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From simple rings to one-dimensional channels with
calix[8]arenes, water clusters, and alkali metal ions

R�emi D. Bergougnant, Adeline Y. Robin and Katharina M. Fromm*

University of Fribourg, Department of Chemistry, Chemin du Musée 9, CH-1700 Fribourg, Switzerland

Abstract—The macrocycle 4-tert-butylcalix[8]arene (L) was reacted with alkali metal carbonates (Li2CO3, Na2CO3, K2CO3, Rb2CO3, and
Cs2CO3) at the interface of a biphasic THF/water system. Needle-like crystals with a general formula [Ax(4-tert-butylcalix[8]arene-
xH)(THF)y(H2O)z] (with A¼Li, Na, K, Rb, Cs, x¼1, 2, y¼4, 5, 8, and z¼6, 7) were thereby obtained. The solid state structures were inves-
tigated by X-ray diffraction of single crystals and by TGA measurements. They do not appear to be maintained in solution.

1. Introduction

Calix[n]arenes are known for their excellent coordination1

and extraction2–4 capacities,1–4 and have been studied as
model systems for the design of catalysts5 and sensing recep-
tors.6 Weak interactions involving both their OH groups and
aromatic rings can give rise to complicated supramolecular
arrangements.7–9 In addition to the large choice of ring sizes,
calixarenes can adopt different conformations, which can be
tuned by substituents at the upper and/or lower rims. In the
calixarene family, calix[4]arenes have been the most inten-
sively studied,10 while calix[8]arenes remain comparatively
little investigated in the solid state.11 This is certainly due to
different reasons such as limited solubility, poor control over
stereoselective substitution reactions at the two rims, and fi-
nally the high flexibility of the molecules itself, which allow
a large variety of structural conformations and hence hinder
long-range order in the solid state. While calix[4]arenes can
be observed in four conformations (cone, partial cone, 1,2-
alternate or 1,3-alternate) in solution, calix[8]arenes can
adopt in principle more conformations, although the ‘pleated
loop’ conformation is favored even in solution because of in-
tramolecular hydrogen bonding by the OH groups.12 This
hydrogen bond stabilization may be weakened upon metal-
lation of the hydroxide groups, leading to more flexible con-
formations.

Water molecules are important in both biological and phys-
ical systems, and the hydrogen-bonding capacities and high

dipole moment of thewater molecule makewater a very spe-
cial solvent in chemistry.13,14 Much theoretical work has
been devoted to understand the nature of water aggregates
formed in various phases15–18 and materials such as
‘metal-organic frameworks’ (MOFs) and ‘nanotubes’ have
provided numerous examples where such aggregates may
be studied in the solid state.19–24 Here, we present the evi-
dence that calix[8]arene derivatives may be used to stabilize
water aggregates within one-dimensional channels formed
by stacking of the calixarenes. These systems have been ob-
tained, in all but one case, by interfacial crystallization.

2. Results and discussion

Calixarenes have been frequently used to assist transport
through membranes and between biphasic systems.25 Here,
we have exploited this characteristic for the generation of
single crystals of calix[8]arene derivatives. The biphasic sys-
tem used was composed of (i) a saturated aqueous solution of
alkali metal carbonate beneath (ii) a suspension of 4-tert-
butylcalix[8]arene (L) in THF. Although water and THF
are normally completely miscible, phase separation occurs
here due to the saturation of the aqueous solution in carbon-
ate. We presume that calixarene molecules at the interface
are oriented with their OH groups toward the aqueous phase,
while the apolar part of the ligand is oriented into the THF
phase. Some degree of deprotonation of the calixarene
must occur as a result of the basicity of the aqueous phase,
so that, through coordination, alkali metal cations can be
bound at the interface and even pass into the THF phase.
What is in fact observed is that the insoluble calixarene first
concentrates at the interface, causing the THF phase to clear,
and then deposition of single crystals at the interface occurs
as THF preferentially evaporates out.
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In preliminary experimentation with Na2CO3, crystals with
the stoichiometry [Na2(L–2H)(THF)4(H2O)5], 1, were ob-
tained from a homogeneous solution in THF alone.26 The
structure determination (Fig. 1) showed the two sodium
ions to have a nearly octahedral environment, formed by
six oxygen atoms. Two water molecules and one THF act
as bridging ligands to each sodium ion. Furthermore, two
oxygen atoms of the ligand L bind to each cation, one of
them being deprotonated, the other not. The eight oxygen
atoms of the ligand L are close to coplanar, the sodium
ions being ca. 0.95 Å from the mean plane. A terminal
THF molecule completes the coordination sphere of each
cation. One disordered THF and two water molecules are
also found in the unit cell but are not bound to the metal ions.

A species containing a higher water/THF ratio is obtained
with lithium ions, and this may explain its higher degree of
aggregation. Here, however, as with all the other alkali metals,
the formation of a crystalline complex was the result of using
the interfacial crystallization method. Thus, reaction of
4-tert-butylcalix[8]arene with Li2CO3 yields [Li2(L–2H)-
(THF)7(H2O)12]2, 2. Again, each ligand is twice deproto-
nated, but in contrast to 1, the two lithium ions are coordinated
by twoadjacent rather than twodistal oxygen atomsof the cal-
ixarene ligand. Each cation has a tetrahedral coordination
spherewith threeoxygenatomsof the ringandonewatermole-
cule. These two bound water molecules O16 and O18 are

responsible for dimerization via hydrogen bonding to O180
and O160, respectively (Fig. 2). Comparing 1 and 2, it is inter-
esting to note that the lithium ions are further out of the mean
plane defined by the oxygen atoms of LH6

2�.

In 2, watermolecule oxygen atomsO16, O160, O18, andO180
form a square with an average O–O distance of 2.833(2) Å
and angle of 86.81(2)�, values similar to those found for
such squares in the literature.27 Here, the square is stabilized
by two hydrogen bond interactions (O16–O9; 2.715(2) Å)
with two THF molecules, each water molecule in fact being
oriented in such a way that one hydrogen atom bridges to the
neighboring water molecule whereas the second hydrogen
atom points outward from the square.27,28 Further water mol-
ecules (O17 and symmetry equivalents) are linked to oxygen
atoms of the calixarene ligand and are shielded by H bonding
to THF ligands (O12) arranged around the sandwich struc-
ture. Other heavily disordered THF and water molecules
are found in the structure. Thus, one such disordered THF
molecule can be found on the opposite side to the lithium
ions of the mean plane of eight oxygen atoms.

An even higher ratio of water/THF is found in the crystalline
species isolated with K2CO3. Thus, single crystals of
[K(L–H)(THF)4(H2O)7], 3, can be isolated in quasi-
quantitative yield. This complex has been described previ-
ously,29 so that only the principal aspects of its structure
are described here. The asymmetric unit consists of one sin-
gly deprotonated ligand L, one potassium cation, four THF
molecules, and seven water molecules. The most important
feature of the structure is the fact that a one-dimensional
channel structure is now observed, in which the water mole-
cules play a crucial role in the formation of a polymer.
The potassium ions are found in a sandwich-type structure,
giving dimers, which are bridged, as in 1, by water mole-
cules, which are H bonded to terminal THF ligands. These
dimers are linked together by hydrogen bonding to a water
cubane cluster on each side (Fig. 3).

The four water molecules O15, O16, O17, and O18 form, to-
gether with their symmetry equivalents, a distorted-cubane
structure. A 2-fold axis bisects the vectors O18–O180 and
O16–O160. Together with O10 and its symmetry equivalent,
a (H2O)10 cluster with C2 symmetry is obtained. Even
though the hydrogen atoms of the water molecules could
not be located in the structure, the C2 symmetry of this clus-
ter indicates that 12 out of 16 H atoms in the cubane part of
the cluster must connect the eight oxygen atoms to each
other, whereas the other four point outward to the coordi-
nated THF ligands. Furthermore, at least one H atom of
O10 has to point toward O15. Such a structure for (H2O)10
has not been described before in the literature, but a similar
one has been predicted as one possible, but not the most sta-
ble, structure in ab initio studies.28–34

Reaction of Rb2CO3 and L at the water/THF interface yields
single crystals of [Rb(L–H)(THF)4(H2O)7] 4 in quasi-quan-
titative yield. The asymmetric unit of 4 consists of one cal-
ix[8]arene, one rubidium ion, one THF molecule linked to
the Rb atoms, and six water molecules, some of which
form H bonds with terminal THF ligands. Free water mole-
cules (O14 and O18) are also present. The hepta-coordina-
tion of each Rb+ ion involves two interactions with L,35–38

NaC O

O9

O13O14

O11 O10

Na2 Na1

Figure 1. The asymmetric unit of 1 (H atoms and non-coordinating solvent
omitted for clarity).
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Figure 2. Dimer of [Li2(L–2H)(THF)7(H2O)12]2, 2 (H atoms, non-coordi-
nating solvent, and tert-butyl groups omitted for clarity).
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four interactions with water molecules O16, O160, O17, and
O170, which bridge the rubidium ions, and finally one
interaction with O9 (for Rb1) and O90 (for Rb10) from
THF molecules (the latter are not shown in Fig. 4). A hetero-
octahedron of water molecules and rubidium ions is ob-
served, and again a through-ring hydrogen-bonding system
leads to a one-dimensional channel in which the rubidium
dimer and water clusters are alternately sandwiched between
the macrocyclic ligands. In contrast to 3, two different water
clusters are observed as bridging units between the alkali
metal entities. As in 3, one of these clusters consists of a dis-
torted cube of eight water molecules (O13, O130, O15, O150,
O19, O190, O20, O200). It is stabilized by two THF mole-
cules (O10 and O11 at 2.77(3) Å). The water molecule,
which was stabilizing the cube in 3 is, in 4, now included
in the hetero-octahedron of Rb ions and water molecules.

The second water aggregate is also a distorted octahedron
made of six water molecules (O1300, O13000, O1500, O15000,
O1900, O19000) and coordinated by two THF molecules
(O100, O110 at a distance of 2.77(3) Å). This latter cluster
is heavily disordered, but could not be fitted to a cubane-
type structure.

The mobility of water molecules in 3 and 4 can be shown by
immersion of a crystal of 3 and 4 into D2O for 5 min. The IR
spectra of the dried crystals show a strong decrease in the
water IR bands around 3380 cm�1 and an increasing signal
for D2O at 2480 cm�1. The 1H NMR spectrum of 4 shows
a dramatic decrease of the proton signals of the OH groups
of L as well as of the water molecules, an effect also ob-
served for 3. The TGA of 4 shows the loss of lattice solvent
(water and THF) near 40 �C, whereas coordinated THF

KC O

K1

K1’O9

O9’

O17

O15

O18

O18’

O16’

O16
O17’

O15’

O10

Figure 3. Channel structure of [K(L–H)(THF)4(H2O)7], 3 (H atoms, non-coordinating solvents, THF molecules, and tert-butyl groups omitted for clarity).
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Figure 4. Alternating distorted octahedron and distorted cube of water molecules in [Rb(L–H)(THF)4(H2O)7], 4 (H atoms, non-coordinating solvents, THF
molecules, and tert-butyl groups omitted for clarity).
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h molecules are lost between 40 and 60 �C. On further heating,
water is lost quantitatively between 60 and 140 �C, corre-
sponding to a loss of 7% in weight, followed by decomposi-
tion upon further heating.

Reaction of Cs2CO3 with 4-tert-butylcalix[8]arene at the
water/THF interface yielded single crystals of [Cs(L–H)-
(THF)5(H2O)6], 5, in quasi-quantitative yield. The asymmet-
ric unit of 5 consists of one singly deprotonated ligand L, one
caesium ion Cs1, five THF, and six water molecules (Fig. 5).
The hepta-coordination of Cs1 results from two interactions
with L–H (Cs1–O3 3.06(1) Å and Cs1–O2 3.29(1) Å; the
bond lengths being as expected from the literature39), four
water molecules, which bridge also to the symmetry equiv-
alent Cs10 to form a distorted octahedron (as in 4), and finally
an oxygen O9 from a THF molecule. There are also a water
molecule O17, which interacts with O14, O15, and a THF
molecule, as well as a non-coordinating THF molecule.
On the side of L remote from the cesium ions, three water
molecules (O18, O16, O20) and their symmetry equivalents
(O180, O160, O200) form a distorted octahedron. O16, O20
and O160, O200 are bound to THF molecules O12, O10
and O120, O100. The average distance between water mole-
cules is 3.23 Å.

This is the third structure to feature the channels of L, which
organize themselves around alkali metal ions and water clus-
ters, here a (H2O)6 cluster. TGA of 5 was possible and
showed the loss of the five THF molecules per unit in two
steps, four in a gradual step between 45 and 75 �C, and the
last between 80 and 100 �C along with the most easily lost
water molecules. The latter THF molecule is suggested to
be the one linked directly to the caesium cation, as this
bond is expected to be stronger than the THF–water interac-
tions. On further heating from 110 to 180 �C, all the remain-
ing water is lost.

The five structures presently determined cover a range from
monomeric to polymeric solid state species, with both the

charge on the calixarene and the form of solvation varying
significantly. As the number of THF molecules diminishes
with respect to the number of water molecules, THF be-
comes increasingly involved in H bonding rather than
coordination, thus completing an ‘organic’ shell around the
polar channel system. The latter is formed by the OH- and
the O� groups of the calixarene ligand, the cations, and
the water molecules. All three are found inside the channel
systems of 3, 4, and 5, indicating that the higher concentra-
tion of water drives the channel formation. The three channel
structures contain water clusters of different sizes, the small-
est cation being accompanied by the largest cluster and vice
versa. The most important bond lengths of compounds 1–5
are highlighted in Table 1.

For the channel structures, it is interesting to study the ion and
water mobility within the crystals. Thus, IR studies during
D2O exchange were carried out and showed that the inside
of the channel, water molecules, and thus probably also
the cations, seem to be extremely mobile. In addition to
this, in some of the structures, disorder of water molecules
is observed at room temperature, while cooling to lower tem-
peratures, i.e. �40 �C, leads to cracking of the single crys-
tals. This may explain why the quality of the single crystal
structures is poor for most of our compounds. Rotational dis-
order of the tert-butyl groups was apparent in all compounds
and all the structures haveR values larger than 0.10.Nonethe-
less, the essential features of the lattices are well defined
and the structures provided useful illustrations of how
calix[8]arenes can be used as scaffolds for the construction

CsC O

Cs1

O15’
O14’

O15

O14

O18

O16

O20

O16’

O20’

O18’

Figure 5. Alternating octahedra of water molecules and hetero-octahedra in [Cs(L–H)(THF)5(H2O)6], 5 (H atoms, non-coordinating solvents, THF molecules,
and tert-butyl groups omitted for clarity).

Table 1. Ranges of bond lengths in 1–5

Compound M–O(L)/Å M–O(other)/Å O–O(H bonds)/Å

1 2.326(6)–2.363(6) 2.360(5)–2.669(7) 2.485(7)–2.644(7)
2 1.93(2)–1.97(2) 1.88(3)–2.09(1) 2.431(7)–3.28(2)
3 2.694(7)–2.894(7) 2.739(8)–2.99(1) 2.47(1)–3.33(1)
4 2.83(2)–3.07(2) 2.86(2)–3.31(2) 2.73(3)–3.49(3)
5 3.06(1)–3.29(1) 3.06(1)–3.41(2) 2.42(1)–3.47(2)
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of channel systems. Understanding ion and solvent molecule
movement in channels is clearly of relevance to biology
and, with this objective, extended studies of these calixarene
systems are in progress.

3. Conclusions

Interfacial crystallization of alkali metal derivatives of
4-tert-butylcalix[8]arene has provided solids which, in
the cases of K, Rb and Cs, can be considered to contain
channel-like structures in which water clusters separate
solvated complex ion units containing the calixarene in
a relatively flat conformation essentially defining the
channel cross-section. In these particular cases also, THF
molecules form a sheath about the polar channel contents,
completing thus the apolar shell of the channel formed by
the calix[8]arenes.

4. Experimental

4.1. General

Of all the compounds, only 3 gave satisfactory elemental
analysis. This is probably due to ready loss of solvent in
most cases. All crystallizations were carried out using the in-
terface method, except in the case of the sodium complex, 1.
IR spectra were collected on a Shimadzu FTIR-8400S in-
strument equipped with a Golden Gate ATR (attenuated total
reflection) system. 1H NMR analysis was performed on
a Bruker Advance Spectrometer 250 MHz, at 298 K. 13C
NMR analysis was performed on a Bruker Advance Spec-
trometer 500 MHz, at 298 K.

4.2. [Na2(L–2H)(THF)4(H2O)5] 1

Synthesis of 1. 4-tert-Butylcalix[8]arene (0.1975 g,
0.152 mmol) and sodium (0.5 g, 0.02 mol) were introduced
in a Schlenk flask under N2 atmosphere. Dried THF (15 mL)
was then added by cryodistillation. This suspension was
stirred until total solubilization (45 min). The yellow solu-
tion was then concentrated to 5 mL. Toluene (1 mL) was lay-
ered upon the solution for a slow diffusion. After one day the
solution was concentrated one more time. After few days,
colorless crystals were obtained.

1HNMR (CDCl3, 250 MHz): 7.16 (s, 16H, ArCH), 3.76 (8H,
CH2), 3.75 (s, 16H, THF), 3.71 (8H, CH2), 1.87 (s, 16H,
THF), 1.43 (s, H2O), 1.29 (s, 54H, CH3). IR (cm�1):
341.84 (w), 2952.81 (m), 2864.09 (w), 1770.53 (w),
1660.60 (w), 1566.09 (w), 1436.87 (s), 1359.72 (w),
1292.22 (m), 1201.57 (w), 1120.56 (w), 1049.20 (w),
879.48 (w), 815.83 (w), 790.76 (w), 752.19 (s).

4.3. [Li2(L–2H)(THF)7(H2O)12] 2

Synthesis of 2. In a beaker, 10 mL of THFwas slowly layered
on top of 20 mL of an aqueous solution saturated in lithium
carbonate. A 20 mg portion (0.015 mmol) of 4-tert-butylca-
lix[8]arene was added onto the liquid. The solid calixarene
slowly accumulated at the THF–water interface. After evap-
oration (1–2 days) of the solution through Parafilm� cover

at a temperature of 23 �C, needle-like, colorless crystals
grew in quantitative yield.

1HNMR (CDCl3, 250 MHz): 7.06 (s, 16H, ArCH), 3.76 (8H,
CH2), 3.74 (s, 16H, THF), 3.71 (8H, CH2), 1.85 (s, 16H,
THF), 1.43 (s, H2O), 1.22 (s, 54H, CH3). IR (cm�1):
3305.76 (w), 2954.74 (s), 2866.02 (m), 1477.37 (s),
1361.65 (m), 1299.93 (m), 1184.21 (w), 1114.78 (w),
1049.20 (w), 871.76 (m), 817.76 (w), 790.76 (w), 702.04
(w), 651.89 (w), 594.03 (w), 574.75 (m), 551.60 (m),
524.60 (s).

4.4. [K(L–H)(THF)4(H2O)7] 3

Synthesis of 3. In a Petri dish, 10 mL of THF was slowly
layered on top of 20 mL of an aqueous solution saturated
in potassium carbonate. A 50 mg portion (0.038 mmol) of
4-tert-butylcalix[8]arene was added onto the liquid. The
solid calixarene slowly accumulated at the THF–water inter-
face. On slow evaporation (1–2 days) of the solution, needle-
like, colorless crystals grew in quantitative yield.

1H NMR (CDCl3, 250 MHz): 9.63 (s, 7H, OH), 7.18 (s, 16H,
ArCH), 4.33 (d, 8H, CH2), 3.75 (m, 16H, THF), 3.47 (d, 8H,
CH2), 1.85 (m, 16H, THF), 1.58 (s, H2O), 1.25 (s, 72H, CH3).
13C NMR (CDCl3, 500 MHz): 157.03 (s, 8C, ArC(OH)),
146.18 (s, 16C, ArC(CH2)), 130.53 (s, 16C, ArCH), 39.20
(s, 16C, ArCH2), 38.60 (s, 8C, C(CH3)), 37.02 (s, 24C,
CH3). IR (cm�1): 3380.02 (s), 3245.49 (s), 3150.50 (s),
2901.70 (m), 2865.54 (sh), 1643.24 (s), 1473.51 (s),
1388.65 (m), 1365.51 (m), 1288.36 (w), 1249.79 (s),
1203.50 (s), 1157.21 (vw), 1118.64 (vw), 1056.92 (w),
871.76 (w), 817.76 (w), 786.90 (w), 732.90 (w), 694.33
(m). Anal. Found (calcd): C, 70.71% (71.3); H, 9.22%
(9.03); O, 17.72% (17.37).

4.5. [Rb(L–H)(THF)4(H2O)7] 4

Synthesis of 4. In a beaker, 10 mL of THF was slowly layered
on top of 20 mL of an aqueous solution of 0.25 M rubidium
carbonate. A 20 mg portion (0.015 mmol) of 4-tert-butylca-
lix[8]arene was added onto the liquid. The solid calixarene
slowlyaccumulated at theTHF–water interface.Onslowevap-
oration (1–2 days) of the solution at a temperature of 23 �C,
needle-like, colorless crystals grew in quantitative yield.

1H NMR (CDCl3, 250 MHz): 9.63 (s, 7H, OH), 7.18 (s, 16H,
ArCH), 4.34 (d, 8H, CH2), 3.75 (m, 16H, THF), 3.74 (d, 8H,
CH2), 1.85 (m, 16H, THF), 1.43 (s, H2O), 1.25 (s, 72H,
CH3). IR (cm�1): 3409.91 (w), 2954.74 (m), 2862.17 (m),
1712.67 (w), 1643.24 (w), 1612.38 (w), 1581.52 (w),
1542.95 (w), 1473.51 (s), 1357.79 (w), 1288.36 (s),
1249.79 (s), 1203.50 (s), 1110.92 (w), 1056.92 (m), 871.76
(m), 817.76 (w), 786.90 (w), 732.90 (w), 686.61 (w),
586.32 (w), 570.89 (w).

4.6. [Cs(L–2H)(THF)5(H2O)6] 5

Synthesis of 5. In a beaker, 10 mL of THFwas slowly layered
on top of 20 mL of an aqueous solution of 0.20 M caesium
carbonate. A 20 mg portion (0.015 mmol) of 4-tert-butylca-
lix[8]arene was added onto the liquid. The solid calixarene
slowly accumulated at the THF–water interface. On slow
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evaporation (1–2 days) of the solution at a temperature of
23 �C, needle-like, colorless crystals grew in quantitative
yield.

1H NMR (CDCl3, 250 MHz): 9.63 (s, 7H, OH), 7.17 (s, 16H,
ArCH), 4.33 (d, 8H, CH2), 3.75 (m, 16H, THF), 3.52 (d, 8H,
CH2), 1.85 (m, 16H, THF), 1.58 (sh, H2O), 1.25 (s, 72H,
CH3). IR (cm�1): 3589.28 (w), 3365.55 (m), 3161.11 (m),
2952.81 (s), 2906.53 (m), 2866.02 (m), 1633.59 (m),
1479.30 (s), 1390.58 (w), 1359.72 (m), 1290.29 (m),
1247.86 (m), 1201.57 (s), 1155.28 (w), 1118.64 (w),
1054.99 (m), 910.34 (w), 871.76 (m), 817.76 (m), 784.97
(w), 661.54 (s), 621.04 (s).

4.7. Single crystal structures

Diffraction patterns for crystals 1, 2, 4, and 5 were measured
on a STOE IPDS diffractometer with monochromated
graphite Mo Ka radiation, l¼0.71073 Å, generated by a
rotating anode Enraf FR590, equipped with an Oxford Cryo-
systems open flow cryostat,40 with an absorption correction
by analytical integration.41 The structures were solved with
direct methods and refined by full-matrix least-squares on F2

with the SHELX-99 package.42 All heavy atoms were re-
fined anisotropically. However, major disorder in free sol-
vent molecules and some of the tert-butyl groups of the
ligand led to rather high R values for all structures. The crys-
tals were measured at�40 �C, lower temperatures leading to
cracking of the single crystals. Crystallographic data for the
structures 1, 2, 4, and 5 reported here have been deposited
with the Cambridge Crystallographic Data Center under
numbers CCDC-653530, CCDC-652846, CCDC-652847,
and CCDC-652848. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Single crystal data for 1. C104H176Na2O17, M¼1744.63
g mol�1, monoclinic, space group P21/c (No. 14),
a¼22.668(4), b¼25.508(7), c¼23.938(4) Å, b¼113.57(2)�,
V¼12686.4 Å3, Z¼4, T¼240(2) K, m(Mo Ka)¼
0.806 mm�1, 21,561 reflections, 1142 parameters refined,
R1¼SjjFoj�jFcjj/SjFoj¼0.1337, wR2¼{S[w(Fo

2�Fc
2)2]/

S[w(Fo
2)2]}1/2¼0.3426 for I>2s and R1¼0.2945, wR2¼

0.4153 for all data.

Single crystal data for 2. Single crystals of 2 decayed after
43.5% completeness of data collection; C116H220Li2O27,
M¼2060.86 g mol�1, monoclinic, space group P21/c (No.
14), a¼20.413(4), b¼32.402(7), c¼21.638(4) Å, b¼
114.84(3)�,V¼12987(5) Å3,Z¼4,T¼240(2) K,m(MoKa)¼
0.993 mm�1, 12,222 reflections, 1306 parameters refined,
R1¼0.1442, wR2¼0.2865 for I>2s and R1¼0.2438,
wR2¼0.3279 for all data.

Single crystal data for 4. Crystal decay observed after 81.7%
data collection; C104H157RbO19, M¼3721.64 g mol�1,
monoclinic, space group C2/c, a¼35.745(7), b¼22.459(5),
c¼28.450(6) Å, b¼109.53(3)�, V¼21525(7) Å3, Z¼4,
T¼243(2) K, m(Mo Ka)¼1.031 mm�1, 18,188 reflections,
8021 observed and 1130 parameters refined, R1¼0.1380,
wR2¼0.2866 for I>2s and R1¼0.2742, wR2¼0.3434 for
all data.

Single crystal data for5.C108H163CsO19,M¼1898.35 gmol�1,
monoclinic, space group C2/c, a¼35.968(7), b¼22.437(5),
c¼28.549(6) Å, b¼109.72(3)�, V¼21688(8) Å3, Z¼8,
T¼240(2) K, m(Mo Ka)¼1.139 mm�1, 48,218 reflections,
1140 parameters refined, R1¼0.1893, wR2¼0.4194 for
I>2s and R1¼0.2498, wR2¼0.4525 for all data.
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