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Supramolecular approach to crystallization of polynuclear
chromium (111) aqua hydroxo complexes:

synthesis and crystal structures of complexes [Cr,(OH),(H,0)g]**

and [Cr,(OH)4(H,0),,]®* with cucurbit[]uril (n =7, 8)
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Supramolecular compounds of the compositions {[Cry(OH),(H,0)g](C4y;H4yN»504)5}-
(NO3)4-18.75H,0 (1) and {[Cry(OH)4(H,0) 3](C4gH45N3,016)3}(NO3) - 55H,0 (2) were syn-
thesized from aqueous solutions of chromium(in) nitrate and the macrocyclic cavitand
cucurbit[n]uril (Cq,Hg,, Ny, 0,,, where n =7 or 8, respectively). According to the X-ray diffrac-
tion study, the polynuclear chromium aqua complexes are disposed in cavities formed by the
cucurbit[#]uril molecules and are linked to these molecules through hydrogen bonds between
the hydroxo and aqua ligands of the polycations and the portal oxygen atoms of the macrocycles.
Compound 1 is the first example of supramolecular compounds of cucurbit[7]uril with metal
aqua complexes. The isolation of the supramolecular adduct with cucurbit[8]uril 2 in the
single-crystalline state allows the determination of the structure of the tetranuclear chromium
aqua complex having an adamantane-like structure, [Cr4(u2—OH)6(H20)12]6+, which has been
previously unknown in the solid state.
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structure.

The hydrolysis of Cr'l! compounds is better studied
than the corresponding processes of other transition metal
compounds due to high kinetic stability of chromium(i1r)
aqua complexes.!:2 The formation of hydroxo- and oxo-
bridged chromium compounds as a result of hydrolysis is
an important step in the leather-making process.3 It was
hypothesized4 that Cr, fragments bound to small atoms or
groups, for example, to O, OH, Cl, or S, are present in a
low-molecular-weight chromium-containing compound
isolated from biological sources. It is the opinion? that the
dinuclear hydroxo-bridged chromium(iir) complex serves
as an active site of the metalloenzyme responsible for
glucose degradation in living organisms.

Polynuclear chromium(i) hydroxo complexes (di-,
tri-, tetra-, penta-, and hexanuclear), which are formed
upon the addition of sodium hydroxide to an aqueous
solution of Cr!!l perchlorate, can be separated by ion
exchange chromatography.® Studies of these oligomers in
solution by different physicochemical methods®—11 sug-
gested a number of possible structures of polynuclear aqua
complexes.® 12 However, the problems of isolating oligo-
mers in the solid phase and obtaining direct structural
information are still with us today.

The supramolecular approach based on the use of
noncoordinating ligands, whose donor atoms can form
hydrogen bonds with aqua ligands of the complexes, is
one of the most useful methods for crystallization of poly-
nuclear aqua complexes. Macroanions (anionic capsules),
such as the inclusion compound of the macrocyclic
cavitand calix[4]arene with the sodium 18-crown-6
complex [{Na@(18-crown-6)(OH,),}@{(p-sulfonato-
calix[4]arene)2}]7* and the inclusion compound of
calix[4]arene with the tetraprotonated form of cyclam
[{H4cyclam}@{(p-sulfonatocalix[4]arene),}]4—,13:14 were
used as outer-sphere ligands for crystallization of
polynuclear chromium aqua complexes. The di-,13-14
tri-,13 and tetranuclear!® chromium aqua com-
plexes [Cry(OH),(H,0)g]**, [Cr3(OH)4(H,0) 013", and
[Cr4(OH)6(H20)12]6+, respectively, were isolated from
an aqueous solution as supramolecular compounds
with the above-mentioned macroanions, and these com-
pounds were structurally characterized. It should be
noted that the latter complex can be selectively isolated
from a solution containing a mixture of all oligomers.
In the structures of the resulting compounds, the poly-
nuclear chromium aqua complexes are located in the
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cavities formed by the macroanions and are linked to
the latter by both hydrogen bonds of the aqua ligands
of the complex with the oxygen atoms of the SO;~
groups of calixarene and cation-anion interactions.
The dinuclear chromium complex was isolated as
the supramolecular compound with mesitylene-2-sul-
fonate [Cr,(OH),(H,0)5][(H;C);CcH,S05],4+4H,0 (see
Ref. 15) and the complex of this salt with 18-crown-6
[Cry(OH)y(H,0)5][(H3C)3CsH,805]4 - C15Hp4 06 3H,0.16

In the present study, we applied the supramolecular
approach to the isolation of polynuclear chromium(iir)
aqua complexes with the use of the organic macrocyclic
cavitand cucurbit[n]uril. The cucurbit[z]uril molecule
(CBln], C¢,Hg,Ny4,0,, (n = 5—38)) consists of n methyl-
ene-bridged glycoluril
fragments and has a bar-
rel-like shape containing

polarized carbonyl groups o) S

(portals) in the planes of |

the lid and the bot- "N 'N—CH,"

tom. 1719 >_<
Earlier,2—23 we have “N_ _N—CH,

successfully used cucur- \”/

bit[6]uril for crystalliza- L O In

tion of polynuclear Zr,
Hf, Sr, U, Mo, Al, Ga,
and In aqua complexes. In the supramolecular
products, the aqua hydroxo complexes are linked
to the macrocycle by hydrogen bonding between
the hydroxo and aqua ligands of the complexes and the
portal oxygen atoms of cucurbit[6]uril. In the present
study, we synthesized the dinuclear and tetranuclear
chromium aqua complexes from aqueous solutions of
chromium(11r) nitrate as supramolecular compounds with
cucurbit[7]uril and cucurbit[8]uril with the compositions
{[Cr,(OH),(H,0)5](CB[7]),}(NO3)4+ 18.75H,0 (1) and
{[Cr4y(OH)4(H,0),](CB[8])3}(NO3)¢+ 55H,0 (2), re-
spectively.

Cucurbit[n]uril

Results and Discussion

Earlier, we have demonstrated?4 that the addition of
cucurbit[6]uril to an aqueous solution of chromium(iir)
nitrate gave rise to the supramolecular compound
{[Cr(H,0)xl(CB[6])}(NO3)5+ 13H,0, in which the mono-
nuclear octahedral aqua complex is linked to CB[6] by
hydrogen bonding between the coordinated water mol-
ecules and the carbonyl groups of the macrocycle. This
compound has a chain structure, in which the molecules
of the aqua complex and cucurbit[6]uril are arranged one
above another and are linked by hydrogen bonding. To
synthesize polynuclear chromium aqua complexes and
isolate them as supramolecular compounds, we carried
out the reactions of cucurbit[6]uril with aqueous solu-

tions of chromium( (i) nitrate or sulfate with varying the
reaction conditions, such as the total concentration of the
metal, pH (by adding NaOH, KOH, or ammonia), and
the temperature. However, all experiments afforded the
compounds of CB[6] with mononuclear complexes only.
For the reactions with cucurbit[x]urils of larger size, we
found the conditions, which provided the isolation of
polynuclear chromium aqua complexes in the solid phase.

Violet-green crystals with the composition
{[Cry(OH),(H,0)5](CB[7]);}(NO3),+ 18.75H,0 (1) were
grown by slow diffusion of ethanol vapor into a saturated
aqueous solution of chromium(ii) nitrate and cucur-
bit[7]uril (pH = 2.3). Crystals of 1 are soluble in water at
high temperature. According to the X-ray diffraction study
(Table 1), complex 1 is a supramolecular compound of
the dinuclear chromium aqua complex with cucurbit[7]uril
in which the aqua complex : CB[7] ratiois 1 : 2. The struc-
ture of [Crz(OH)z(H20)8]4+ in 1 (Fig. 1) is analogous to
that of the cation in the dinuclear chromium aqua com-
plexes synthesized earlier.13—16 The metal atoms are in a
distorted octahedral environment and are linked to each
other by two bridging hydroxo groups (Cr(1)—O(5),
1.948(3) A; Cr(2)—O(5) 1.950(3) A). Each chromium
atom is additionally coordinated by four water molecules
(Cr(1)—0(1), 1.990(3) A; Cr(1)—0(2), 2.000(3) A;
Cr(2)—0(3), 1.982(3) A; Cr(2)—0(4), 2.006(3) A). The
Cr...Crnonbonded distance is 3.0235(1) A. On the whole,
the bond lengths and bond angles in the dinuclear frag-
ment differ only slightly from the corresponding param-
eters for the known dinuclear chromium aqua complexes.

In the structure of 1, the dinuclear aqua complexes are
located in the cavities formed by four cucurbit[7]uril mol-
ecules (Fig. 2) and are linked to the latter by numerous
hydrogen bonds between the hydroxo and aqua ligands of
the complex and the oxygen atoms of the carbonyl
groups at each CBJ[7] portal (O...0, 2.53—2.96 A). The
cucurbit[7]uril molecules are arranged at nearly a right
angle to each other; the angle between the planes formed
by the portal oxygen atoms of the adjacent molecules
is 84°. The adjacent CB[7] molecules are in rather
close proximity and are linked to each other by hydrogen
bonds between the carbonyl groups of one molecule

Fig. 1. Structure of the dinuclear chromium aqua complex
[Cr,(n,-OH)5(H,0)g]** in compound 1.
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Table 1. Crystallographic data and the X-ray diffraction data collection and refinement statistics for

compounds 1 and 2

Parameter

Empirical formula
Molecular weight/g mol~!
T/K

Crystal system

Space group

Unit cell parameters
a/A

c/A

V/A3

Z

d/g cm™3

u/mm=!

Transmission, max/min
F(000)

Crystal dimensions/mm
0-Scan range, deg
Ranges of 4, k, [ indices

Number of measured reflections
Number of independent reflections (R;p)
Number of reflections with 1 > 26([/)
Number of parameters
S factor based on F?
R factors based on reflections with 7 > 26(/)
R
WR2
R factors (based on all reflections)
R,
WR2
Residual electron density (max/min)/e A=3

1 2
CgaH139.50CraNgpOg8.75  C144H2g4Cr4N1920139
3194.06 5876.42
150(2) 150(2)

Cubic Hexagonal
la3 R-3
45.9434(11) 30.0467(6)
24.3737(8)
96977(4) 19056.6(8)
24 3
1.313 1.536
0.238 0.294
0.9255/0.9066 0.9600/0.9545
39876 9120
0.42x0.35x0.33 0.16x0.15x0.14
1.09—25.35 2.23—25.35
—55<h<38 —36<h<36
—29< k<55 —-35<k<36
—55<1/<55 —17<1<29
221112 37828
14817 (0.0456) 7652 (0.0430)
14817 7652
1085 1031
1.050 1.086
0.0708 0.0900
0.1934 0.2523
0.1556 0.1254
0.2309 0.2801
0.542/—-0.376 1.550/—-0.992

and the CH and CH, groups of another molecule
(dcp(0...H—C) = 2.48 A). The formation of a system
of O...H—C hydrogen bonds between the adjacent
CB[n] molecules was documented for the
(H30)5{(CH3),CO@CB[7]}(S04); 5+ 15H,0 compound,
in the crystal structure of which the CB[7] molecules
are packed in a herringbone fashion,?5 and for the
{[La(H,0)¢(SO4](CB[6])}(NO;3) - 12H,0 complex hav-
ing a chain structure.26

Green crystals of compound 2 were grown by keeping
an aqueous solution of chromium nitrate, cucurbit[8]uril,
and sodium hydroxide in a sealed tube at pH 4.4 for three
days at 95 °C. Crystals of 2 are insoluble in water at high
temperature. The X-ray diffraction study showed that
complex 2 is a supramolecular compound of the tetra-
nuclear chromium aqua complex [Cry(OH)(H,0),,]%"
with cucurbit[8]uril. The chromium and oxygen atoms in
the aqua complex are disordered over two positions, one
of which is shown in Fig. 3. The chromium atoms in
[Cr4(OH)6(H20)12]6+ are in a slightly distorted octahedral
environment formed by three oxygen atoms of the termi-

nal water molecules and three oxygen atoms of the
W,-bridging hydroxo groups that link the metal atoms in
pairs. The {Cry(u,-OH)¢} fragment of the complex has an
adamantane-like structure (in Fig. 3, this fragment is in-
dicated by thicker lines), in which four chromium atoms
occupy the vertices of a slightly distorted tetrahedron,
and six oxygen atoms of the hydroxo groups are located
above the edges of this tetrahedron. This structural type
has been previously unknown for tetranuclear chromium
aqua complexes. Earlier,% only cyclic structures have
been proposed for tetranuclear aqua complexes based
on the study of aqueous solutions of Cr!!l. The struc-
ture of one of these compounds with the composition
[C1r4(OH)6(H20)12]6+ (involved in the supramolecu-
lar compound with the macroanion [{Na@(18-crown-
6)(OH,),}@{(p-sulfonatocalix[4]arene),}]"~) was estab-
lished by X-ray diffraction.!3 The cation in this com-
pound exists as an eight-membered ring consisting of al-
ternating four chromium atoms (located in the vertices of
the rhombus) and four oxygen atoms of the u,-bridging
hydroxo groups. Two opposite chromium atoms in the
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Fig. 2. Packing of the CB[7] molecules and the dinuclear Cr!!l
aqua complexes in the structure of 1. The hydrogen bonds be-
tween the hydroxo and aqua ligands of the complex and CBJ[7]
are indicated by dashed lines; the hydrogen bonds between the
CB|[7] molecules, by dotted lines.

0(2A)

Fig. 3. Structure of the tetranuclear chromium aqua complex
[Cry(u,-OH)((H,0),]°" in compound 2. The adamantane-like
fragment of the complex is shown by thicker lines.

ring are additionally linked to each other by two p,-bridg-
ing hydroxo groups. The adamantane-like structure
was described only for chromium complexes with or-
ganic ligands, such as [Cry(OH)4(CsMes),](BF,), 3%
and [Cry(OH)g(tach)4](ClOy,),(CF3;5035)6_, (4) (tach is
1,3,5-triaminocyclohexane).28 The bond lengths and bond
angles in the tetranuclear aqua complex of compound 2
are given in Table 2. The average Cr—O bond length in
the bridging hydroxo groups of the adamantane fragment
is 1.931(3) A, which is slightly shorter than the analogous
distances in chromium complexes with organic ligands
(dpyer = 1.952(8) and 1.973(6) A in 3 and 4, respectively).
The Cr...Cr nonbonded distances (d,.; = 3.566(2) A) are

Table 2. Selected geometric parameters for the tetranuclear chro-
mium aqua complex in compound 2

Bond d/A Angle o/deg
Cr()—0(2)  2.005(6)  O(1)—Cr(1)—O(1A) 93.12(13)
Cr()—O(1)  1.9403)  O(1)—Cr(1)—0(2)  85.43(19)
Cr(2)—0(1) 1.921(3) O(1)—Cr(1)—0(2A) 91.89(19)
Cr(2)—0(17) 1.903(3) O(1)—Cr(1)—0(12B) 174.9(2)
Cr(2)—0O(1°B) 1.958(3) O(1)—Cr(2)—O(1°'B) 94.17(15)
Cr(2)—0(3)  2.032(6) O(1)—Cr(2)—O0(1")  95.95(15)
Cr(2)—0(4) 2.025(6) O(1)—Cr(2)—0(3)  174.9(2)
Cr(2)—0(5)  2.0196) O(1)—Cr(2)—O0(4)  86.5(2)
Cr(1)....Cr(2) 3.577(2) O(1)—Cr(2)—0(5) 90.6(2)
Cr(2)....Cr(2A) 3.5540(17) Cr(1)—0(1)—Cr(2) 135.80(17)

Cr(2)—0(1")—Cr(2A) 134.02(17)

also somewhat shorter than those in complexes 3 and 4
(dpyer = 3.669(2) and 3.668(9) A, respectively).

In the crystal structure of 2, the tetranuclear chro-
mium aqua complexes are located in the cavities formed
by six cucurbit[8]uril molecules (Figure 4 shows only four
molecules; two other molecules are located above and
below the plane of the figure) and are linked to the
cucurbit[8]uril molecules by numerous hydrogen bonds
between the hydroxo and aqua ligands of the polycation
and the oxygen atoms of the carbonyl groups at each
cucurbit[8]uril portal (O...0, 2.49—2.98 A). Six cucur-
bit[8]uril molecules that form the cavity are arranged at

Fig. 4. Packing of the CB[8] molecules and the tetranuclear
Cr''l aqua complexes in the structure of 2. The hydrogen bonds
between the hydroxo and aqua ligands of the complex and CB[8]
are indicated by dashed lines; the hydrogen bonds between the
CBJ8] molecules, by dotted lines.
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Fig. 5. Temperature dependence of the effective magnetic mo-
ment for compound 2.

nearly a right angle to each other; the angle between the
planes formed by the portal oxygen atoms of the adjacent
molecules is 89°. The average length of the hydrogen
bonds d,,.(O...H—C) between the adjacent CB[8] mol-
ecules is 2.44 A. In the structure of 2, the water solvent
molecules and the nitrate anions are located between the
polycations and the CB[8] molecules.

The magnetic properties of complex 2 were studied in
the temperature range of 2—300 K in magnetic field of
5 kOe (Fig. 5). The effective magnetic moment at 300 K
is 7.1 B. For four independent noninteracting Cr'!! jons
(S = 3/2), the calculated effective magnetic moment is
7.75 B. The lower magnetic moment of complex 2 indi-
cates that weak antiferromagnetic interactions between
the paramagnetic Cr'!! ions occur even at room tempera-
ture. Antiferromagnetic interactions were found?® also
in the tetranuclear chromium complex with triamino-
cyclohexane 4, in which pqis 6.9 p at 296 K.

The IR spectra of complexes 1 and 2 show a broad
stretching band in the 3700—2800 cm—! region belonging
to different types of H,O molecules and hydroxy groups
involved in hydrogen bonding. In the 1800—400 cm™!
region, the bands associated with vibrations of cucur-
bit[7]uril and cucurbit[8]uril were distinguished. The ab-
sorption band of nitrate anions is observed at 1384 cm~—!.

To conclude, we demonstrated that the macrocyclic
cavitands cucurbit|#]urils of larger size (# = 7 or 8) can be
used for the isolation of polynuclear chromium aqua com-
plexes in the solid phase from aqueous solutions. Su-
pramolecular compounds are formed by numerous hydro-
gen bonds between the hydroxo and aqua ligands of the
complex and the oxygen atoms of cucurbit[#]urils. Ap-
parently, the packing of large cucurbit[z]uril molecules
plays the structuring role in compounds 1 and 2. The size
of the cavities between these cucurbit[z]uril molecules
allows the encapsulation of polycations. Cucurbit|#z]urils
of larger size form, correspondingly, larger cavities, which
can encapsulate higher-nuclearity polycations. Com-

pound 1 is the first example of supramolecular compounds
of cucurbit|[7]uril with metal aqua complexes. The prepa-
ration of the supramolecular compound with cucur-
bit[8]uril 2 in the single-crystalline state allowed us to
establish the structure of the tetranuclear adamantane-
like chromium aqua complex [Cr4(u2—OH)6(H20)12]6+,
which has been previously unknown in the solid state.

Experimental

The starting chromium nitrate of high purity grade was used
without additional purification. Cucurbit[z]urils (» =7 and 8)
were synthesized according to a known procedure.l8 The
IR spectra were recorded on a SCIMITAR FTS 2000 Fourier-
transform spectrometer in the 4000—400 cm~! region. The el-
emental analysis for C, H, N was carried out in the Laboratory
of Microanalysis of the Novosibirsk Institute of Organic Chem-
istry, Siberian Branch of the Russian Academy of Sciences. The
X-ray diffraction study was performed on a Bruker Nonius
X8Apex single-crystal diffractometer equipped with a 4K CCD
detector.?® The magnetic properties were measured on a SQUID
Quantum Design magnetometer.

Octaaquadi(p,-hydroxo)dichromium (111)-bis{cucur-
bit[7]uril} tetranitrate crystal hydrate, {[Cr,(OH),(H,0)g]-
(C42H42N28014)2}(N03)4 . 18.75H20 (1). Cucurbit[7]uril
CyH4pN»O 4 17H,0 (0.015 g, 0.011 mmol) was added to an
aqueous solution (3 mL) of Cr(NO3)3-9H,0 (0.60 g, 1.5 mmol).
The reaction mixture was heated until cucurbit[7]uril was com-
pletely dissolved. The solution (pH 2.3) was cooled to room
temperature and kept in ethanol vapor for 7 days until violet-
green polyhedral crystals were obtained. The crystals were fil-
tered off, washed with ethanol and diethyl ether, and dried in air
for 1 day. The yield was 0.015 g (92 % based on consumed
cucurbit[7]uril). Found (%): C, 31.38; H, 4.08; N, 26.15.
CgqH {39 50CryNgOgg 75. Calculated (%): C, 31.55; H, 4.41;
N, 26.28. IR (v/em™1): 3420 (s), 2924 (m), 1769 (w), 1734 (s),
1702 (w), 1655 (w), 1558 (w), 1539 (w), 1506 (w), 1472 (s),
1420 (s), 1384 (s), 1375 (s), 1322 (s), 1227 (s), 1185 (s), 1152 (w),
1029 (m), 965 (s), 826 (m), 802 (s), 756 (m), 669 (s), 624 (m),
550 (m), 444 (m).

Dodecaaquahexa(p,-hydroxo)tetrachromium(i)-tris{cucur-
bit[8]uril} hexanitrate crystal hydrate, {[Cr s(OH)s(H,0);,]-
(CygH4gN3,016)3}(NO3)6 - S5H,0 (2). A solution (1 mL) of
Cr(NO3)3-9H,0 (0.20 g, 0.5 mmol) and cucurbit[8]uril
CygHy4gN3,0,4+20H,0 (0.020 g, 0.013 mmol) and a 1 M NaOH
aqueous solution (1 mL, 0.189 mmol) were placed in a tube. The
tube was sealed and kept at 95 °C for 3 days. The green poly-
hedral crystals that formed were filtered off (pH 4.4), washed
with ethanol and diethyl ether, and dried in air for 1 day. The
yield was 0.017 g (73% based on consumed cucurbit[8]uril).
Found (%): C, 29.23; H, 4.81; N, 24.82. C44H34Cr4N(,039.
Calculated (%): C, 29.43; H, 4.87; N, 24.31. IR (v/cm™!):
3429 (s), 3007 (w), 2930 (w), 1726 (s), 1641 (w), 1475 (s),
1426 (s), 1384 (s), 1318 (s), 1295 (w), 1231 (s), 1191 (s),
1156 (m), 1028 (m), 994 (m), 970 (s), 912 (w), 831 (m), 808 (s),
759 (s), 674 (s), 633 (m), 544 (w), 448 (m).

X-ray diffraction study. The crystallographic characteristics
and the X-ray data collection and refinement statistics for com-
pounds 1 and 2 are given in Table 1. The X-ray diffraction data
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sets were collected according to a standard procedure at 150 K
using graphite-monochromated MoK, radiation (A = 0.71073).
Semiempirical absorption corrections were applied based on the
intensities of equivalent reflections. The structures were solved
by direct methods and refined by the full-matrix least-squares
method based on F? with anisotropic displacement parameters
for nonhydrogen atoms using the SHELXTL program pack-
age.?9 The hydrogen atoms of cucurbit[r]urils were positioned
geometrically and refined using a riding model. The hydrogen
atoms of the water molecules were not located. The atomic
coordinates of compounds 1 and 2 were deposited with the Cam-
bridge Structural Database (CCDC 638252 and CCDC 638253,
respectively) and can be obtained from the authors.

This study was financially supported by the Russian
Foundation for Basic Research and the Russian Academy
of Sciences (Program of Basic Research No. 7 of the
Division of Chemistry and Materials Science of the Rus-
sian Academy of Sciences and the Integration Interdisci-
plinary Project of the Siberian Branch of the Russian
Academy of Sciences No. 41).
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