reaction mixture (Table 1, entry 1). The tetramer-

ic macrocycle was effectively purified by precipitation in
a methanol/water mixture and obtained in a nearly quantita-
tive yield (�96 %) by the concomitant formation of four rever-
sible covalent diselenide bonds. Complete conversion of build-
ing block 1 to the macrocycle happens very fast because sele-
nocyanates and the derived selenolates possess an extremely
high propensity to produce diselenides (as compared with the
conversion of thiocyanates to disulfides). The trimeric and pen-
tameric macrocycles were also observed by using ESI-MS in
the beginning of the experiment. However, the reversible
nature of the reaction causes the complete conversion of all
macrocycles to the thermodynamically more stable homodise-
lenacalix[4]arene. An effort to isolate the trimeric and pen-
tameric products by quenching the reaction after 1 h was not
successful because of difficulties encountered during purifica-
tion by using column chromatography. The reaction was also
repeated on a larger scale (2.5 mmol) and once more complete
conversion of the building block to macrocycle 4 (92 %) was
observed. High-dilution conditions were not necessary for the
successful formation of the homodiselenacalix[4]arene.

After the initial success, a systematic investigation of the
effect of different metal ions on the selective formation of
macrocycle 4 was conducted (Table 1). A change in the reduc-
ing agent from NaBH4 to LiBH4 caused only a marginal differ-
ence in the isolated yield of the calixarene (93 %; Table 1,
entry 2). The yield of 4 also remained nearly quantitative when
the reaction was performed with different alkali metals in etha-
nol/THF (Table 1, entries 3–5). On performing the reaction with
the BH3·THF complex as the reducing agent, the yield of the
tetrameric product decreased to 76 % (Table 1, entry 6). ESI-MS
analysis of the remaining mixture indicated the presence of tri-
meric and pentameric homodiselenacalix[n]arenes, but these
macrocycles could not be purified efficiently. To study the influ-
ence of Na+ and K+ on the selective formation of the homodi-
selenacalix[4]arene, two separate experiments were conducted
with BH3·THF as the reducing agent in the presence of NaI or
KI salts (Table 1, entries 7, 8). In these cases, the amount of ho-
modiselenacalix[4]arene obtained was estimated to be 7 (NaI)
and 17 % (KI) higher than in the case in which no alkali metal
salts were added. However, because these results cannot con-

Table 1. Optimisation of the yield for homodiselenacalix[4]arene 4.[a]

Entry Solvent Reagent(s) Yield [%][b]

1 THF/EtOH NaBH4 �96
2 THF/EtOH LiBH4 93
3 THF/EtOH Li �95
4 THF/EtOH Na 92
5 THF/EtOH K 90
6 THF BH3·THF 76
7 THF/EtOH BH3·THF/NaI 83
8 THF/EtOH BH3·THF/KI 93
9 THF/EtOH NaBH4/15-crown-5 (1:1) �95
10 THF/EtOH NaBH4/15-crown-5 (1:4) �95
11 THF/EtOH (nBu)4BH4 75

[a] Reaction conditions: 1 (0.5 mmol), NaBH4 (1.05 mmol), T = 25 8C, sol-
vent EtOH/THF (1:3), and reaction time 12 h. [b] Isolated yield.
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vincingly prove a possible templating effect of the alkali metal
ions, another reaction was performed by using a combination
of NaBH4 and 15-crown-5 (1:1 ratio) under the optimised con-
ditions (Table 1, entry 9). The yield of tetrameric macrocycle 4
remained almost quantitative and an increase in the ratio of
the Na-complexing crown compound did not decrease the
yield of tetrameric macrocycle 4 (Table 1, entry 10). When the
reaction was repeated with (nBu)4BH4 under the optimised
conditions, cyclotetramer 4 was obtained in 75 % yield (Table 1,
entry 11).

The above experiments indicate that the alkali metal ions do
not play a crucial role in facilitating the formation of the tetra-
meric macrocycle. The crucial parameter to obtain homodisele-
nacalix[4]arene 4 in high yield and selectivity is the fact that
the tetrameric macrocycle is the thermodynamically most
stable product, combined with the high reversibility of the Se�
Se bond formation. It is worth mentioning again that the in-
convenient high-dilution conditions are not required for the
successful formation of the homodiselenacalix[4]arene.

To elucidate the mechanism of the reaction that leads to ho-
modiselenacalix[4]arene 4, we examined the gel permeation
chromatography (GPC) profile of the macrocyclic reaction as
a function of time (Figure 1). Even after a reaction time of

10 min, a substantial amount of calixarene 4 was already ob-
served together with oligomers/polymers with a broad molec-
ular weight distribution. The retention time for the polymers
or higher oligomers was observed between 6.2 and 9.2 min,
whereas the tetrameric cyclophane was observed at 9.3 min.
An increase in the ratio of homodiselenacalix[4]arene 4 togeth-
er with a subsequent decrease in the polymer content was
clearly observed over time. The conversion of polymers to cal-
ix[4]arene is fast at the start of the reaction and complete con-
version to the tetrameric macrocycle was observed after 6 h.
This observation reveals that the building blocks constantly ex-
change with reversible covalent diselenide bonds, which gives
various products with higher preference for the cyclic tetram-
ers over the other cyclic oligomers or polymers. Later, the poly-
mers or other cyclic oligomers undergo fragmentation of the
dynamic diselenide bonds into smaller oligomeric units, fol-
lowed by their recombination to give the thermodynamically

most stable products, in this case apparently homodiselenaca-
lix[4]arene 4. This fragmentation/(re)cyclisation of the building
blocks is the major reversible process during the course of the
reaction.

To modulate the size of the homodiselenacalix[4]arene
cavity and to modify its supramolecular features (in the solid
state), different functional moieties can be introduced on the
building blocks prior to macrocyclisation. As a proof of con-
cept, the methoxy group was replaced by ethoxy and
OCH2COOtBu entities at the intra-annular position of the bis-
selenocyanate building block. Under the optimised conditions,
the reaction (for 12 h) of bis-selenocyanates 2 and 3 with
NaBH4 resulted in the formation of homodiselenacalixarenes 5
and 6 in 89 and 77 % yield, respectively (Scheme 1). Similarly

to compound 4, the trimers and pentamers were initially ob-
served in the reaction mixtures by using ESI-MS, but the rever-
sibility of the cyclisation process gradually converted all these
macrocycles into the more stable tetrameric analogues. None
of the larger or smaller cyclic oligomers were detected in the
reaction mixtures after 12 h.

The 1H NMR spectrum of homodiselenacalix[4]arene 4 shows
a trend similar to that observed for the corresponding homodi-
thiacalix[4]arene,[4] but the intra-annular methoxy groups are
slightly more de-shielded for the Se analogue. The large size of
Se leads to an increased cavity size and imposes a significant
difference on the electronic and conformational features. Ho-
modiselenacalix[4]arene 6, with four inner-rim tert-butyl ace-
tate groups, does not display any geminal coupling for the
bridging CH2 protons (observed previously in the case of di-
and tetra-substituted homothiacalix[4]arenes[11a]), which con-
firms the conformational flexibility of the macrocycles.

Solid-State Structures and Conformational Single-Crystal-to-
Single-Crystal (SC–SC) Transformation

Single crystals suitable for X-ray diffraction (XRD) studies were
grown for homodiselenacalix[4]arenes 4 and 5 by slow evapo-
ration from THF solutions. Compound 4 (Figure 2) is isostruc-
tural with the homodithiacalix[4]arene presented previously.[4]

It adopts a 1,3-alternate conformation with all the methoxy
groups pointing outside of the cavity. The latter is also appar-
ent from the shift observed for the methoxy protons in the

Figure 1. GPC profiles of the macrocyclic reaction that leads to the forma-
tion of homodiselenacalix[4]arene 4 as a function of time.

Scheme 1. Synthetic protocol for homodiselenacalix[4]arenes 4–6.
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1H NMR spectrum (d= 3.71 ppm) in solution. The planes de-
fined by opposite benzene rings are almost parallel to each
other (the dihedral angle is 11.68) with separations between
the centroids equal to 7.54 �, almost the same as in the disul-
fide analogue (9.58 and 7.55 �). The macrocyclic ring is strongly
folded with methylene groups pointing alternately into and
out of the cavity, which is facilitated by intramolecular interac-
tions (Table S1 in the Supporting Information). The calixarene
molecules form a 3D supramolecular framework, which results
from weak intermolecular C�H···Se hydrogen bonding, namely,
C10�H10B·· Se1i (with C···Se = 3.832(7) � and C-H-Se = 1518,
symmetry code i) 1�x, �1/2 + y, z�1/2) and C8�H8B···Se2ii

(with C···Se = 3.957(7) � and C-H-Se = 1588, symmetry code
ii) �1/2 + y, 1�x, 1/2 + z), in which solvent channels are present
along the c axis. The THF molecules filling these pores are
weakly associated with the methoxy groups of the host
through the O atoms (Table S1 in the Supporting Information).

Comparison of the packing features of macrocycle 4 and its
disulfide analogue indicates a slightly larger size of the chan-
nels that accommodate the THF molecules in the homodisele-
nacalixarene, with centroid-to-centroid separations between
opposite benzene rings of 10.98 � (10.56 � for the compound
with S�S) and 9.28 � between adjacent rings (9.05 � for the S�
S analogue). The fact that molecule 4 is isostructural with the
crystal structure of the previously reported homodithiacalix[4]-
arene encouraged us to check whether this compound is also
able to undergo a conformational transformation upon solvent
removal. The experiment was successful and we were able
once again to monitor the transformation of the 1,3-alternate
form to 1,2-alternate (4 a) by using single-crystal XRD, after
heating a crystal at 155 8C for 3 min (Figure 3; for an overlay,
see Figure S1 in the Supporting Information). The transforma-
tion was also followed by X-ray powder diffraction (XRPD)
studies performed for a range of temperatures (30–150 8C; Fig-
ures S4–S6 in the Supporting Information). It was shown that
at 100 8C all molecules of 4 are transformed to 4 a. This means
that after solvent removal, which is takes place at around
110 8C (as shown by thermogravimetric analysis (TGA), Fig-
ure S7 in the Supporting Information), all molecules are being

converted to 4 a.[19] Structure 4 a is reminiscent of the 1,2-alter-
nate form of the disulfide analogue. The molecules in 4 a are
densely packed, which means that no channels are present in
the crystal structure and new supramolecular interactions are
established. In the disulfide congener, the molecules are held
together by intermolecular weak C�H···Se interactions forming
layers in the ac plane (Table S1 in the Supporting Information),
further stabilised by C13�H13B···Cgi contacts with a C···Cg con-
tact of 3.706(3) � (Cg is the centroid of the ring C2–C7, sym-
metry operation: i) 1�x, 1�y, �z), which expands the layers in
the third dimension.

Comparison of the centroid-to-centroid separation between
opposite phenyl rings in macrocycles 4 (7.54 �) and 4 a (3.97
and 12.09 �) reveals once again significant shrinkage/expan-
sion of the molecules. The fact that the crystals survive such
a drastic transformation, which involves rotation of the aryl
rings and reorientation of the methoxy groups, is again aston-
ishing.[4a]

The molecular structure of homodiselenacalix[4]arene 5
(Figure 4), with an ethoxy group at the intra-annular positions,
exhibits a 1,3-alternate conformation similar to 4. In fact, the
molecular structures of 4 and 5 are almost identical (Figure 4).
The supramolecular assemblies formed, however, differ to
a large extent. Compound 5 crystallises in the space group C2/
c with half of a calixarene molecule and one THF molecule in
the asymmetric unit (Figure 5). The tert-butyl groups are disor-
dered over two sites, with occupancy factors 0.71(1) and
0.29(1) for the one that contains C10 and 0.62(1) and 0.38(1)

Figure 2. Left : Molecular structure of homodiselenacalix[4]arene 4 ; H atoms
and solvent molecules are omitted for clarity, displacement ellipsoids (drawn
at the 50 % probability level) and labelling scheme indicate the asymmetric
unit. Right: Packing diagram of homodiselenacalix[4]arene 4, which shows
the formation of channels along the c axis ; solvent disorder omitted for
clarity, one calixarene molecule shown in green.

Figure 3. Representation of the transformation that takes place in the single
crystal upon solvent removal/uptake (H atoms omitted for clarity).

Figure 4. Superposition of macrocycles 4 (green) and 5 (red).
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for the one with C26. The separations between the centroids
of opposite phenyl rings in the macrocycle are 7.87 and 7.52 �,
which shows an increase of approximately 0.3 � in one pair of
rings compared with 4. The dihedral angles between these
semi-parallel aromatic rings are 13.7 and 10.88, respectively.
The host molecules pack with the formation of solvent chan-
nels (along the b axis in this case) in which the guest mole-
cules are being surrounded by the Se2 and Se4 atoms and CH2

groups from adjacent macrocycles. Contrary to 4, the alkoxy
substituents and tert-butyl groups do not border these aper-
tures. The channels in 5 are zig-zag shaped and have a smaller
capacity than in 4 (Figure S3 in the Supporting Information).
Moreover, in the former the guests interact more strongly with
the host. This is evident from the geometrical hydrogen-bond-
ing parameters C16�H16B···O33 (O33 originates from THF, C···O
is 3.326(10) � and C-H-O = 1578). Additionally, there is a weaker
contact, namely, C35�H35A···Se2i (C35�H35A originates from
THF, C···Se = 3.929(11) � and C-H-Se = 1488, symmetry code i) 1/
2�x, �1/2 + y, 3/2�z).

The hydrogen bonds present between the host and guest
molecules lead to the formation of 2D layers in the ab plane,
which are interconnected in the third dimension by very weak
intermolecular C25�H25C···Se4ii (C�Se = 3.600(8) �, C-H-Se =

1118, symmetry code ii) �x, 2�y, 1�z) contacts. Attempts to
empty the channels present in 5 failed. It seems that removal
of the solvent molecules, which interact much more strongly
with the host, initiates decomposition of the material.

Molecular Modelling Studies

To study the structural features of the homodiselenacalix[n]ar-
enes that contain three, four and five subunits, the corre-
sponding structures were constructed and afterwards subject-
ed to exhaustive molecular modelling studies. These studies
aimed to identify a quantitative basis to support the enhanced
stability observed for the homodiselenacalix[4]arenes with re-
spect to the smaller (calix[3]arene) and larger (calix[5]arene)
ring systems, as observed experimentally.

The lowest energy conformation for each molecule is re-
quired to start structural analyses. Thus, simulated annealing

procedures were performed for the three macrocycles. The
conformations corresponding to the minimum energies are
shown in Figure S8 in the Supporting Information, in which it
can be seen that 4 exhibits a distorted 1,3-alternate conforma-
tion. In addition, the homodiselenacalix[3]arene exhibits a con-
formation in which one methoxy and two tert-butyl moieties
are oriented towards the same direction in the macrocycle,
whereas the homodiselenacalix[5]arene has a much higher mo-
lecular flexibility, with one of the subunits positioning its me-
thoxy substituent inside the macrocyclic cavity. The whole set
of simulated annealing runs (n = 20) converged to the above-
described molecular conformations, and these were thus con-
sidered as the minimum-energy conformations and used as ini-
tial coordinates for the following molecular dynamics (MD)
analyses.

Molecular dynamics simulations were again performed for
the corresponding macrocycles with three, four and five subu-
nits, under both implicit and explicit solvent conditions and si-
mulated at 300 K for 10 ns. For analyses performed under im-
plicit solvent conditions, a dielectric constant of 7.6 was used
to simulate a THF environment at 300 K. Convergence plots of
the resulting trajectories were constructed and analysed from
the corresponding root-mean-square deviation (rmsd) versus
time plots (Figure S9 in the Supporting Information). As can be
seen, the structures of the macrocycles formed by three and
five units reached stable structures at the beginning of the
simulation and remained stable up to the last 10 ns of the tra-
jectory. Conversely, the structure corresponding to homodisele-
nacalix[4]arene 4 alternated between two clusters of conforma-
tions; the first cluster of conformations existed in the time
frames within snapshots 5000 to 22 000 and 82 000 to 92 000,
whereas the second cluster of conformations was present in
the range of 30 000 to 80 000. As shown by the trajectory ana-
lysed over 10 ns, the reconversion between these two clusters
of conformations is energetically feasible under the simulated
conditions.

To quantitatively assess the stability of the homodiselenaca-
lixarene macrocycles, the total energy (ETOT), potential energy
(EPTOT) and kinetic energy (EKTOT), as calculated from the force
field applied during the MD study, were compared (Figure S10
in the Supporting Information, Table 2).

As can be seen, the macrocycle with four units exhibits
a lower ETOT value (33.21 kcal mol�1), which suggests it has
higher stability than the calixarenes with three or five subunits
(78.01 and 71.52 kcal mol�1, respectively). This observation is
consistent with the experimental observations that show that

Figure 5. Left : Molecular structure of homodiselenacalix[4]arene 5 ; H atoms
and solvent molecules omitted for clarity, displacement ellipsoids (drawn at
the 50 % probability level) and labelling scheme indicate the asymmetric
unit. Right: Packing diagram of 5 in space-filling representation shown along
the b axis ; disorder on tert-butyl groups C10 and C26 omitted for clarity, one
calixarene molecule shown in green.

Table 2. Total energy (ETOT), potential energy (EPTOT) and kinetic energy
(EKTOT) values calculated for homodiselenacalix[n]arene macrocycles with
three, four and five subunits.

Subunits E [kcal mol�1]

ETOT EPTOT EKTOT

3 78.01 (�0.06) �13.22 (�0.05) 91.24 (�0.04)
4 33.21 (�0.08) �88.43 (�0.05) 121.64 (�0.05)
5 71.52 (�0.08) �80.61 (�0.06) 152.12 (�0.06)
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the homodiselenacalixarenes containing three and five subu-
nits are initially detected in the reaction media, but are readily
converted to the homodiselenacalix[4]arene macrocycle as the
synthetic reaction proceeds. Further inspection of Figure S10
in the Supporting Information revealed that the stabilisation of
the macrocycle with four subunits originates in a lower-than-
expected EPTOT, which results in a lower ETOT when combined
with a favourable balance with the corresponding EKTOT. To
assess the structural features at the base of the above-men-
tioned energetic behaviour, the EPTOT value was further decom-
posed in the corresponding energy terms: EBOND, EANGLE, EDIHED,
EVDW, EELE, EEGB, E1–4ELE and E1–4VDW (Figure S11 in the Supporting
Information and Table 3).

From inspection of Figure S11 in the Supporting Informa-
tion, a close relationship between the potential energy com-
ponents for the different homodiselenacalixarenes is ob-
served as an additional subunit is added to the macrocycle.
An exception to this feature is found for the E1–4ELE energetic
component, which exhibits almost no difference between
the macrocycles containing three and four units, and a con-
siderably higher value for the homodiselenacalix[5]arene.
This observation results in a lower than expected E1–4ELE

component for the homodiselenacalix[4]arene. Taking into
account that the E1–4ELE component derives from the intra-
molecular electrostatic stabilisation between atoms separat-
ed by more than three bonds (i.e. , a dihedral angle), the
lower E1–4ELE found suggests that homodiselenacalix[4]arene is
able to adopt a conformation in which a higher electrostatic
stabilisation by distant atoms is geometrically favoured.

To investigate the effect of explicit solvent molecules on the
conformational and energetic behaviour of compound 4, MD
studies were performed by applying an explicit THF box under
periodic solvent conditions. Because no pre-equilibrated THF
solvent models are available in the AMBER software package,
a model was developed and validated in-house (see technical
details in the Experimental Section). After the corresponding
solvent box was constructed, parameterised and pre-equilibrat-
ed at 300 K, the corresponding density was monitored for
a 10 ns trajectory simulation. The results are depicted in Fig-
ure S12 in the Supporting Information, in which it can be seen
that the calculated density quickly reached the experimental

reference value (i.e. , 0.889 g cm�3) and remained stable
throughout the simulated trajectory.

Production MD runs were performed for the methoxy-substi-
tuted homodiselenacalix[n]arenes with three, four and five sub-
units in a THF box under periodic boundary conditions. In ad-
dition to standard values for the total, potential and kinetic en-
ergies (data not shown), the densities of the solvated systems
were monitored as a quality check of the corresponding trajec-
tories (Figure S13 in the Supporting Information), and it was
found that all the trajectories were adequately equilibrated
and rapidly reached densities of around 0.9 g mL�1. To compare
the conformational stabilities of the homodiselenacalix[3]-,
calix[4]- and calix[5]arenes, the calculated potential energies of

the corresponding systems were again decomposed into
the corresponding energetic components (Table 4).

As can be seen in Table 4, the homodiselenacalix[4]ar-
ene shows a lower E1–4ELE value (�383.47 kcal mol�1) than
its three- and five-membered counterparts (�367.10 and
�369.97 kcal mol�1, respectively). Again, explicit solvent
MD simulations predict a higher stability for the calix[4]-
arene compared with the calix[3]arene and calix[5]arene.
From analyses of RMSD versus time profiles (Figure S14
in the Supporting Information), it is again observed that
the homodiselenacalix[4]arene exists in two clusters of
conformations, whereas the calix[3]arene and calix[5]ar-
ene maintain a relatively stable conformation during the
simulated trajectory. It is also worth noting that the cal-

ix[4]arene gains a higher stabilisation derived from E1–4ELE com-
pared with the three- and five-membered macrocycles when
explicit THF molecules are present.

Overall, the above-presented molecular modelling studies
demonstrate that homodiselenacalix[4]arene is energetically
favoured over its smaller and larger counterparts due to
a more efficient intramolecular electrostatic interaction, which
is derived from its dynamic geometric features.

Conclusion

A low-cost and efficient synthetic pathway towards homodihe-
teracalix[n]arenes with bridging CH2-Se-Se-CH2 groups be-
tween the aryl parts has been established. To the best of our
knowledge, this is the first example that applies the dynamic

Table 3. Energetic components included in the potential energy (EPTOT) calculat-
ed by using the molecular dynamics force field for homodiselenacalix[n]arenes
with three, four and five subunits.

Subunits E [kcal mol�1]

EBOND EANGLE EDIHED EVDW EELE EEGB E1–4ELE E1–4VDW

3 36.40
(�0.03)

45.54
(�0.03)

28.45
(�0.02)

�17.28
(�0.02)

�161.55
(�0.09)

�13.95
(�0.07)

41.9
(�0.02)

27.26
(�0.01)

4 48.27
(�0.04)

61.30
(�0.04)

35.39
(�0.02)

�25.89
(�0.02)

�280.06
(�0.12)

�18.76
(�0.10)

55.00
(�0.02)

36.31
(�0.01)

5 60.75
(�0.04)

76.68
(�0.04)

44.23
(�0.02)

�35.80
(�0.02)

�410.74
(�0.19)

�18.61
(�0.16)

157.37
(�0.01)

45.52
(�0.01)

Table 4. Energetic components originating from the potential energy (EPTOT)
obtained from explicit solvent (THF) molecular dynamics simulations for the
homodiselenacalix[n]arenes with three, four and five subunits.

Subunits E [kcal mol�1]

EBOND EANGLE EDIHED EVDW EELE E–4ELE E1–4VDW

3 303.00
(�13.57)

1666.39
(�30.19)

1525.06
(�16.11)

�1448.70
(�14.89)

114.25
(�7.31)

�367.10
(�2.93)

82.71
(�3.33)

4 330.51
(�14.26)

1803.25
(�31.54)

1645.70
(�16.84)

�1574.75
(�15.38)

13.57
(�7.98)

�383.47
(�4.15)

96.15
(�3.58)

5 397.65
(�15.62)

2163.00
(�34.41)

1972.96
(�18.43)

�1892.60
(�16.82)

�52.49
(�8.79)

�369.97
(�5.07)

116.65
(�3.92)
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covalent chemistry of diselenide bonds for the selective syn-
thesis of macrocycles. By using the optimised conditions, ho-
modiselenacalixarene macrocycles with alkoxy groups at the
intra-annular positions were synthesised with complete selec-
tivity for the tetrameric macrocycles. The procedure could
easily also be extended to a lower-rim tert-butyl ester-function-
alised homodiheteracalix[4]arene. An important advantage of
the presented synthetic procedure is the ease of purification,
achieved simply by precipitating the calixarene from the reac-
tion mixture in water and methanol. The macrocycles were
completely characterised, including single-crystal X-ray analy-
ses. These studies revealed almost identical molecular struc-
tures yet different packing forces for the methoxy- and ethoxy-
decorated cyclo-tetramers, which resulted in the formation of
one-dimensional channels of various shapes and capacity in
both crystal structures. Furthermore, the methoxy-substituted
homodiselenacalix[4]arene is able to undergo a SC–SC transfor-
mation to give the 1,2-alternate form upon THF/H2O removal,
a process that is reversible. We envision that further studies on
this family of compounds based on the modification of func-
tional groups and crystallisation conditions could lead to novel
materials with fascinating supramolecular properties (e.g. ,
sorption, sensing and molecular trapping). This is currently
under investigation.

Experimental Section

Synthesis of Homodiselenacalix[4]arene Macrocycles

A solution of NaBH4 (40 mg, 1.05 mmol) in ethanol (10 mL) was
added dropwise to a solution of precursor 1, 2 or 3 (0.5 mmol) in
THF (30 mL) over 1 h at RT. After stirring the resulting mixture for
another 12 h, the reaction mixture was added to a 1:1 mixture of
water and methanol (80 mL) and the precipitate that formed was
filtered off and dried in vacuum to afford analytically pure products
4, 5 or 6 as off-white solids.

Homodiselenacalix[4]arene (4)

Yield: 96 % (168 mg); m.p. 185–186 8C; 1H NMR (300 MHz, CDCl3):
d= 7.00 (s, 8 H), 3.80 (s, 16 H), 3.71 (s, 12 H), 1.25 ppm (s, 36 H);
13C NMR (75 MHz, CDCl3): d= 153.8, 146.8, 131.9, 127.3, 62.3, 34.4,
31.6, 28.1 ppm; 77Se NMR (76.3 MHz, CDCl3): d= 403 ppm; HRMS
(ESI+): m/z calcd for C52H72O4Se8: 1422.8642 [M + Na]+ ; found:
1422.8649.

Homodiselenacalix[4]arene (5)

Yield: 89 % (161 mg); m.p. 105–106 8C; 1H NMR (300 MHz, CDCl3):
d= 6.91 (s, 8 H), 4.01 (q, J = 6.7 Hz, 8 H), 3.55 (s, 16 H), 1.38 (t, J =
6.7 Hz, 12 H), 1.25 ppm (s, 36 H); 13C NMR (100 MHz, CDCl3): d=
152.5, 145.6, 131.8, 127.4, 69.7, 34.2, 31.6, 26.8, 16.1 ppm; 77Se NMR
(76.3 MHz, CDCl3): d= 399 ppm; HRMS (ESI+): m/z calcd for
C56H80O4Se8 : 1478.9268 [M + Na]+ ; found: 1478.9259.

Homodiselenacalix[4]arene (6)

Yield: 77 % (173 mg); m.p. 78–79 8C; 1H NMR (300 MHz, CDCl3): d=
7.13 (s, 8 H), 4.53 (s, 8 H), 4.10 (s, 16 H), 1.50 (s, 36 H), 1.29 ppm (s,
36 H); 13C NMR (100 MHz, CDCl3): d= 168.3, 152.7, 147.2, 132.2,
127.3, 82.3, 71.8, 34.4, 31.6, 28.4 ppm; 77Se NMR (76.3 MHz, CDCl3):

d= 385 ppm; HRMS (ESI+): m/z calcd for C72H104O12Se8 : 1823.0739
[M + Na]+ ; found: 1823.0695.

Crystallographic Data

Single-crystal X-ray diffraction data for compounds 4 and 5 were
collected by using a Bruker SMART 6000 diffractometer equipped
with a CCD detector and by using CuKa radiation (l= 1.54178 �,
crossed Goebel mirrors) and phi and omega scans.[20] The data re-
duction was performed by using the program SAINT + .[21] The em-
pirical absorption corrections were performed by using SADABS.[22]

The structures were solved by using direct methods with SHELXS-
97 and refined by using full-matrix least-squares methods based
on F2 by using SHELXS-97.[23] The single-crystal X-ray diffraction
data for 4 a were collected by using an Oxford Diffraction SuperNo-
va diffractometer equipped with an Eos CCD detector and MoKa ra-
diation, l= 0.71073 �. Data frames were processed (unit cell deter-
mination, intensity data integration, correction for Lorentz and po-
larisation effects, and empirical absorption correction) by using the
corresponding diffractometer’s software package.[24]

The program MERCURY was used to prepare molecular graphic
images.[25] All non-hydrogen atoms were refined anisotropically,
and the hydrogen atoms were placed in calculated positions with
displacement factors fixed at 1.2 � Ueq of the parent C atoms or
1.5 � Ueq for methyl groups.

The site occupancy factors of the disordered THF molecules (mod-
elled over two positions) that fill the channels around the fourfold
screw axis in 4 were fixed at 0.125, a value that agrees with the
result from the TGA performed at the same time as the data collec-
tion (Figure S7 in the Supporting Information). Restraints were
placed on some of the bond lengths and the anisotropic displace-
ment parameters of the disordered THF molecule.

The crystal of 4 a was found to be non-merohedrally twinned. The
HKLF 4 format file (with the non-overlapping reflections of compo-
nent one only) was used to solve the structure. The HKLF 5 format
file was used for the refinement of the structure, BASF 0.502(2). Re-
straints were placed on the anisotropic displacement parameters
of C8 and C13. In compound 5, restraints were placed on some of
the bond lengths and the anisotropic displacement parameters of
the disordered tert-butyl groups that contained C10 and C26.
CCDC 1412128 (&&compound #?&&), 1412129 (&&) and
1412130 (&&) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.

Crystal Data for 4

C52H72O4Se8·C4H8O; Mr = 1464.88; colourless block; tetragonal;
space group P42/n (No. 86) ; a = b = 17.9571(4), c = 10.1875(5) �; V =
3285.03(19) �3 ; Z = 2; 1calcd = 1.481 g cm�3 ; F000 = 1456; T = 100(2) K;
2qmax = 140.58 ; 231112 reflections collected, 3086 unique (Rint =
0.1005). Final GOF = 1.143; R1 = 0.0721, wR2 = 0.1628, R indices
based on 2374 reflections with I>2s(I) (refinement on F2), 224 pa-
rameters, 94 restraints. Lp and absorption corrections applied, m=
5.516 mm�1.

Crystal Data for 4 a

C52H72O4Se8 ; Mr = 1392.78; yellowish block; triclinic; space group P1
(No. 2); a = 9.557(3), b = 10.453(2), c = 14.025(4) �; a= 103.54(2),
b= 98.56(2), g= 90.38(2)8 ; V = 1345.7(6) �3 ; Z = 1; 1calcd =
1.719 g cm�3 ; F000 = 688; T = 100(2) K; 2qmax = 50.78 ; 7245 reflections
collected, 7280 unique. Final GOF = 0.843; R1 = 0.0944, wR2 =
0.2373, R indices based on 2330 reflections with I>2s(I) (refine-
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ment on F2), 299 parameters, 12 restraints. Lp and absorption cor-
rections applied, m= 5.473 mm�1.

Crystal data for 5

C56H80O4Se8·2 C4H8O; Mr = 1593.09; colourless plate; monoclinic;
space group C2/c (No. 15); a = 35.6317(12), b = 10.2606(3), c =

25.3919(9) �; b= 133.465(2)8 ; V = 6737.8(4) �3; Z = 4; 1calcd =
1.570 g cm�3 ; F000 = 3200; T = 100(2) K; 2qmax = 143.58 ; 32 180 reflec-
tions collected, 6186 unique (Rint = 0.0818). Final GOF = 1.022; R1 =
0.0479, wR2 = 0.1124, R indices based on 4929 reflections with I>
2s(I) (refinement on F2), 422 parameters, 29 restraints. Lp and ab-
sorption corrections applied, m= 5.440 mm�1.

Molecular Modelling Studies

The structures corresponding to the homodiselenacalix[4]arene
macrocycles with three, four and five subunits were constructed
by using the Marvin software provided by ChemAxon,[26] with the
structures being further optimised by applying an AM1 semi-em-
pirical method as implemented in the Gaussian 03 software.[27] The
optimised structure was further refined by means of ab initio
methods, in which the corresponding electronic structure and elec-
trostatic potential was calculated.

For the molecular dynamics studies the AMBER12 software pack-
age was used.[28] The structure corresponding to macrocycle 4 was
parameterised by using the GAFF&&please define&& force
field,[29] with the corresponding charges being derived from the
above-mentioned ab initio calculations by applying the restrained
electrostatic potential (RESP) fitted charges method. Missing
atomic parameters in the GAFF force fields for Se atoms were man-
ually added (i.e. , mass, polarisability and Se�Se bonds), whereas
standard and dihedral angles that involved Se atoms were as-
sumed to be identical to those already parameterised for sulfur
within the GAFF force field.

MD trajectories obtained under implicit solvent conditions were
performed by considering the dielectric constant reported for THF
(i.e. , 7.6). The systems simulated under these conditions were ini-
tially minimised (10 000 steps), after which a heating phase was ap-
plied to gradually equilibrate the systems from 0 to 300 K over
1.2 ns with a 1 fs timestep. After the system temperature was equi-
librated, a production phase was applied to obtain a 10 ns trajecto-
ry, from which the corresponding energetic components were ana-
lysed.

MD trajectories obtained under explicit solvent conditions were
performed by using a solvent system developed in-house. Initially,
one molecule of THF was modelled, with its electronic properties
being determined by using ab initio methods as implemented in
the Gaussian 03 software.[27] To generate an initial box of 30 �3 that
contained the modelled THF molecules, the Packmol software was
used,[30] with this box being then equilibrated at 300 K by using
standard MD simulations. The density of the solvent box was used
as a quality check, and after reaching the target reported density
(0.889 g mL�1), the box was saved and applied to the following MD
explicit solvent runs. For MD simulations of the homodiselenaca-
lix[n]arene macrocycles, the corresponding molecules were solvat-
ed by using an octahedral THF box, after which an initial minimisa-
tion of the solvent followed by a minimisation of the whole system
was carried out. The minimised systems were progressively heated
to 300 K over 50 ps, followed by a 100 ps equilibration run. Produc-
tion runs intended for analyses were performed for 10 ns with
a 2 fs timestep and under constant pressure and temperature con-

ditions, with the SHAKE algorithm being applied to constrain
bonds that involved hydrogens.

Trajectory properties were processed and analysed by using the
cpptraj module of AMBER12.[28&ok?& ] The structures analysed and
images presented were prepared by using the VMD v.1.8.6 soft-
ware.[31] MD trajectories were obtained by using CUDA-designed
code (pmemd.cuda), with computational facilities provided by the
GPGPU Computing group at the Facultad de Matem�tica, Astrono-
m�a y F�sica (FAMAF), Universidad Nacional de C�rdoba, Argentina.
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Homodiselenacalix[4]arenes:
Molecules with Unique Channelled
Crystal Structures

Change the channel : A new family of
calixarene macrocycles, homodiselena-
calix[4]arenes (see figure), were pre-
pared by applying the dynamic covalent
chemistry of diselenide bonds. In the
single crystal, the calixarene molecules
can switch between two conformations
in a concerted fashion as a response to
the right external stimuli.
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