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Synthesis and crystal structures of supramolecular compounds of
polynuclear aluminum(1ir) aqua hydroxo complexes with cucurbit[6]uril
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Supramolecular compounds of the di-, trideca-, and triacontanuclear aluminum aqua
hydroxo complexes, viz., [Al,(OH),(H,0)¢]*", [Al;5(AlO4)(OH),4(H,0)1,]7", and
[Al3,Og(OH)56(H,0),4]'8*, respectively, with the organic macrocyclic cavitand cucurbit[6]uril
(C36H36N»40,,) were prepared by evaporation of aqueous solutions of aluminum nitrate and
cucurbit[6]uril after the addition of pyridine, ammonia, KOH, or NaOH at pH 3.1—3.8. X-ray
diffraction study demonstrated that the aqua hydroxo complexes are linked to the macrocycle
through hydrogen bonds between the hydroxo and aqua ligands of the polycations and the

portal oxygen atoms of cucurbit[6]uril.
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Polynuclear hydrolysis products prevail in chemistry
of aqueous solutions of aluminum(111) compounds in wide
pH and concentration ranges.!2 The control over the
degree of hydrolysis and, consequently, the degree of po-
lymerization of aluminum aqua ions plays an important
role in geochemistry, biology, edaphology, and catalyst
production.3—% Polynuclear aluminum hydroxo com-
plexes are involved as the major components in alumi-
num sols, which are used as precursors of various ce-
ramic materials.”-8 Numerous potentiometric, kinetic, and
spectroscopic studies of the formation of aluminum
aqua hydroxo complexes revealed a large series of com-
pounds Al,(OH),(r~9* with different degrees of poly-
merization and a variable OH/AI ratio. However, solid-
state isolation of these complexes from aqueous solu-
tions presents difficulties because of their kinetic lability
and high rates of ligand exchange. The polynuclear aqua
complex containing 13 Al atoms, which is the most abun-
dant aluminum form in organic acidic soils, has been
studied in most detail. The aqua hydroxo complex
of composition [s-Al12(A104)(OH)24(H20)12]7Jr is the
e isomer of the Keggin structure (e-Al;3),10 in which the
central AlO, tetrahedron shares vertices with 12 edge-
sharing AlOg octahedra.!:12 Recently, transforma-
tion products of the e-Al;; aqua complex, viz.,
the aqua complexes [é‘)-Al12(A104)(OH)24(H20)12]7+
and [Al;Og(OH)s56(H,0)56]'%", have been isolated
from an aqueous solution of the former complex
subjected to thermal treatment, and the resulting
complexes have been structurally characterized.13—15
The dinuclear [Al,(OH),(H,0)g4]*", octanuclear
[Alg(OH)4(H,0),¢]'%, and tridecanuclear

[Al;3(OH),4(H,0)5]"" (Anderson structure!?) cations
belong to another type of polynuclear aluminum aqua
complexes, in which all metal atoms are in an octahedral
coordination (AlOg).16—18 The aluminum aqua hydroxo
complexes were isolated from aqueous solutions and struc-
turally characterized as salts with SO,2~, SeO42~, or
CIl~ anions. The use of large anions, such as poly-
oxometallates, enabled the e-Al;; and §-Al;; forms and
the [W,AlgO,¢(OH) 45(H,0),4]'2" heteropolycation to be
synthesized and structurally characterized.!®20 An e-Al,;
compound with a complex polyanion, which consists of
two sulfonatocalix[4]arene molecules and an encapsu-
lated sodium complex with 18-crown-6, was docu-
mented.?!

In the present study, we report a new supramolecu-
lar approach to the solid-state isolation of polynuclear
aluminum aqua complexes from aqueous solutions.
The di-, trideca-, and triacontanuclear aqua complexes
were obtained as supramolecular compounds 1—4 with
the organic macrocyclic cavitand cucurbit[6]uril. X-ray
diffraction study demonstrated that these compounds
have the following compositions: {[Al,(OH),(H,0)s](Py@
@C36H36N3401,)2}(NO3), - 16H,0 (1), {[Al(AlO4)(OH)py-
(Hy0)15]5(C36H36N2401)3H(INO3) 14 - 6H,0 (2), Kp{[Al}5(AlOy)-
(OH)14(H50) 15]5(C36H36N24012)3}(NO3) 16+ 36H,0 (3), and
{[Nay(OH),(Hy0)(C36H36N2401) 15[ Al3005(OH) 56(H,0) 561} -
(NO3) 3+ 56H,0 (4).

Results and Discussion

Earlier,22—27 we have demonstrated that organic
macrocyclic cavitands cucurbit[n]urils (Cg,H¢,N4,0,,,
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n = 5—8 (CBJn])) can be used for solid-state isolation of
polynuclear aqua complexes of different metals (Zr, Hf,
Sr, U, Mo, and Ga) from aqueous solutions.

The cucurbit[z]uril molecule has a barrel-like shape
and can form hydrogen bonds with aqua ligands due to
the presence of polarized carbonyl groups at the ends
(portals).28—30 As a rule, polynuclear cationic metal aqua
complexes have a high charge, and coordinated water
molecules in these complexes possess rather strong acidic
properties, which is favorable for the formation of hydro-
gen bonds with the carbonyl oxygen atoms of cucur-
bit[n]urils. Large sizes of polynuclear aqua complexes pro-
motes the formation of an extensive hydrogen bond net-
work due to a large contact surface area.

In aqueous solutions of aluminum salts at low
pH (<3), aluminum is present as the hydrated
[Al(H,0)¢]3* cation. A crystallographic analysis of alums
and other hydrates showed that aluminum has an octa-
hedral coordination with six water molecules. Earlier,31
we have demonstrated that the addition of cucurbit[6]uril
to an aqueous solution of aluminum chloride (pH 2.5)
led to the formation of the supramolecular compound
[AI(H20)6](C36H36N24012)C13' 18H20, in which the
octahedral aqua complex is linked to CB[6] through
hydrogen bonds between the carbonyl groups of the
macrocycle and the water molecules. An increase in pH
leads to HT abstraction from the coordinated water mol-
ecules and polymerization of the aqua ions through the
bridging hydroxo ligands. In the present study, we added
pyridine, ammonia, potassium hydroxide, or sodium hydr-
oxide to a solution of aluminum(iir) nitrate and cucur-
bit[6]uril to increase the basicity of the solution, pH of
the resulting solutions being varied from 2.7 to 4.0. At
pH > 4, an amorphous precipitate of aluminum hydrox-
ide was obtained in all cases. At certain pH and reagent
ratios, we succeeded in isolating supramolecular adducts
of polynuclear aluminum aqua complexes with cucur-
bit[6]uril from solution.

Colorless air-stable crystals of compound 1 were grown
by slow evaporation of an aqueous solution of aluminum
nitrate and cucurbit[6]uril after the addition of pyridine
to pH 3.1 in air.

X-ray diffraction study showed that complex 1 is a
supramolecular compound of the dinuclear aluminum
aqua complex with cucurbit[6]uril, in which the
aqua complex/CB[6] ratio is 1 : 2 (Fig. 1). The
[Al,(OH),(H,0)g]** cation in compound 1 is
structurally similar to the dinuclear cation in the
[Al,(OH),(H,0)g]1(YOy),+2H,0 complexes (Y = S or
Se).15 The metal atoms are in an octahedral coordination
and are linked to each other by two bridging hydroxo
groups (Al—O, 1.891(4), 2.161(5), 1.868(4), and
1.873(5) A). Each aluminum atom is additionally
coordinated by four water molecules (AI—O,
1.803(4)—2.084(4) A). The dinuclear aqua complex in

Fig. 1. Fragment of the [{[Al,(OH),(H,0)5](Py@
@C;4H+4N,,0,,)}**].. chain in the structure of 1. Hydrogen
bonds are indicated by dashed lines. The pyridine molecules
included in cucurbit[6]uril are represented by large-diam-
eter balls.

compound 1 is linked to two cucurbit[6]uril molecules
through hydrogen bonds between three aqua ligands and
two carbonyl oxygen atoms at each portal of CB[6] (O...0O,
2.53—2.96 A). In complex 1, the octahedral coordination
environment of the metal atoms is somewhat more dis-
torted than that in the [Al,(OH),(H,0)5](YOy),-2H,0
complex. The AlI—O distances in molecule 1 are in the
range of 1.803(4)—2.161(5) A, whereas these distances in
[Al,(OH),(H,0)5](YOy,),+2H,0 are in the range of
1.87—1.95 A. The average metal—oxygen distance in the
dinuclear cation of 1 (1.94 A) is longer than the Al—O
distances in the above-mentioned complexes (1.89 A). In
the crystal of 1, the aqua complexes and cucurbit[6]uril
molecules are linked to each other through hydrogen
bonds to form chains along the a axis (see Fig. 1). The
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water molecules of crystallization, the nitrate anions, and
the cucurbit[6]uril molecules, which are not linked to the
aqua complexes, are located between the chains. The cav-
ity of each CB[6] molecule encapsulates one pyridine
molecule, resulting in a distortion of the cavitand. The
difference between the largest and smallest diameters of
CBJ6] (distances between the opposite carbon atoms of
CH groups) is 1.29 A.

The tridecanuclear aluminum aqua complex was iso-
lated as supramolecular compounds 2 and 3 from a solu-
tion of aluminum nitrate and cucurbit[6]uril after the ad-
dition of ammonia and a KOH solution, respectively
(pH 3.8). The compounds were obtained as air-stable
colorless crystals. The Al;; polyoxo cations in complexes
2 and 3 are structurally similar to the tridecanuclear alu-
minum aqua complex prepared earlier!1:12 as the sulfate
and selenate salts. This is the £ isomer of the Keggin
structure, in which the central AlO, tetrahedron shares
vertices with four Al;0,; groups consisting of three edge-
sharing AlO¢ octahedra (Fig. 2). In compounds 2 and 3,
the coordination environment of the central aluminum
atom is more distorted compared to other known struc-
tures. The Al—O distances in the aqua complex are
1.802(3), 1.802(3), 1.826(4), and 1.853(4) A (aver.,
1.820 A) in compound 2 and 1.818(3), 1.820(2), 1.820(2),
and 1.842(3) A (aver., 1.825 A) in compound 3, whereas
these distances in the selenate salt are equal to each other
(1.831 A) and the Al—O distances in the sulfate salt are
1.833 and 1.843 A. The average metal—oxygen distances
in the octahedral coordination environment of aluminum

Fig. 2. Structure of the supramolecular adduct of e-Al;; with
cucurbit[6]uril molecules in compounds 2 and 3. Hydrogen
bonds are indicated by dashed lines. The hydrogen atoms are
omitted. The coordination environment of the aluminum atoms
is represented by polyhedra: the AlO, tetrahedron is shown in
black and the AlOg4 octahedra are shown in gray.

are 2.01 (Al—0), 1.87 (AI—OH), and 1.94 A (Al—OH,)
in compound 2 and 2.01, 1.86, and 1.94 A, respectively,
in compound 3, which agree well with the average bond
lengths in the structure of the above-described e-Al;; aqua
complex (2.03, 1.85, and 1.95 A, respectively).

The e-Al,; polyoxo cation can be described as a trun-
cated tetrahedron. Each hexagonal plane of this poly-
hedron is formed by six bridging oxygen atoms of the OH
ligands and six terminal oxygen atoms of the H,O ligands.
The arrangement of these ligands match very well with
the shape and sizes of the portals of cucurbit[6]uril. In
supramolecular compounds 2 and 3, three of four hexa-
gonal planes of each e-Al,;; polyoxo cation are linked to
three CB[6] molecules through hydrogen bonds between
six hydroxo and aqua ligands of the polycation and six
portal oxygen atoms of cucurbit[6]uril. The planes of the
portals are virtually parallel to the faces of the tetrahedral
e-Al,; polyoxo cation (angles are 0.01—1.93°). The O...0
distances are in the range of 2.63—2.77 A.

The 12-membered hexagonal ring consisting of six
e-Al|3 aqua complexes and six cucurbit[6]uril molecules
is the main structural unit in the crystal lattices of com-
pounds 2 and 3 (Fig. 3). The polycations are located at
the vetices of the hexagons so that three adjacent rings are
linked to each other by these polycations, and the hexa-
gonal rings are distorted analogously to cyclohexane in a
chair conformation due to the tetrahedral shape of e-Al 3.
In the crystal structure, these layers consisting of hexa-
gons are packed in stacks along the a axis in such a way
that the e-Al;; polycation of one layer lies virtually above
the center of the hexagonal ring of another layer. The
distance between the aluminum aqua complexes of the
adjacent layers is ~7 A. The solvate water molecules and
the nitrate anions are located between the supramolecular
layers. In the structure of 3 (Fig. 4), one of four Al;0;
fragments in all Alj; polycations of the adjacent layers is
coordinated to the potassium atom by two hydroxo groups
(K—0, 2.826(4) and 2.710(3) A). The potassium atom
is disordered over two positions and is additionally co-
ordinated by two oxygen atoms of two NO;~ anions
and one water molecule. The coordination of an alkali
metal by the hydroxo groups of Al;; was found in the
Na-8-[Al}5,(AlO4)(OH)»4(H,0),][SO4l4+ 19H,0 com-
plex,1¥ which is supposedly responsible for the transfor-
mation of the e-Al;; form of the polycation into the iso-
meric 8-Alj; form. In the latter, the Al;0,5 fragment co-
ordinated by the sodium atom is rotated about the C; axis
of the central AlO, tetrahedron by 60°. In compound 3,
coordination to the potassium atom does not cause such a
rotation.

Under analogous conditions (pH 3.5), the addition of
a NaOH solution to a solution of aluminum nitrate and
cucurbit[6]uril, unlike the above-described experiments
with an ammonia solution (synthesis of compound 2) or a
KOH solution (synthesis of compound 3), did not lead to
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Fig. 3. Structure of the layer consisting of the hexagonal rings formed by the e-Al;; aqua complexes and cucurbit[6]uril molecules in
the structures of 2 and 3. The coordination environment of the aluminum atoms is represented by polyhedra.

Fig. 4. Coordination environment of the potassium atom in
compound 3. One of the disordered positions is indicated by
dashed lines. The coordination environment of the aluminum
atoms is represented by polyhedra. The e-Al;; aqua complexes
of the adjacent layers are differently colored.

the formation of the tridecanuclear aqua complex. The
precipitate containing no aluminum (based on incom-
plete X-ray diffraction data and the IR spectrum, where
Al—O stretching bands are absent), which was obtained
upon storage for 1 day, was filtered off. After 1 month,
air-stable colorless crystals of 4 were isolated from the
mother liquor.

X-ray diffraction data showed that compound 4 is a
supramolecular adduct of the triacontanuclear aqua
complex [Al;Og(OH)s6(H,0)46]'8" with cucurbit[6]uril
(Fig. 5). In the Al polycation, two tridecanuclear 5-Al; 3
fragments are linked to each other by a bridge consisting
of four vertex-sharing AlOg octahedra (in Fig. 5, these
octahedra are shown in dark-gray). The Al;0,; fragment
(in Fig. 5, it is dashed) coordinated by these bridging
octahedra is rotated relative to the central tetrahedron in
3-Al;; by 60°. In AlO,, the Al—O bond with the oxygen
atom bound to this fragment is the longest one in the
distorted tetrahedral environment of the central alumi-
num atom (1.841(3), 1.786(3), 1.791(3), and 1.791(3) A).
As a whole, the structure of Aly, in compound 4 is analo-
gous to that of the triacontanuclear polyoxo cation in the
[Al;;O5(OH)56(H,0),61[SO4lq* xH,O complex. 1415

In supramolecular compound 4, the Al;, aqua com-
plex is linked to four cucurbit[6]uril molecules through
hydrogen bonds between the hydroxo and aqua ligands of
the polycation, on the one hand, and the portal oxygen
atoms of CB[6], on the other hand (O...0, 2.73—2.88 A).
The rotation of the Al;04; fragment in the & form of the
polycation leads to distortion of the hexagonal planes
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Fig. 5. Fragment of the [{[Al;j)O5(OH)s55(H,0)x6]-
(C36H34N2401,),} 1871 chain in the structure of 4. Hydrogen
bonds are indicated by dashed lines. The coordination environ-
ment of the aluminum atoms is represented by polyhedra: the
AlOg¢ octahedra, through which two §-Al,; fragments are linked
to each other, are shown in dark-gray, and the Al;0 5 fragments
rotated with respect to the central tetrahedron in 8-Alj; are
dashed.

characteristic of the e-Al; form, due to which the geo-
metric correspondence between Alsg and the portals of
cucurbit[6]uril is worse. Compound 4 differs from com-
pounds 2 and 3 in that only three portal oxygen atoms of
two CBJ[6] molecules and one oxygen atom of two other
CB[6] molecules are involved in hydrogen bonding. The
supramolecular adducts of Als, with four cucurbit[6]uril
molecules form chains, between which the solvate water
molecules and the nitrate anions are located. In the crys-
tal, these chains are parallel to each other and are ex-
tended along the a axis to form alternating organic and
inorganic layers along the b axis (Fig. 6). The distance
between the adjacent polycations is rather short (shortest
distance between the oxygen atoms of the adjacent Als,
fragments is 3.80 A).

The portal of each CB[6] molecule is bound to the
{Na,(OH),(H,0)} dimer, in which the sodium atoms are
linked to each other by two hydroxo bridges and one

water molecule (Na—O, 2.333(5)—2.483(5) A). Each
Na atom (coordination number is 6) is coordinated by the
portal oxygen atoms of two carbonyl groups of CB[6] and
the water molecule. The other two carbonyl groups at the
portal are involved in hydrogen bonds with two hydroxo
bridges, through which the sodium atoms are linked to
each other, and with the hydroxo group of the Al aqua
complex. Coordination by alkali and alkaline-earth met-
als is characteristic of the chemistry of cucurbit[6]uril,
each portal of the macrocycle being coordinated to two
small cations, such as K, Na*, or Rb*.32-35

The IR spectra of compounds 1—4 show a broad
stretching band in the 3700—2800 cm~! region corre-
sponding to different types of water and hydroxy groups
involved in hydrogen bonding (Fig. 7). In addition to the
characteristic stretching bands of cucurbit[6]uril, the
spectra show absorption bands of the nitrate anions
(1384 cm™!), Al—O stretching bands at 800—400 cm™!
characteristic of the AlO4 and AlOg4 coordination poly-
hedra,3¢ and absorption bands of pyridine (1612 and
1543 cm™!) for compound 1. The Al,; polycation is char-
acterized by stretching bands of the AlI—O bonds involved
in the tetrahedral environment of the metal atom at
729 cm~! and bands of the Al—O bonds involved in the
octahedral environment at 627 (AlI—OH), 546 (Al—O0),
and 492 cm~! (Al—OH,).37 In the spectra of compounds 2
and 3, the bands at 739 and 730 cm~! can be assigned to
Al—O stretching vibrations of the AlO, tetrahedron. The
Al—O stretching bands of the octahedral environment of
aluminum (AI—OH, Al—O, and AI—OH,) in the spectra
of these compounds are observed at 634, 549, and
496 cm™!, respectively, for compound 2 and at 634, 548,
and 492 cm~! for compound 3. It is difficult to distinguish
the Al—O stretching band of the tetrahedral environment
of aluminum in the spectrum of 4. Apparently, this is
associated with the fact that it appears at higher frequen-
cies compared to compounds 2 and 3 due to the shorter
Al—O distances in the tetrahedra and overlap of this band
with the absorption band of cucurbit[6]uril (760 cm™!).
The absorption bands at 634, 608, 566, 536, and 491 cm™!
can be assigned to Al—O vibrations of the octahedral
environment of aluminum. In the spectrum of com-
pound 1, Al—O vibrations are observed at 630 cm~! and
as a broad band in the 610—470 cm™! region.

To summarize, we demonstrated that the macrocyclic
cavitand cucurbit[6]uril can be used for solid-state isola-
tion of polynuclear aluminum aqua complexes from aque-
ous solutions. High charges and large sizes of the aqua
complexes favor the formation of stable supramolecular
compounds with cucurbit[6]uril due to hydrogen bonding
between the hydroxo and aqua ligands of the polycations
and the portal oxygen atoms of CB[6]. Conceivably, the
use of larger cucurbit[r]urils (n» = 7 or 8) will make
it possible to perform solid-state isolation of higher-
nuclearity aluminum polyoxy cations, whose existence in
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Fig. 6. Fragment of the crystal structure of 4. Hydrogen bonds are indicated by dashed lines. The coordination environment of the
aluminum atoms is represented by polyhedra. The solvate water molecules and the nitrate anions are omitted.
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Fig. 7. IR spectrum of compound 3.

aqueous solutions has been postulated based on analysis
of 27Al NMR spectra.!’

Experimental

The starting aluminum nirate AI(NO3)3-9H,0 (high-purity
grade) was used without additional purification. Cucurbit[6]uril

(C36H3¢N 404, - 10H,0) was synthesized from glyoxal, carbam-
ide, and paraformaldehyde in an acidic medium followed by
recrystallization from HCL3® Elemental analyses were carried
out at the N. N. Vorozhtsov Novosibirsk Institute of Organic
Chemistry of the Siberian Branch of the Russian Academy of
Sciences. X-ray diffraction studies were performed on Bruker
SMART CCD and Bruker Nonius X8Apex single-crystal dif-
fractometers equipped with a 4K CCD detector.3? The IR spec-
tra were recorded on a SCIMITAR FTS 2000 Fourier-transform
spectrometer in KBr pellets in the 400—4000 cm™! region.

Octaaquadi(p,-hydroxo)dialuminum(11r)-bis{cucur-
bit[6]uril(pyridine) clathrate} tetranitrate hexadecahydrate,
{[Al,(OH),(H,0)5] (Py@C;3sH34N;401);}(NO3),- 16H,0 (1).
Pyridine (0.095 g, 1.2 mmol) was added to a solution (6 mL) of
Al(NO3)3-9H,0 (1.125 g, 3.0 mmol) to pH 3.1 and then
cucurbit[6]uril (0.050 g, 4.3+ 10~2 mmol) was added. The reac-
tion mixture was heated on a water bath until cucurbit[6]uril
was completely dissolved. The resulting solution was slowly con-
centrated in air at room temperature. After 7 day, colorless
crystals of 1 that formed were filtered off and dried in air for 1 day.
The yield was 0.032 g (52% based on consumed cucurbit[6]uril).
Found (%): C, 32.31; H, 4.48; N, 25.70. Cg,H,3,Al,N540¢,.
Calculated (%): C, 33.73; H, 4.56; N, 25.90. IR (v/cm™!):
3429 (s), 3114 (w), 3000 (w), 2933 (w), 1733 (s), 1650 (w),
1612 (w), 1543 (m), 1475 (s), 1417 (m), 1384 (s), 1324 (s),
1281 (s), 1235 (s), 1188 (s), 1144 (s), 1029 (m), 983 (m), 962 (s),
818 (m), 799 (s), 759 (s), 675 (s), 630 (m), 610—470 (m).
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Bis{dodecaaquatetraeicosa(p,-hydroxo)tetra(u -oxo)trideca-
aluminum (1) }tris{cucurbit[ 6] uril} tetradecanitrate hexahydrate,
{[Al;2(AlI0)(OH),4(H,0)1,]2(C36H36N24012)3} (NO3)14 - 6H,0
(2). A 1 Maqueous NHj solution (6 mL) was added to a solution
(6 mL) of AI(NO3)3+-9H,0 (1.125 g, 3.0 mmol). Then the reac-
tion mixture was heated on a water bath until the precipitate was
completely dissolved and then cooled to room temperature.
Cucurbit[6]uril (0.010 g, 8.9-10-3 mmol) was added, and the
mixture was heated until the latter compound was completely
dissolved. The resulting solution was concentrated in air at room
temperature, pH 3.8. After 1 day, colorless crystals of 2 that
formed were filtered off and dried in air for 1 day. The yield was
0.016 g (93% based on consumed cucurbit[6]uril). Found (%):

Table 1. Crystallographic data and details of X-ray diffraction study

C, 20.72; H, 4.65; N, 20.02. C;ogH,93A1,4Ngc01¢,. Calcu-
lated (%): C, 21.28; H, 4.93; N, 19.76. IR (v/cm™!): 3441 (s),
3240 (w), 1734 (s), 1643 (w), 1484 (s), 1412 (w), 1384 (s),
1327(s), 1296 (m), 1259 (m), 1238 (s), 1194 (s), 1150 (s),
1076 (w), 1047 (m), 988 (m), 964 (s), 821 (m), 804 (s), 761 (s),
739 (m), 676 (s), 634 (s), 549 (w), 496 (w), 461 (w).
Dipotassium bis{dodecaaquatetraeicosa(u,-hydroxo)tetra-
p4-oxotridecaaluminum (i)} tris{cucurbit[6]uril} hexadecani-
trate hexaeicosahydrate, K,{[Al;,(AlO/)(OH),,(H;0);1,-
(C36H36N24012)3}(NO3) 16 - 36H,0 (3). Cucurbit[6]uril (0.010 g,
8.9-10~3 mmol) was added to a solution (5 mL) of AI(NO;);-
-9H,0 (0.938 g, 2.5 mmol). The reaction mixture was heated
until cucurbit[6]uril was completely dissolved and then cooled

Parameter 1 2

3 4

Molecular formula

CgrH3A1N5406;  CiogH5Al6NgsO0 162 CrogHa76Al6KaNggO0209  C72H300Al30NssNa40239

Molecular weight/ 2920.38 6095.80 6787.85 6673.14
g mol~!
T/K 150(2) 150(2) 150(2) K 150(2)
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group PI C2/c C2/m PI
Unit cell parameters:
a/A 15.0326(8) 30.3575(16) 30.5446(15) 14.9028(7)
b/A 19.6101(9) 24.5062(10) 24.7906(11) 20.3749(7)
c/A 23.2186(12) 18.9267(10) 18.9289(9) 21.8147(11)
o/deg 65.2810(10) 90 90 83.8200(10)
B/deg 74.3620(10) 100.7990(10) 100.7090(10) 84.2990(10)
y/deg 88.2770(10) 90 90 70.4690(10)
V/A3 5960.5(5) 13831.1(12) 14083.7(11) 6192.3(5)
Z 2 2 2 1
Peale/g cM™3 1.627 1.464 1.601 1.789
p/mm™! 0.153 0.207 0.251 0.276
Transmission, max/min 0.9344/0.9247 0.9442/0.9217 0.9284/0.9018 0.9167/0.8857
F(000) 3048 6364 7032 3468
Crystal dimensions/mm 0.52%0.48%0.45 0.40%0.32x0.28 0.42%0.34%0.30 0.45%0.35%0.32
Scan range, 6/deg 1.01—25.35 1.08—25.35 1.07—25.35 1.36—25.35
Ranges of
h —17<h<18 —36<h<35 —36<h<36 —17<h<17
k —21<k<23 —14<k<28 —19<k<29 —23<k<23
/ —27<1<27 —22<[<22 —18<1<22 —12<1<26
Number of measured reflections 35319 40980 37147 36822
Number of independent 21278 12773 13222 22166
reflections (R;y;) (0.0212) (0.0433) (0.0271) (0.0497)
Number of reflections 10706 6775 8831 11574
with 7> 26(1)
Yucio pediiekcon 21278 12773 13222 22166
Number of parameters 1810 1058 1082 1981
in refinement
S factor based on F2 1.345 1.122 1.080 1.052
R factor based on reflections
with [1> 26(1)]:
R, 0.0692 0.0665 0.0522 0.0560
WRy 0.1487 0.1484 0.1090 0.1473
R factor (for all reflections):
R, 0.1113 0.1369 0.0827 0.1159
wRy 0.1604 0.1692 0.1216 0.1616
Residual electron density 0.267/—-0.297 0.455/—-0.410 0.356/-0.314 1.059/-0.412

(max/min)/e A-3
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to room temperature. An aqueous KOH solution (5 mL, 0.28 g,
5.0 mmol) was added with stirring at high temperature until the
precipitate was completely dissolved. The resulting solution was
concentrated in air at room temperature, pH 3.8. After 1 day,
colorless crystals of 3 that precipitated were filtered off and dried
in air for 1 day. The yield was 0.013 g (70% based on consumed
cucurbit[6]uril). Found (%): C, 18.57; H, 3.80; N, 18.08.
CiogH276A16K5NggO509. Calculated (%): C, 19.11; H, 4.10;
N, 18.16. IR (v/cm™1): 3442 (s), 2933 (w), 1734 (s), 1653 (w),
1636 (w), 1558 (w), 1487 (s), 1418 (m), 1384 (s), 1352 (m),
1326 (s), 1295 (m), 1259 (m), 1237 (s), 1193 (s), 1149 (s),
1024 (w), 986 (m), 963 (s), 821 (m), 804 (s), 761 (m), 730 (m),
675 (m), 634 (s), 548 (m), 492 (m), 458 (m).

Bis{cucurbit[6]uril-aquadi(p,-hydroxo)disodium}hexaeicosa-
aqua-hexapentacosa(u,-hydroxo)octa(p,-0x0)-eicosalumi-
num(1) octadecanitrate hexapentacosahydrate, {[Na,(OH),-
(H,0)(C36H36N24012)1;[Al3905(0OH)56(H;,0)261} (NO3)15-
-56H,0 (4). Cucurbit[6]uril (0.020 g, 1.7 - 102 mmol) was added
to a solution (10 mL) of AI(NOj3);-9H,0 (2 g, 5.3 mmol). Then
the reaction mixture was heated until the former compound was
completely dissolved and then cooled to room temperature.
An aqueous NaOH solution (10 mL, 0.4 g, 10.0 mmol) was
added with stirring at high temperature until the precipitate was
completely dissolved. The resulting solution was concentrated
in air at room temperature, pH 3.5. After 1 day, the precipitate
that formed (16 mg) was filtered off. The mother liquor was
concentrated for 30 days, after which colorless crystals of 4 were
obtained. The yield was 0.004 g (7% based on consumed
cucurbit[6]uril). Found (%): C, 13.10; H, 3.84; N, 14.05.
C1,H300Al30NggNa 0,39, Calculated (%): C, 12.96; H, 4.53;
N, 13.85. IR (v/cm™1): 3441 (s), 2976 (w), 1729 (s), 1636 (s),
1485 (s), 1417 (w), 1385 (s), 1354 (w), 1328 (m), 1294 (m),
1260 (m), 1238 (s), 1194 (s), 1150 (s), 1072 (m), 1051 (w),
966 (s), 820 (m), 803 (s), 760 (m), 691 (w), 676 (m), 634 (m),
608 (sh), 566 (w), 536 (m), 491 (sh), 459 (w), 445 (w).

X-ray diffraction study. The crystallographic characteristics
and details of X-ray diffraction study for crystals of com-
pounds 1—4 are given in Table 1. X-ray data sets were collected
according to a standard procedure at 150 K. In all experiments,
Mo-Ka radiation (A = 0.71073 A) and a graphite monochroma-
tor were used. Semiempirical absorption corrections were ap-
plied based on the intensities of equivalent reflections. The struc-
tures were solved by direct methods and refined by the full-
matrix least-squares method against F? with anisotropic dis-
placement parameters for all nonhydrogen atoms using the
SHELX97 program package.®® The hydrogen atoms of cucur-
bit[6]uril and pyridine were calculated geometrically and re-
fined using a riding model. The hydrogen atoms of the water
molecules were not revealed.

The crystallographic data were deposited with the Cam-
bridge Structural Database and can also be obtained from the
authors.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 04-03-32304)
and the Russian Academy of Sciences (Program of
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