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ABSTRACT: This work introduces a new ligand (H2L, PhCOCH2COPhCOCH2COPh) bearing two â-diketonate
functions separated by a phenylene ring. The free ligand was synthesized and isolated in two polymorphic
modifications. The ligand exhibits a preference for one of two basic conformational types where â-diketonate functions
are approximately coplanar and directed either on opposite sides (trans) or on the same side ∼60° to each other
(cis). In the free form, the ligand exists as 100% enol; in the solid state, it adopts a trans conformation. In a one-
dimensional (1D) coordination polymer [ZnPy2L]n*nPy, the ligand adopts the trans conformation and chelates to
two zinc(II) centers bridging them at 11.3 Å. In three of the crystals studied, another structure was observed with
an ideal formula [M3Py6L3]*5(CHCl3). In this case, the ligand adopts a cis conformation and chelates to two metal
centers bridging them at 10.7 Å, to produce a trinuclear macrocyclic species. In the crystal, these triangles pack to
create channels that accommodate chloroform as a guest. The specific crystals studied had the following overall
compositions: [Co3Py6L3]*4.84(CHCl3), [Co3Py6L3]*4.11(CHCl3), and [Ni3Py6L3]*4.68(CHCl3). The architecture
displays flexibility and zeolite-like behavior.

Introduction

Crystal engineering1 is targeted at the predictable
assembly of molecular species into extended architec-
tures. Therefore, one of the most necessary tasks of
current research is the synthesis of new building ele-
ments that have a programmed tendency to form
supramolecular motifs of defined geometry.2-15 Espe-
cially interesting are building elements that can trigger
local environmental shifts between two stable states and
thus have potential for the production of switchable and
smart materials.16-18

Bridging ligands have been extensively utilized to
produce a great number of supramolecular coordination
species and frameworks; most common are cyanide19-22

and 4,4′-bipyridyl,23,24 which connect to each metal
center with a single donor atom. Chelating ligands
provide stronger connectivity and enhanced rigidity
around the coordination center, and this property is
reflected in higher stability of the resulting framework
materials.25-27

â-Diketonates are among the most studied ligands in
the chemistry of metal complexes.28-30 Despite this, only
relatively simple â-diketonates have been exploited as
building units in supramolecular design.31-41 Tetraacet-

ylethane42 is the simplest tetraketone with two sepa-
rated â-diketonate functions, but only a few studies on
the coordination species it forms have been reported.43-47

Other studies on metal complexes with tri- and tetra-
ketones are quite limited.48-51 The present work intro-
duces a new ligand with two separated â-diketone
functions (Figure 1). This ligand was expected to be
capable of producing both polymeric and discrete com-
plexes (Figure 2).

Experimental Section

Ligand (H2L) Synthesis. The tetraketone, 1,4-bis(3-phen-
yl-1,3-propanedion)benzene (hereinafter H2L), was prepared
in three steps. (i) The diacetylenic diketone Ph-CtC-CO-
Ph-CO-CtC-Ph (first reported by Vereshchagin et al.52) was
synthesized from phenylacetylene and dichloroanhydride of
terephthalic acid by the method of catalytic acetylation.53 (ii)
Diaminodivinyl ketone Ph-C(NHPh)dCH-CO-Ph-CO-
CHdC(NHPh)-Ph (first reported by Vereshchagin et al.54) was
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Figure 1. H2L: structural formula, atom numbering scheme,
and a schematic representation as a bar with two arrows
showing two â-diketonate functions.
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prepared from the diacetylenic diketone by the method of
nucleophilic addition.55 (iii) The final product was obtained as
follows. The diaminodivinyl ketone (10.36 g; 0.02 mol) was
stirred at 80 °C in a mixture of aqueous HCl (15%, 20 mL)
and dioxane (100 mL) for 5 h. After that, an excess of water
was added and the precipitated yellow product was separated
by filtration and recrystallized from tetrahydrofuran. The yield
was 6 g (>80%); mp 195-198 °C. 1H NMR (CDCl3): δ 6.94
(2H, enol C-H), 7.54 (4H, m-Ph), 7.61 (2H, p-Ph), 8.04 (4H,
o-Ph), 8.11 (4H, phenylene), 16.83 (2H, enol O-H) ppm. Anal.
(mass %) calcd for C24H18O4 (370.4): C, 77.82; H, 4.90. Found:
C, 77.70; H, 4.78.

Ligand Polymorphs. Two crystalline forms of the H2L
were isolated. As the forms were distinct (as attested by solid
state experimental characterization) but produced essentially
the same solutions (as attested with 1H NMR), they were thus
confirmed as polymorphs.56 A stable polymorph of H2L was
obtained as prisms or blocks upon evaporation of chloroform,
methylene chloride, and tetrahydrofuran solutions of the
ligand. A metastable polymorph formed reproducibly as very
thin sheets upon cooling of a warm acetone solution. The sheets
while still in solution slowly converted into blocks of the stable
polymorph. Evaporation of pyridine solutions produced a
mixture of the two polymorphs. For characterization, see the
Results and Discussion section.

Metal Complexes. These were isolated as single crystals.
Zinc, cobalt, and nickel complexes were yellow, red, and green,
respectively. Loss of guest solvent was observed in all cases.
For single-crystal X-ray diffraction (XRD) experiments, the
crystals were immediately cooled to -100 °C as soon as they
were removed from the experimental conditions under which
they were prepared.

(a) [ZnPy2L]n*nPy. A warm solution of zinc acetate dihy-
drate (220 mg, 1 mmol) in pyridine (4 g) and a warm solution
of H2L (185 mg, 0.5 mmol) in pyridine (7 g) were mixed,
filtered, and left for slow evaporation. Shapeless crystals of
up to 0.1 mm in size grew on the walls of the vial in 1 week.

(b) [Co3Py6L3]*xCHCl3. The solution of cobalt(II) acetate
tetrahydrate (13 mg, 0.05 mmol) in pyridine (0.1 g) and water
(2 g) was layered over a solution of H2L (19 mg, 0.05 mmol) in
chloroform (1.6 g). Red blocks of up to 1 mm in size grew near
the interface (in the lower organic layer) in 1 week. Single-
crystal XRD analysis performed on a “fresh” crystal indicated
a total guest-to-host ratio of x ) 4.84(3). Another crystal,
exposed to air for 1 day, had x ) 4.11(5). On further loss of
guest, the same structure seems to be retained but the crystals
become unsuitable for single-crystal XRD.

(c) [Ni3Py6L3]*xCHCl3. The compound was prepared fol-
lowing the same procedure as for the cobalt compound. Refined
x ) 4.68(5).

Single-Crystal XRD. A Bruker SMART-1000 CCD X-ray
diffractometer (Mo KR radiation, λ ) 0.71073 Å, graphite
monochromator) was used to collect diffraction data. Full data
sets were collected at -100 °C using the ω scan mode over
the 2θ range of 2-58°. The coverage of the unique sets was
over 99%. An empirical absorption correction SADABS57 was
applied. The final unit cell parameters were obtained using
the entire data sets. Crystal data and experimental details of
the low-temperature experiments are listed in Table 1 and in
the Supporting Information.

The structures were solved (direct methods) and refined
(difference Fourier synthesis) using the SHELXTL package.57

The structural refinement was performed on F2 and applied
to all data with positive intensities. Nonhydrogen atoms were
refined anisotropically. The guest pyridine molecule was
refined as benzene as the nitrogen atom was not localized. To
avoid unreasonable distortions due to disorder, all guest
chloroform molecules were refined using rigid-body model
constraints on molecular geometry and thermal parameters.
Site occupancy factors were refined where significant devia-
tions from the ideal stoichiometry were observed; the ideal and
actual guest-to-host ratios are given in Table 1. Further
experimental details, as well as full lists of derived results,
are given in the Supporting Information.

Most of the crystals studied in this work were of poor
quality. The largest residual maxima (>0.5 e/Å3) on the final
difference maps were observed in the vicinity of metal atoms
and arose from inadequate absorption corrections rather than
from unresolved atoms.

Table 1. Single-Crystal X-ray Data Collection and Structure Analysis Details

compound

H2L,
stable
form

H2L,
metastable

form
[ZnPy2L]n*

nPy
[Co3Py6L3]*
4.84(CHCl3)

[Co3Py6L3]*
4.11(CHCl3)

[Ni3Py6L3]*
4.68(CHCl3)

refined guest:host ratio 1.00(1) 4.84(3) 4.11(5) 4.68(5)
empirical formula C24H18O4 C24H18O4 C34H26O4N6Zn,

(C5H5N)
C102H78Co3O12N6,
4.84(CHCl3)

C102H78Co3O12N6,
4.11(CHCl3)

C102H78O12N6Ni3,
4.68(CHCl3)

formula weight 370.4 370.4 671.0 2334.5 2245.5 2314.5
temperature of
study (°C)

-100 -100 -100 -100 -100 -100

crystal system monoclinic monoclinic monoclinic trigonal trigonal trigonal
space group P21/c C2/c C2/c R3h R3h R3h
unit cell dimensions
a (Å) 10.161(2) 12.020(2) 20.609(5) 24.665(3) 24.613(3) 24.640(4)
b (Å) 7.453(1) 3.8803(6) 9.239(2)
c (Å) 12.178(2) 38.285(6) 19.972(5) 30.702(4) 30.349(4) 30.549(5)
â (°) 103.79(1) 97.70(1) 120.28(1)
V (Å3) 895.7(3) 1769.6(5) 3284(1) 16176(3) 15922(3) 16062(5)
Z 2 4 4 6 6 6
Dcalc (g/cm3) 1.373 1.390 1.357 1.438 1.405 1.436
µ (Mo KR) (cm-1) 0.93 0.94 7.94 8.78 8.34 9.34
crystal color and shape yellow prism yellow sheet yellow shapeless red block red block green block
crystal sizes (mm) 0.4 0.2 0.2 0.6 0.4 0.01 0.1 0.1 0.1 0.4 0.3 0.1 0.3 0.3 0.3 0.1 0.1 0.1
goodness of fit on F2 1.062 1.113 0.847 0.984 1.017 0.871
final R1, wR2 (I > 2σ(I)) 0.040, 0.120 0.073, 0.177 0.065, 0.104 0.057, 0.151 0.080, 0.202 0.058, 0.135
res. extrema (e/Å3) -0.15, +0.37 -0.23, +0.35 -0.30, +0.63 -0.43, +0.75 -0.51, +1.11 -0.42, +0.76

Figure 2. Possible modes of self-assembly of the title ligand
(bar with two arrows) with metal centers (circles): (a,b)
polymeric chains with the ligand in trans conformation; (c)
polymeric chain with the ligand in cis conformation; (d)
trinuclear complex with the ligand in cis conformation.
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For the H2L polymorphs, the room temperature unit cell
dimensions were also measured.58 To accomplish this, several
dozens of reflections were found randomly using 120 or more
frame ω scans, 0.3° wide, starting at three different φ positions.

Powder XRD. Phase analyses were carried out on a Rigaku
Geigerflex diffractometer with Co KR radiation (λ ) 1.7902
Å) in the 5-30° 2θ range, with a 0.02° step scan, 1 s per step.
For calculated powder patterns, the low-temperature single-
crystal analysis results (Table 1) were used with unit cell
dimensions determined at room temperature.58

NMR Spectroscopy. 1H and 13C NMR spectra were ob-
tained on a Bruker DRX-400 instrument for 0.05 M solutions
of the H2L polymorphs and for 0.1 M solution of dibenzoyl-
methane in deuterated chloroform. Integration of bands was
performed with the XWIN NMR 2.0 program package.

Solid state 13C cross-polarization/magic angle spinning (CP/
MAS) NMR spectra were obtained at 75.43 MHz at room
temperature on a Bruker AMX300 spectrometer equipped with
a Doty Scientific 5 mm CP/MAS probe. A standard CP pulse
program was used with fixed amplitude 1H decoupling during
signal acquisition. 1H 90° pulse lengths were 3 µs, CP times
were 3 ms, recycle times were 6 s, and the spinning rate was
5.5 kHz. Chemical shifts were measured relative to external
solid hexamethylbenzene and then corrected to the TMS scale.
Dipolar dephasing (nonquaternary suppression) spectra were
also obtained with a 40 µs interruption of 1H decoupling
between cross-polarization and data acquisition.

Calculations. Channel profiles were calculated by finding
the diameter of the largest possible inscribed sphere that is
in van der Waals contact with the channel walls as the center
of the sphere moves along the channel axis.59 The coordinates
of the sphere were (0,0,Z), where Z was a variable expressed
as a fraction of the c crystallographic translation. Either all
guest species or only those residing near the 3-fold axis were
removed from the atom lists in these calculations. All numer-
ical data used in the calculations are listed in the Supporting
Information. The following system of van der Waals radii was
applied everywhere:60,61 C, 1.71; H, 1.16; Co, 1.50; Cl, 1.90; N,
1.52; Ni, 1.63; O, 1.29 Å.

Results and Discussion

H2L: Molecular Structure and Polymorphism.
The title tetraketone bears two â-diketone functions
separated by a phenylene ring (Figure 1). The â-dike-
tone fragments are presumably planar, not only upon
chelating metal centers but even in the free ligand in
solution (1H NMR data confirm that 100% of the ligand
exists in the enol form). Therefore, the ligand is a system
of five planar fragments connected by single C-C bonds.
However, the conformational freedom of the ligand is
restricted to two preferable geometries, probably be-
cause the π-systems of all of the fragments can interact.
Both conformations are planar with 180 and 0° dihedral
angles between â-diketone functions for trans and cis
isomers, respectively.

The ligand was isolated and studied in two polymor-
phic forms (Table 1). The molecular structure and
geometry are very similar in both polymorphs, with the
molecule in the enol form in a centrosymmetric trans
conformation, and the whole unit displays a tendency
to be planar (Figure 3).

The enol hydroxy group takes part in the formation
of an intramolecular hydrogen bond to the other oxygen
atom of the â-diketone function (the O‚‚‚O distance
ranges within 2.44-2.46 Å and the O-H‚‚‚O angle
within 148-150°). The hydrogen atom is equally disor-
dered between two positions associated with two keto-
oxygens. The CC distances in the enol ring (1.40 Å) are
equal within experimental error and are indicative of

50% double bond character. The CO bond lengths (1.29-
1.30 Å) are intermediate between those of typical CdO
(1.23 Å) and C-O (1.43 Å) bonds. All of these geometric
considerations suggest interconversion between the two
enol forms.

The conformational features differ only slightly in the
two polymorphs. In the stable polymorph, the enol ring
and terminal phenyl are almost coplanar, with a dihe-
dral angle between their planes of 0.4°, and the central
phenylene ring is rotated by 13.2° from the plane of the
enol ring. In the metastable polymorph, the enol ring
and terminal phenyl form a dihedral angle of 7.1° while
the central phenylene ring is rotated by 1.2° from the
plane of the enol ring. This tendency to coplanarity and
other geometric features was previously observed in
dibenzoylmethane,62-65 its derivatives,66,67 and its metal
complexes.33-35,68

The first observation from the solid state 13C CP/MAS
NMR spectra, Figure 4, is that they show a distinction
between the two polymorphs, with different shifts for
most of the lines. Even without the X-ray structural
information, it is clear that these are two different
phases. Assignments, together with those for the ligand
in CDCl3 solution, are given in Table 2 (see Figure 1
for the numbering scheme).

Spectra obtained with nonquaternary suppression
(dipolar dephasing) help in making the assignments
since they only show those carbons that are not attached
to 1H. These also clearly show that the C1 and C4
resonances are practically on top of each other in the
spectra of the stable polymorph but 4.9 ppm apart in
the metastable polymorph. Likewise, the CO resonances
of C5 (adjacent to phenyl) and C7 (adjacent to phen-
ylene) are well-resolved for the metastable polymorph
(2.3 ppm) but not quite resolved for the stable form
(which shows a flat-topped peak). The multiplicities of
the spectra are consistent with the molecules being
centrosymmetric and with an asymmetric unit contain-
ing half of the molecule, in agreement with the X-ray
structural analysis. The differences in crystal packing
of the two polymorphs create different intramolecular
torsional angles and intermolecular contacts. Hence,
different combinations of several environmental factors
influence the chemical shifts of equivalent atoms in the
two forms, resulting in the small differences in the 13C
NMR shifts.

The crystal packing is shown in Figure 5. Flat
molecules of ∼22 Å in length and ∼8 Å in width are
offset, stacked in layers that allow favorable π-σ
interactions.69 The distance between the least-squares
planes of the molecules (3.54 and 3.53 Å in the stable
and metastable forms, respectively) is defined by the

Figure 3. Molecule of the free H2L ligand as found in its
stable polymorph. H1 and H3 are half occupied and represent
two positions of a disordered hydrogen.
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van der Waals radius of the carbon atom and provides
effective intermolecular contacts.

Differences in the packing are reflected in the growth
of the crystals. Crystals of the stable form are compact
while the metastable form grows as very thin sheets.
Powder XRD experiments performed on both ground
and intact crystals showed that the faces of the sheets
are (001) planes. In other words, the fast growth of the
metastable form occurs in the a and b directions. In the
a direction, the crystal growth is favored by intermo-
lecular dipole-dipole interactions between â-diketone
functions aligned along this direction, and in the b
direction, the growth is presumably driven by the
stacking mechanism. In the c direction, the molecules
contact only the ribs of terminal phenyls, which makes
the growth slower.

The metastable form has a unit cell with one very
short (less than 4 Å) and one very long (greater than

Figure 4. 13C CP/MAS NMR spectra of the stable (a) and metastable (b) polymorphs of H2L. The lower spectrum in each case
shows the quaternary carbon resonances (dipolar dephased spectrum). Spinning sidebands are indicated by asterisks (*).

Table 2. 13C NMR Chemical Shifts (ppm) and
Assignments of H2L (for Numbering Scheme,

See Figure 1)

atom no.
(multiplicity) descriptiona

solution in
CDCl3

b
stable
phaseb

metastable
phaseb

6(1) C-H 94.2 (1) 94.0 (1) 91.9 (1)
3(2), 9(2) Ph-H,

Ph′-H
127.7 (2),
127.8 (2) 128.2 (6) 127.2,

128.5 (6)2(2) Ph-H 129.2 (2)
1(1) Ph-H 133.2 (1) 134.4c (1) 130.3 (1)
4(1)d Ph-q 135.9 (1) 134.6c (1) q 135.2 (1) q
8(1)d Ph′-q 139.1 (1) 137.9 (1) q 136.8 (1) q
5(1), 7(1) CO 183.9 (1),

187.5 (1)
184.3 (2) q 183.4 (1) q,

185.7 (1) q

a Ph, phenyl; Ph′, phenylene; q, quaternary. b Relative intensi-
ties in brackets. c These two strongly overlapping peaks are
distinguished by the nonquaternary suppression experiment. d The
C4 and C8 distinction is tentative, based on the assigned shifts of
the ipso-C (equivalent to C4) in dibenzoylmethane at 135.6 and
132.7 ppm (for two crystallographically inequivalent ipso-C in the
solid) and 134.3 ppm in solution.68
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38 Å) parameter. A search for other crystal structures
with similar dimensions, which were solved to atomic
coordinates, performed on the Cambridge Structural
Database,70 revealed only 15 entries (out of 272 066).
All contained aromatics, and most showed planarity and
presumably an expansive delocalization of electron
density over conjugated71,72 or condensed73,74 aromatic
fragments.

Coordination Compounds. As expected, the ligand
readily forms coordination compounds. However, the
ability to chelate two metal centers simultaneously
presented difficulties for the preparation of pure
monophase products. A series of experiments with a
variety of conditions resulted in only a few cases where
single crystals suitable for characterization were ob-
tained. The results of single-crystal XRD studies on the
samples illustrate that two modes of assembly with
metal cations (Figure 6) resulted from the conforma-
tional isomerism of the ligand.

The [ZnPy2L]n*nPy compound is a one-dimensional
(1D) coordination polymer (type a in Figure 2). The
ligand adopts a trans conformation and chelates two
zinc atoms, bridging them at a distance of 11.3 Å (Figure
6). The coordination environment of each zinc atom,
shown in Figure 7, is a slightly distorted octahedron
formed by two chelate rings in the equatorial plane
(Zn-O distances 2.05-2.06 Å) and two axially coordi-
nated pyridines (Zn-N distance 2.18 Å). The coordina-
tion angles are ideal to within 1°.

In this compound, the ligand fragments are not
coplanar. The terminal phenyl and central phenylene
form, with the chelate ring, dihedral angles of 15.0 and
31.3°, respectively. These conformational features may
be attributed to the packing requirements of the
branched polymeric chains into a three-dimensional
(3D) architecture. Another factor facilitating packing is
the presence of additional pyridine included as guest.

The crystal packing is shown in Figure 8. At z ) 0,
the host polymeric chains run diagonally in the (ab)
plane. At z ) 0.5, the chains run along another diagonal.
Guest molecules are located between these two layers,
at z ) 0.25 and z ) 0.75.

The compounds isolated from preparations with co-
balt(II) and nickel(II) comprise discrete trimeric rather
than polymeric complex species, as shown in Figure 6
(type d in Figure 2). Three crystals showed the same
basic architecture with ideal formula [M3Py6L3]*5-
(CHCl3) (Table 1). Here, only the cobalt structure, for

Figure 5. Packing diagrams of the two polymorphic modifica-
tions of free H2L ligand. (a) Stable polymorph, projection along
c, half of unit cell content. (b) Metastable polymorph, projection
along a, half of unit cell content. Figure 6. Two types of assembly of the title ligand with metal

cations as found in the present study: the triangular complex
with Ni(II) or Co(II) and the polymeric complex with Zn(II).
For clarity, pyridine ligands are omitted.

Figure 7. Molecular structure of the host complex in the
[ZnPy2L]n*nPy compound: fragment of the polymeric chain
showing octahedral coordination environment of Zn(II). Bond
lengths: Zn-O1, 2.045(3) Å; Zn-O3, 2.058(2) Å; Zn-N7,
2.175(3) Å. H-atoms are omitted.
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which two crystals with different guest content were
studied, will be described in detail. The nickel compound
is very similar and serves to demonstrate that the basic
architecture can be modified by substituting different
metal centers.

The [Co3Py6L3]*4.84(CHCl3) compound has a trigonal
structure, space group R3h. The ligand adopts a cis
conformation and chelates two cobalt atoms bridging
them at a distance of 10.7 Å. Three ligands chelate three
cobalt centers to form a triangular trinuclear complex
(Figure 9). The coordination environment of each cobalt
atom is a distorted octahedron, formed by two chelate
rings in the equatorial plane (Co-O distances 2.02-
2.04 Å) and two axially coordinated pyridines (Co-N
distance 2.17-2.18 Å). The dihedral angle of 31.5°
between two chelate fragments adjacent to the cobalt
center is quite large. The coordination angles deviate
from ideal by up to 5°.

The ligand conformation deviates from planar to
satisfy connectivity and packing requirements (Figure
9). The central phenylene ring forms angles of 4.0 and
16.0° with respect to the chelate fragments (O1, C1-
C3, O3) and (O4, C4-C6, O6), respectively, and the
chelate fragments form angles of 33.4 and 5.0° with the
terminal phenyl rings (C11-C16) and (C61-C66), re-
spectively.

The triangular complexes are stacked along the -3
axis forming a channel (Figure 10). Two triangular
units, related by the -3 symmetry element and located
at z ) 0.31 and z ) 0.69, are separated by 11.9 Å from
each other, and the distance to the next unit is 18.5 Å.

The walls of the channel are completed by phenyls from
neighboring triangular complexes.

The profile of the channel is shown in Figure 11. The
diameter of the channel changes from 0.8 to 5.7 Å. The
narrowest restriction at z ) 0.07 is formed by three
terminal phenyls from three units associated with
parallel channels. These phenyls act as locks, as their
rotation opens side chambers capable of circumscribing
a sphere of 4 Å in diameter, which makes it possible
for guest molecules to diffuse through the channels.
Another restriction at the level z ) 0.31, 3.7 Å in
diameter, corresponds to the hole in the triangular
complex. Rotation of the central phenylene rings can
widen this diameter to 6.3 Å. There are no evident
connections between the neighboring channels, whose
centers are separated by 14.2 Å. However, taking into
account van der Waals packing, the low density of the
structure and the presence of a great number of rotating
phenyl, phenylene, and pyridine rings, diffusion of the
guest between the channels cannot be excluded.

Figure 8. Crystal structure of the [ZnPy2L]n*nPy compound.
(a) Unit cell contents down c-axis. (b) The same fragment
viewed down b-axis. Guest molecules are enlarged for clarity.

Figure 9. Molecular structure of the host trinuclear complex
in the [Co3Py6L3]*4.84(CHCl3) compound. Co(II) is in a dis-
torted octahedral environment (coordination angles deviate
from ideal by up to 5°). Bond lengths: Co-O1, 2.038(2) Å; Co-
O3, 2.036(2) Å; Co-O4′, 2.021(2) Å; Co-O6′, 2.035(2) Å; Co-
N7, 2.167(2) Å; Co-N8, 2.183(3) Å. H-atoms are omitted.

Figure 10. Packing of triangular complexes along z forming
a channel in [Co3Py6L3]*4.84(CHCl3). The surroundings of the
channel are shown in van der Waals dimensions.
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In fact, there is experimental evidence that the guest
is able to diffuse through the channels. After recovering
crystals from the crystallization media, they show loss
of guest chloroform. The process demonstrates “organic
zeolite” behavior,75,76 where the crystal framework is
preserved as the guest leaves the structure. Visual
changes associated with loss of the guest were (i)
cracking of the crystals due to volume contraction of the
host matrix and (ii) retention of transparency of the
crystals, rather than the disintegration into a powdery
material, which would be expected upon formation of a
new, dense phase of the host.

Further evidence of the organic zeolite behavior of the
crystals of [Co3Py6L3]*x(CHCl3) comes from direct single-
crystal XRD analysis of two crystals, which exhibited
the same structure but differed in the content of guest
(x). The first crystal, exposed to air for just a few
minutes, had x ) 4.84(3), while the second, deliberately
exposed to air for 1 day, had x ) 4.11(5). Furthermore,
it was visually obvious that the structure is retained in
the course of further loss of guest. Unfortunately,
considerable cracking made the crystals unsuitable for
single-crystal structural analysis. One of the crystals
exposed to air for 3 days had a unit cell volume of 15794-
(4) Å3, indicating further contraction of the structure
(as compared with 16176(3) and 15922(3) Å3 for crystals
with x ) 4.84(3) and x ) 4.11(5), respectively, Table 1).

There are three crystallographically distinct guest
sites in [Co3Py6L3]*x(CHCl3). The first is a general
position in the side niches of the channel at z ) 0.2 and
0.8. A second and third are inside the channel at z )
0.2 and 0.4, respectively. All guest molecules are
disordered over 2-4 orientations, not counting the
disordering over the -3 axis. A projection of the
structure on the c-axis showing the packing and the
location of the channels and guest molecules is given
in Figure 12.

The comparison of two [Co3Py6L3]*x(CHCl3) crystals
with x ) 4.84 and 4.11 shows that the structure keeps
the same motif but experiences a significant contraction
as the guest leaves the channels. The unit cell volume
contracts by 1.6% as a result of the 15% guest removal.
Guest occupancies are close to 100% for every position
in the initial sample, whereas in the depleted sample
this had reduced to 84(1)% in the niche sites and 96(4)
and 63(2)% in the channel sites at z ) 0.2 and 0.4,

respectively. An analysis of the channel profile shows
that the channel experiences widening at z ) 0.2 and
narrowing at z ) 0.4 upon contraction, which helps to
explain the disproportionate guest distribution between
the sites.

The design of novel materials that exhibit zeolite-like
behavior is of considerable interest. One approach to
such design is to create highly robust metal-organic
frameworks that retain their microporosity after guest
removal because their covalently bonded 3D architec-
tures have significant kinetic stability.25-27,77,78 Another
approach is to create more flexible structures,79-86 which
can retain their architectures while changing and
contracting to some extent upon guest removal. These
flexible architectures, also referred to as “dynamic”
frameworks,87 are especially promising for development
of functional and smart materials, which sense and
respond to external changes such as the presence of
certain absorbates.17,88,89

The [M3Py6L3]*x(CHCl3) materials discussed here
exemplify one way to create such flexible architectures.
The utilization, in the design of porous solids, of nano-
scale macrocycles or “molecular boxes”, which have an
intrinsic predisposition to form cavity space and which
preclude interpenetration, has been reported.47,90-96 In
this work, we have demonstrated how a structure,
designed in such a way, reveals flexibility in adjusting
to guest removal while retaining its basic architecture.
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Figure 11. Channel diameter profile for the [Co3Py6L3]*4.84-
(CHCl3) structure. The profile is outlined as the diameter of
the largest possible inscribed sphere that is in van der Waals
contact with the host atoms as the center of the sphere moves
along the z-direction. The profile shows restrictions for move-
ment of the guest molecules directly along the channel but
does not account for their diffusion through side niches. Figure 12. Packing diagram of the [Co3Py6L3]*4.84(CHCl3)

compound. Projection of the structure along the c-axis. For
clarity, guest molecules are enlarged, and only their major
orientations are shown.
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G. M. Helv. Chim. Acta 2001, 84, 778-785.
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