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Abstract: The structure and detailed
electron density distribution (EDD) of
the large octanuclear chromium-wheel
host complex [Cr8F8(tBuCO2)16] (1) has
been determined from synchrotron
X-ray structure factors collected at
16(5) K. The complex has a central
cavity with a minimum entry distance
between carbon atoms of the pivalate
methyl groups (pivalic acid� tBuCO2H)
of 4.027(4) ä on one side of the mole-
cule and 7.273(4) ä on the other. The
screened side of the molecule can be
™opened∫ by rotation of methyl groups
to create a strained host structure, which
is compensated for by improved host ±
guest and host ± solvent interaction. The
EDD of the 272-atom complex (1144 e�)
was determined by multipole modeling
based on the experimental structure

factors. 3d orbital populations on the
Cr atoms and topological analysis of the
EDD show that the covalent part of the
metal ± ligand interactions consists
mainly of � donation from the ligands,
but that overall the interactions are
predominantly electrostatic. The elec-
trostatic potential (EP) has been calcu-
lated from the experimental EDD.
Knowledge of the geometry of the
naked complex 1 as well as the EP in
the central cavity of this molecule allows
us to deduce which characteristic prop-
erties guest molecules must have to be

accepted into the void. To probe these
predictions, a series of complexes of 1
with different guest inclusions were
synthesized (2�1 � N,N�-dimethylform-
amide (DMF), 3� 1 � N,N�-dimethyl-
acetamide (DMA), 4� 1 � DMA �
DMF, 5� 1 � 2CH3CN), and their
structures were examined by using
X-ray diffraction data measured at
120(1) K. Results of these studies indi-
cate that in the crystalline state, the
optimal guest molecule should be linear
and possess a permanent dipole. At-
tempts to crystallize the host complex
with cations incorporated into the cavity
were fruitless, although electrospray
ionization mass spectrometry showed
that a [1 � potassium]� entity pre-exists
in solution and can be transferred intact
into the gas phase.

Keywords: charge density ¥ chromi-
um ¥ electrostatic potential ¥ host ±
guest systems ¥ supramolecular
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Introduction

Host ± guest chemistry has been an active area of research for
many years. The first host molecule was identified more than a
century ago by Villiers,[1] who discovered what later was to be
known as �-cyclodextrin (�-CD). This discovery was the
beginning of a search for industrially applicable CDs–a
search that has recently been covered in a review by Szejtli.[2]

The exploding interest in CDs and the discovery of the crown
ethers[3] in 1967 resulted in the subsequent discovery of other
types of compounds capable of forming supramolecular
species such as cryptands,[4] cavitands,[5] carcerands,[6] calixar-
enes,[7] cyclophanes,[8] and many others[9] with properties
similar to the CDs.[10] So far the vast majority of inclusion
compounds have involved macrocyclic organic hosts,[11]

whereas the discovery of new inorganic compounds displaying
host-molecule properties is more recent.[12] In contrast to the
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very organized and well-understood aqueous organic supra-
molecular chemistry, continuing studies of inorganic host ±
guest chemistry are still somewhat random. The properties
displayed by the host molecule (organic or inorganic) at the
binding site(s) for the guest molecules are controlled by the
accessibility and the shape and size of the cavity, as well as its
electrostatic environment. Determination of the geometry of
the host structure has so far been obtained from X-ray
crystallographic investigations,[12] whereas the (electrostatic)
interactions between host and guest molecules have been
estimated mainly from speculations based on the known
polarity of involved functional groups or from theoretical
calculations.[13] Herein we attempt to use the electrostatic
potential (EP) of the undistorted (naked), ring-shaped host
molecule [Cr8F8(tBuCO2)16] (Figure 1) to predict properties
conducive for acceptance of guest molecules. The EP is
estimated from multipole modeling of extensive very low
temperature synchrotron X-ray diffraction data. The predic-
tions are tested through synthesis and structural analysis of a
series of inclusion complexes with 1 acting as host (2� 1 �
N,N�-dimethylformamide (DMF), 3� 1 � N,N�-dimethylace-
tamide (DMA), 4� 1 � DMA � DMF, 5� 1 � 2CH3CN).
Crystallographic data for the compounds investigated are
summarized in Table 1. The [Cr8F8(tBuCO2)16] molecule was
first reported by Gerbeleu et al.[14] The magnetic anisotropy of
this antiferromagnetic ring molecule was recently examined
by van Slageren et al.,[15] who determined it to have the
exchange parameter J� 12 cm�1. The hydroxo analogue of the
molecule with phenylacetate bridges [Cr8(OH)8(O2CPh)16]

Figure 1. ORTEP drawing of 1 viewed along the normal to the chromium-
wheel molecular plane. Ellipsoids truncated at 50% probability level.
Positions of all Cr and Fatoms of the [Cr8F8Piv16] molecule are indicated as
are C and O atoms of one of the sixteen coordinating pivalate groups.

has been synthesized and reported by Atkinson et al.[16b] Its
susceptibility data could also be modeled with one exchange
parameter, J� 12 cm�1. Eshel et al.[16a] have synthesized a Cr8
ring molecule with Cr atoms bridged by hydroxo and acetato
ligands [Cr8(OH)12(OAc)12] and have examined its magnetic
properties. Currently there is much interest in designing high-

Table 1. Crystallographic and refinement details of 1 ± 5.

1 2 3 4 5

formula: host Cr8F8C80O32H144 1 1 1 1 ¥
guest inclusion none [C3H7NO] [C4H9NO] [C3H7NO] ¥ [C4H9NO] 2 [C2H3N]
solvent of crystallization none none [C4H9NO] 4[C4H10O] [C4H8O]
space group C2/c C2/c Cc P21/c P4
a [ä] 44.797(9) 45.189(5) 13.582(1) 16.241(2) 19.917(2)
b [ä] 16.468(2) 16.524(2) 29.690(1) 29.671(4) 19.917(2)
c [ä] 34.791(8) 34.703(4) 30.681(1) 29.921(4) 16.048(2)
� [�] 90.00 90 90 90 90
� [�] 115.125(2) 114.02(1) 100.71(1) 95.37(1) 90
� [�] 90.00 90 90 90 90
V [ä3] 23327(9) 23669(7) 12156(1) 14355(5) 6366(2)
Z 8 8 4 4 2
T [K] 16(5) 120(1) 120(1) 120(1) 120(1)
Crystal size [mm3] 0.1� 0.1� 0.1 0.4� 0.3� 0.2 0.3� 0.3� 0.15 0.4� 0.25� 0.2 0.4� 0.4� 0.15
�calcd [gcm�3] 1.250 1.238 1.287 1.024 1.203
� [mm�1] 0.80 0.78 0.77 0.64 0.73
� [ä] 0.643 0.7107 0.7107 0.7107 0.7107
Nmeas,Nunique 165624, 37733 139865, 35735 123157, 40484 132176, 35555 39756, 14887
(sin(�)/�)max [ä�1] 0.912 0.75 0.75 0.74 0.70
RF; RwF 0.039; 0.037
RF(F� 4�) 0.071 0.051 0.086 0.097
RwF2 0.073 0.188 0.137 0.216 0.275
No/Nv 27440/1183 10614/980 26012/1030 21159/1133 14882/402
S 0.951 0.70 0.97 1.02 1.07
weighting [�2(F 2

o�]�1 [�2(F 2
o�� [�2(F 2

o�� [�2(F 2
o�� [�2(F 2

o��
scheme (0.078P)2� (0.087P)2]�1 (0.072P)2� (0.116P)2�

167.21P]�1 74.96P]�1 30.52P]�1

VPH (�V/Z), ä3 2916 2959 3039 3589 3183
composition of
mother liquor

1, C10H21Br 1, DMF, K�, PF6�,
tBuOH

1, DMA, NH4
�, PF6� 1, DMA, DMF,

tBuOH
1, CH3CN, THF,
KO2CC(CH3)3
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spin cluster molecules with the aim of synthesizing single-
molecule magnets, materials that may be used for storage and
quantum computing. Cr8 ring molecules being antiferromag-
netic even-membered rings are characterized by an S� 0
ground state and thus have no direct potential for use as
single-molecule magnets. However, they are molecules that
can be used as a starting point for further molecular engineering.

Results and Discussion

Structural details : The large number of identical bonds in a
™chromium-wheel∫ molecule may be used to make a statis-
tical evaluation of the molecular geometry. Selected bond
lengths, averaged over similar bond lengths in 1 ± 5, are listed
in Table 2. Typical standard uncertainties, as calculated from
the covariance matrix of the least squares analysis for bond
lengths in the individual complexes are 0.002 ä. This is lower

than the standard uncertainties of the averaged bond lengths
calculated from the variance of the populations. This shows
that the differences among bonds of a given type are
significant. These differences are currently being analyzed
and they may be important in terms of fine structural
correlation features, but such analysis is beyond the scope of
the present study. The average Cr�Ocarboxylate bond length
(�dCr�O� ) of 1.960(6) ä appears shorter than the average
value reported for a chromium-wheel,[16a] in which all fluorine
atoms and every fourth carboxylate group have been replaced
with hydroxo groups (�dCr�O�� 1.995(21) ä). No distinction
can be made in 1 between the bond distances of the Cr�O
bonds trans or cis to the Cr�F bonds. The observed �dCr-O�
in 1 is closer to the values found in two more related
compounds having values of 1.968(19)[16b] and 1.947(8) ä[14] .
The former is an octanuclear Cr wheel with hydroxo instead
of fluorine bridges, the latter value is for a structure, where 1
acts as a host molecule with acetone inclusion. In 2 ± 5, all
bond lengths for the host molecule strongly resemble the
value obtained for the empty host (1) (Table 2). The average
C�O distance of 1.259(6) ä corresponds to the C�O bond
length in a completely delocalized carboxylate group (dC�O�
1.254(10) ä).[17] The small spread of the values furthermore
illustrates that this applies to all pivalate groups. The Cr�Cr
distances in 1 are on average 3.34(14) ä, which is at the high
end of the range of Cr�Cr separations found in a database
search of multinuclear fluorine-bridged Cr compounds.[18]

This indicates that limited CrIII�CrIII interaction is present in 1.
The structural features of the molecular host cavity and its

accessibility can be specified by the smallest internuclear

distance between atoms on opposite sides of the ring (Fig-
ure 1). In the center, the cavity size is controlled by distances
between opposite fluorine atoms; the smallest distance
between two opposite atoms is 6.470(3) ä (F3�F7). The size
of the entrance to the cavity is determined by the orientation
of the Me groups. On one side of the molecule, the shortest
distance between carbon atoms of opposite Me groups in 1 is
4.027(4) ä (C13�C60), on the other side it is 7.273(4) ä
(C25�C69). This means that the entrance to the cavity is
essentially blocked on one side, whereas the other side is open
to acceptance of small molecules.
This asymmetric orientation of Me groups on opposite sides

of the Cr8 ring is maintained in 2, where the included DMF
molecule is positioned slightly above the center of the cavity
(Figure 2). Only a slight twist of the host molecule has

Figure 2. ORTEP drawing showing the position of DMF inside the cavity
of the chromium wheel in the complex 2. The chromium-wheel molecular
plane is viewed side-on and the tBu parts of the sixteen coordinating
pivalate groups have been omitted from the drawing to expose better the
position of the guest molecule.

decreased the closest distance between Me groups on the
™closed∫ side to 3.95 ä and increased the closest distance on
the ™open∫ side to 7.45 ä. The DMF molecule is positioned
such that the N�Me bond trans to the C�O bond is buried
within the cavity of the host molecule. The C�O bond in DMF
is parallel to the (noncrystallographic) rotation axis of the Cr
wheel and points out of the host. The Me group closest to the
center is displaced only 0.67 ä above the Cr8 plane, and only
0.16 ä above the plane spanned by the four F atoms closest to
DMF. This means that the DMF is exploiting the stabilization
energy afforded by the nucleophilic cavity.
In 3, one molecule of DMA is incorporated partly into the

cavity of the host molecule (Figure 3), and another DMA
molecule is solvating the crystal structure. The solvation
affects the packing arrangement (see below). The larger size
of DMA compared with DMF prevents it from moving as
deeply into the host. Furthermore, the extra Me group in
DMA relative to DMF causes DMA to be differently oriented
than DMF. The N�C(sp2) bond in DMA is almost colinear
with the rotation axis of the host, placing the N(Me)2 end
towards the center of the cavity. The innermost Me group in
DMA is 2.46 ä above the Cr8 plane, much further out than for
DMF (0.67 ä in 2). As for DMF in 2, the inclusion of DMA in
3 has a very limited effect on the host molecule. On the

Table 2. Averaged bond lengths [ä] for 1 ± 5.

1 2 3 4 5

�Cr�F� 1.916(6) 1.917(9) 1.917(8) 1.914(6) 1.924(5)
�Cr�O� 1.960(6) 1.955(11) 1.948(8) 1.959(9) 1.960(7)
�C�C�� 1.521(5) 1.523(9) 1.525(8) 1.527(8) 1.533(18)
�C�O� 1.259(6) 1.259(10) 1.260(8) 1.262(6) 1.259(15)
�C��C�� 1.530(10) 1.518(8) 1.523(10) 1.528(5) 1.510(30)
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Figure 3. ORTEP drawing showing the position of DMA inside the cavity
of the chromium wheel in the complex 3 presented similarly as for complex
2 in Figure 2.

™closed∫ side of the ring, the closest Me groups have C atoms
separated by 4.12 ä, slightly more than for 1, whereas on the
™open∫ side the smallest separation has increased to 7.90 ä.
Surprisingly, 4 exhibits guest molecules both above (DMA)

and below (DMF) the center of the host (Figure 4). The

Figure 4. ORTEP drawing showing the position of DMF and DMA inside
the cavity of the chromium wheel in the complex 4 presented similarly as
for complex 2 in Figure 2.

methyl group of DMA closest to the host molecule center is
placed 2.83 ä above the Cr8-plane on the open side and the
methyl group of DMF is 1.03 ä below this plane on the closed
side. To accomodate both these molecules, the host molecule
is altered significantly. The closed side has been opened to
achieve a smallest cross-opening C��C� separation of
6.965(5) ä–an increase of almost 3.0 ä compared to that in
1. This cannot be accomplished exclusively by the rotation of
Me groups, and must be accompanied by an increased strain in
the ring. The C��C� distances are well-suited to quantify the
internal molecular strain of the host molecule as they are
independent of the orientations of the Me groups. Examina-
tion of C��C� distances (Table 3) shows that the inclusion of
either DMF or DMA (2 or 3) through the open side only

affects the host molecule very little and mainly by rotation of
Me groups with a concomitant increase in C��C� separations.
Inclusion on both sides (4) of the host leads to a large increase
in C��C� distance (from 7 to 8.9 ä) on the originally closed
side, and the entrances in 4 have become very similar, which
implies that the host has been significantly twisted. Crystals of
complex 4 contains four tBuOHmolecules of crystallization in
the structure. One of these solvent molecules forms a rather
short hydrogen bond with the DMA guest molecule (dO�O�
2.64 ä), while no significant hydrogen bonds are formed
between the solvent and the host molecule or DMF, showing
that the effect of solvation on the opening of the closed side
for inclusion is indirect.
Compound 5 is significantly different from the previous

complexes. There are two crystallographically independent
host molecules in 5 (A and B), which exhibit slightly different
orientation of Me groups (Table 3). The aromatic solvent
molecules (THF) are positioned exactly between the host
molecules and are disordered. Acetonitrile molecules have
entered the cavity from both sides (Figure 5). The guest
molecules have deeply entered the cavity, with the Me end
closest to the center. The methyl carbon atom closest to the
center, C99, is only 0.56 ä above the Cr8 plane.

Packing patterns : Figure 6 shows packing diagrams for
compounds 1 ± 5. Only one packing plot for 1 and 2 is shown
in Figure 6, since they crystallize in identical patterns. Com-
pounds 1 ± 4 exhibit quite similar packing patterns, which are
reminiscent of honeycomb-packed stacks of tilted host
molecules. Themain difference between 1 ± 4 is the inclination
angle between adjacent Cr8 rings (1 and 2, 33.8� ; 3, 14.4� ; 4,
89.2�). In 4, the large amount of solvent has significantly
increased the unit cell volume and the relative orientations of
the Cr8 rings, but the basic packing of the hosts remains
unchanged. The packing in the tetragonal space group (5) is
fundamentally different from 1 ± 4. Every Cr8 ring is sur-
rounded by four Cr8 rings, each of the latter are parallel to and
in the same plane as the first Cr8 ring. Judging from the cell
volume this packing seems to be as tight as for 1 ± 4. It is
interesting to note that complete inclusion of a guest molecule
(such as in 2) has very little effect on the outer envelope of the
molecule. This is seen by the fact that compounds 1 and 2 have
virtually identical crystal packing and cell volume, that is, the
electrostatic envelope of the molecule is unaffected by its
interior.

Table 3. Cross-opening distances [ä] that determine the entrance sizes to
the cavity. Owing to the crystallographic fourfold axis the maximum and
minimum distances are identical for compound 5.

Bonds 1 2 3 4 5A 5 B

open side
d(C��C�)min 9.413(4) 9.182(5) 9.198(5) 9.126(5) 9.183(6) 9.063(7)
d(C��C�)max 9.519(4) 10.343(4) 10.437(5) 10.354(5)
d(C��C�)min 7.274(4) 7.458(5) 7.982(5) 7.793(5) 7.242(6) 7.341(7)
d(C��C�)max 7.524(4) 8.773(5) 9.463(5) 9.342(5)
closed side
d(C��C�)min 7.028(4) 6.932(5) 6.941(5) 8.907(5) 9.061(6) 8.238(6)
d(C��C�)max 9.217(4) 9.366(5) 9.785(5) 10.483(5)
d(C��C�)min 4.023(4) 3.971(5) 4.207(4) 6.965(5) 7.204(6) 5.646(7)
d(C��C�)max 7.033(4) 7.037(5) 7.332(5) 9.092(5)
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The electron density in com-
pound 1: The refined values of
the monopoles can be used to
estimate atomic charges. The
average charge for Cr is
�0.55(5) e, much below the
nominal charge of �3, reflect-
ing the significant electron don-
ation from the ligands. Low
metal atomic charges have also
been observed in other electron
density studies of Cr com-
plexes.[19] For F and O, the net
average atomic charges are
�0.53(4) and �0.36(3), respec-
tively. Both C and C� atoms are
negatively charged due to the
electron-withdrawing oxygen
atoms (�0.25(5) e and
�0.22(4) e, respectively). The

Figure 5. ORTEP drawing showing the position of CH3CN inside the cavity of the chromium wheel in the
complex 5 presented similarly as for complex 2 in Figure 2.

Figure 6. Packing diagrams for a) 1, b) 3, c) 4, and d) 5. For clarity only Cr and F atoms of the chromium wheels are shown.
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Me groups carry an average net positive charge of �0.39(1) e.
Similar charge distributions in pivalate groups have been
observed in other studies.[20]

Figure 7 depicts two model deformation density (DD)
maps. The lone pair regions near the ligands in the Cr�O
bonds and in the Cr�F bonds are very significant. Excess

Figure 7. Deformation density maps of Cr�F and Cr�O bonds represented
by a) the Cr(1)-F(1)-Cr(2) plane, and b) the F(1)-O(18)-Cr(1)-O(12)-
O(82) plane. Solid lines are positive contours, negative contours are
dashed. Zero contour is omitted.

density in the bonding directions is expected if the modeling
of the EDD has been successful. The DD around Cr is almost
completely spherical, with only one negative contour in the
bonding directions breaking significantly the spherical sym-
metry. The model bonding density can also be visualized by
plotting the Laplacian of the density in the same planes
(Figure 8). The positive peaks correspond to charge concen-
tration (bonding density), and the negative peaks to charge

Figure 8. Laplacian plots of the planes shown in Figure 7. Contours at 2, 4,
and 8� 10n, n��3,� 2,� 1,0,1,2.

depletion. These plots confirm the lone pair features on the
ligands to Cr and the lack of asphericity on Cr.
We have performed a topological analysis of the total static

electron density within the framework of the ™quantum
theory of atoms in molecules∫.[21] Table 4 lists average values
of topological properties like the density (�b) and the Lap-
lacian (�2�b) at the bond critical points (bcp). The esds
(sample standard deviations) for the topological properties to
some extent reflect the slight differences in bond lengths
among similar bonds. It is illustrative to examine in more
detail the Cr± ligand interactions. The energy densities at the
bcp can be calculated for closed-shell interactions using the
semiempirical formula given by Abramov.[22] Average values
for these properties are given in Table 4. The kinetic (G) and
potential (V) energy densities cancel almost exactly in both
Cr�F and Cr�O bcp, such that the total energy density (H) is
close to zero. The value of G(rbcp)/�b is about 1.80, showing
that these bonds are closed-shell interactions.[22b] Thus, the
Cr�O and Cr�F bonds are similar in character, which explains
why there is no observable trans effect.
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Table 5 lists the extracted d-orbital populations[23] for Cr.
For comparison, the values for two other octahedral Cr
complexes[24] are also shown. The destabilizing eg orbitals
accept almost the same number of electrons from the �-
donating ligands, whereas the population in the t2g orbitals
reflect the �-accepting ability of the ligands. In this respect,
CO and CN� are superior to F� and the O-atom of a
carboxylate group.

Electrostatic potential in compound 1: The electrostatic
potential in the host molecule in the crystal environment
has been derived from the refined multipole parameters
according to the method of Su and Coppens.[25] Figure 9

Figure 9. Isosurface plot of the electrostatic potential in 1. Surface at
�0.54 eä�1 (red) and �0.3 eä�1 (yellow).

illustrates the three-dimensional features of the EP in 1 using
negative (red) and positive (yellow) isosurfaces. In Figure 9 it
is seen that the isosurface outlined at the value of the EP in

the center of the cavity has a funnel-shaped form. The view in
Figure 9 is from the ™open∫ side of 1, but the shape is similar
when viewed from the other side. There is a three-dimensional
saddle point in the EP located at the molecular center with a
minimum along the axis perpendicular to the Cr8 plane and a
maximum within this plane. The local character of the positive
isosurfaces shows that the electrophilic regions are closely
confined to the Me groups on the outside of the molecule. The
negative region of the EP hardly protrudes out of the cavity
entrance on the ™open∫ side (Figure 10a). It extends from the
sides of the molecule in regions between the axial and the
equatorial pivalate ligands. The negative EP is almost exactly
symmetrical with respect to the Cr8 plane, Figure 10a. The
first negative contour shown (�0.1 eä�1) extends outside the
™open∫ side, whereas this contour is within the molecule on
the opposite side. In the molecular cavity, the negative
potential reaches a local minimum along the molecular axis
at the center with a value of�1.24 eä�1. The central potential
is quite flat and Figure 10b shows that the area of negative
potential within 5% of the center value (�1.24 eä�1) spans a
circular area with a radius of more than 2 ä.

Influence of the EP on host ± guest chemistry : The detailed
nature of the EP in host 1, described in the previous section,
affords a qualitative explanation of the observed differences
in the structures 2 ± 5. Furthermore, the knowledge of the EP
allows us to predict the features required by different guest
molecules to be incorporated inside 1. From the EP it is clear
that guest molecules have to be oriented quite specifically for
inclusion to occur, since positive guest entities will be repelled
by the outer molecular envelope, before they attain stabiliza-
tion in the center. Thus, there must be a considerable barrier
for inclusion. The weakness of the inclusion capabilities may
be used for selectivity because only a limited number of small
molecules can be bound in the crystal. An extended linear
molecule with a permanent dipole will be able to stabilize
both ends of the molecule by being placed asymmetrically
with the positive end inside the cavity and the negative end
outside the cavity. It is not favorable to place a permanent
dipole totally inside the host (that is, symmetric inclusion
across the molecular center). From the EP we therefore
predict that neutral molecules will be bound only weakly,
whereas one-dimensional molecules (chains) having a perma-
nent dipole moment can be stabilized asymmetrically. Small
positive cations can be stabilized in the molecular cavity but,
as will be shown below, crystallization of such host ± guest
complexes have not been possible, and they only appear in the
liquid and the gas phase. Negative ions may be able to
associate with the outer envelope of the molecule.
The inclusion of DMF is expected to be favorable, as it

exhibits two oppositely polarized ends. In one end, two Me
groups are bonded to a more electronegative nitrogen,
creating two electrophilic Me groups. In the other end, the
oxygen is highly nucleophilic. Thus, the N(Me)2-end will
supposedly be closest to the nucleophilic maximum in the
center of the host. To minimize repulsion between the
nucleophilic oxygen and the nucleophilic cavity, the C�O
bond is parallel to the molecular axis. Thus, the trans N�C
bond is along the same axis, thereby increasing the steric

Table 4. Mean values of the topological indicators and the energy densities
of 1.

Bond �b �2�b V H G/�
[eä�3] [eä�5] [hartree ä�3] [hartree ä�3] [hartree e�1]

Cr�F 0.62(2) 16.3(5) ±1.10(4) 0.02(2) 1.81(4)
Cr�O 0.58(3) 15.2(9) ±1.01(5) 0.03(5) 1.78(10)
C�O 2.95(3) � 47.2(12) ± ± ±
C��C� 1.68(1) � 12.6(3) ± ± ±

Table 5. d-orbital populations. Values for two compounds from refer-
ence [24] are also given.

Orbital 1 Cr(CN)63� Cr(CO)6

dz2 0.91(5)
dx2�y2 0.71(5)
eg 1.62(5) (29.7%) 1.62(5) (30.8%) 1.37(5) (29.2%)
dxy 1.51(5)
dyz 1.00(5)
dxz 1.32(5)
t2g 3.83(5) (70.3%) 3.64(5) (69.2%) 3.32(5) (70.8%)
total 5.45(5) 5.26(5) 4.69(5)
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hindrance from the cis-Me
group, which points towards
the host. Nevertheless, it seems
favorable to align the C�O
bond along the molecular axis,
showing the importance of the
electrostatic contribution to the
interaction energy.
Inclusion of the larger DMA

into 1 is also favorable for the
same reasons as DMF, although
the larger size of DMAdecreas-
es the stabilizing effect of in-
clusion due to steric hindrance.
The substitution of aMe for a H
on the carbonyl carbon creates
a larger molecule, which neces-
sitates a rotation of DMA
(compared to DMF) in order
to better accomodate this extra
Me group. The requirement of
more space prevents DMA
from being as deeply buried
into the host molecule, which
is reflected in the shortest dis-
tance from DMA to the plane
spanned by the eight Cr atoms,
having increased from 0.67 (in
2) to 2.46 ä (in 3).
As mentioned in the previous

section, the EP is negative both
towards the ™open∫ and the
™closed∫ sides. Steric hindrance
makes the entry of guests
through the ™closed∫ side un-
favorable, but a rotation of
axial pivalate Me groups on this
side can increase the affinity for
guests to reach the cavity. This
appears to be the case for 4.
Since the most energetically
favorable configuration of the
host exhibits one ™closed∫ side
of the ring structure (1), the
configuration of the host must
have changed due to the pres-
ence of either the included
DMA or the inclusion of sol-
vent tBuOH–which forms a
strong hydrogen-bonding net-
work–or both. Since DMA is
the only solvent in 3, and it does
not affect the ™closed∫ side, the
tBuOH must play a major part
in the ™opening∫ of 1 by pro-
viding hydrogen-bonding stabi-
lization energy.
In 5 two molecules of CH3CN

have found their way into the

Figure 10. Contour plots of the electrostatic potential in 1. Contour interval of 0.1 eä�1. Negative contours
dashed. Positive contours solid. Zero contour omitted. a) The perpendicular plane through Cr(4) and C(8). b) The
molecular plane through Cr(1), Cr(3), and Cr(4).
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structure. The incorporation of CH3CN into an inorganic host
molecule has been observed before.[13, 26] The host in reference
[26] is categorized as electronically inverse, in contrast to 1,
which is an electronically normal host. This is evident in the
orientation of CH3CN, which possesses a permanent dipole,
the nitrogen end being negatively polarized. The positively
polarized carbon end is near the center in 5, whereas the
opposite is the case in reference [26].

Mass spectrometry of the host ± guest mother solution : The
existence of a nucleophilic region in the host molecular cavity
suggests that cations should be strongly attracted to this
region. Attempts to crystallize the host complex with cations
incorporated into the cavity were fruitless (see Table 1). The
lack of cation incorporation observed in the crystalline
samples may not exclude the existence of such host ± guest
entities in solution prior to crystallization. To test this
assumption, the mother solution of sample 2 was investigated
by means of electrospray ionization mass spectrometry (ESI-
MS).[27] The choice of this method was determined by its
™gentleness∫, meaning that ionic species with weak interac-
tions such as in supramolecular assemblies, poly-solvated
aggregates, host ± guest entities, and noncovalent complexes,
survive the transfer from solution to the gas phase and thus
can be detected and identified by mass spectrometry.[28] The
ESI mass spectrum shown in Figure 11 confirmed unambig-
uously that a cation can be associated to the host molecule 1.
Analysis of experimentally determined isotopic distributions,
performed by the ISOMETA program,[30b] shows that the
group of peaks seen in the m/z 2220 ± 2230 mass region
represents an isotope cluster with an elemental composition
of [1�K]� . Furthermore, the [1�K]� ion produces an
insignificant yield of fragments when accelerated in the
atmosphere ± vacuum interface region of the ESI source by
increasing capillary and/or skimmer voltages in an attempt to
initiate collision-induced dissociation processes. Also, an
increase in the ion accumulation time in the hexapole of the
ESI source in order to create conditions for multipole storage
assisted dissociation (MSAD)[28k, 29] did not lead to any
significant fragmentation. These findings prove that the [1�
K]� species is quite stable in the gas phase, where counterions
and solvation effects are absent. ESI-MS data, together with
the lack of crystallographic evidence for the host ± guest entity

[1� cation]� , indicates that it exists in solution but not in the
solid state.
This may be due to a destabilizing effect of the anion in the

crystallization process–an effect large enough to impede the
crystallization of the cation-containing host ± guest complex
and instead enables the crystallization only of the unsolvated
species or with neutral solvent included. Since the inclusion of
cation ± anion pairs is so unfavorable, it may be that only
neutral species can be accepted into the host in the crystalline
phase. Due to steric hindrance these guests can only have
limited size, and the smaller guests tend to be more strongly
attached to the host, although guests may leave the solid
phase if left exposed to air. Thus, the optimal guest molecule
will possess a permanent dipole and have a limited range at
least in two dimensions. These guidelines and the stability of 1
in some solvents may be exploited as a means for selectively
extracting certain molecular entities.

Conclusion

Amultipolar refinement based on accurate synchrotron X-ray
data collected at 16(5) K with a new open He-cooling system
has succesfully been carried out on the molecular complex,
[Cr8F8(tBuCO2)16], containing 272 unique atoms (1144 e�), of
which eight were open-shell transition metals. Theoretical
calculations of accurate electron density distributions of
molecules of this size are very demanding. The present study
demonstrates that experimental electron density determina-
tion, including full topological analysis, can be carried out on
supramolecular systems provided that crystals of reasonable
quality can be obtained. It must be stressed that the restriction
on the crystal has mostly to do with, for example, lack of
disorder rather than crystal size, since modern synchrotron
sources have made diffraction experiments possible even with
crystals with dimensions in the order of micrometers. The
general agreement with other studies containing similar
structural entities shows that it is possible to obtain chemically
useful experimental EDDs for huge systems. The fact that the
EDD appears accurate suggests that the electrostatic poten-
tial is very reliable (primarily determined by the low order
data). A detailed description of the electrostatic potential in
the interior of the host molecule has been used to explain the

Figure 11. Positive-ion ESI mass spectrum[27] of the mother solution of sample 2 diluted (1:10) with CH2Cl2. Experimental parameters: capillary voltage�
50 V, skimmer voltage� 5 V, ion accumulation time in the hexapole of the ESI source� 0.5 s, capillary temperature� 110 �C.
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orientation of guest molecules in a series of host ± guest
complexes with 1 acting as a host. Supramolecular and
inclusion chemistry is a rapidly expanding field of increasing
importance and it is clear that analysis of experimental
electron densities presents a versatile new tool to structural
chemists.

Experimental Section

Synthesis : The starting material of the octanuclear chromium-wheel
compound used in the preparation of the host ± guest complexes described
in this paper was synthesized by modifying the method previously
reported.[14]

CrF3 ¥ 4H2O (5.0 g, 27.62 mmol), DMF (8.5 mL, 110.0 mmol), and pivalic
acid (tBuCO2H�PivH) (11.5 g, 112.6 mmol) were heated while stirring at
140 �C for 2 h. During this time chromium fluoride was dissolved and a
green crystalline product formed. The solution was cooled to room
temperature, and the following day the crystalline product was first washed
with DMF (3� 20 mL) until the solution was transparent, then with water
(5� 20 mL). Then the product was dried at 120 �C for 2 h and dissolved in
pentane (40 mL). The resulting solution was filtered and then diluted by
adding acetone (80 mL). This solution was refluxed with stirring for 30 min,
and then concentrated to 30 mL. The resulting crystals were collected by
filtration and washed with acetone. This product ([Cr8F8Piv16] ¥ 2Me2CO)
was dried at 120 �C to constant mass. Acetone was thereby expelled and a
powder of [Cr8F8Piv16] was obtained with no inclusion of solvent molecules.
Yield 2.0 g (26.5%); MS (EI):[30] m/z : 2084.4 [M�Piv]� (where M�
[Cr8F8Piv16]); elemental analysis calcd (%) for C80H144Cr8F8O32 (2186.0):
C 43.96, H 6.64, F 6.95; found: C 43.87, H 6.68, F 6.88.

Crystal growth : Compound 1: [Cr8F8Piv16] (0.5 g) was dissolved while
stirring in 1-bromodecane (5 mL) at 200 �C. The solution was slowly cooled
to room temperature. After one week, dark green crystals of 1, the naked
complex without guest molecules, were collected. For the host ± guest
complexes, compounds 2 ± 5, the main purpose of the syntheses was to
obtain pure compounds and good crystals. The yield was about 50%. No
optimization of the yield was attempted and therefore it is not reported
specifically for the following syntheses.

Compound 2 : [Cr8F8Piv16] ¥DMF. [Cr8F8Piv16] (0.3 g) and KPF6 (0.15 g)
were heated while stirring and refluxing in DMF (3.0 mL) and tBuOH
(3.0 g) for 15 min. The hot solution was filtered and kept at 50 ± 60 �C for 7 h
at which time green crystals of 2 (�1 � DMF) had formed.

Compound 3 : [Cr8F8Piv16] ¥ 2DMA. NH4PF6 (0.1 g) was dissolved in DMA
(5.0 mL) while heating (80 �C), then [Cr8F8Piv16] (0.03 g) was added and the
mixture heated until complete dissolution was observed. The resulting
solution was cooled to 90 ± 100 �C and kept at this temperature for 7 h,
yielding green crystals of 3, which have DMAmolecules as guest molecules
in the chromium wheel but also DMA molecules solvating the crystal
structure.

Compound 4 : [Cr8F8Piv16] ¥DMF ¥DMA ¥ 4 tBuOH. [Cr8F8Piv16] (0.1 g) was
heated while stirring and refluxing in a mixture of tBuOH (3.0 mL), DMF
(2.0 mL) and DMA (0.1 mL). The hot solution was filtered and kept at 50 ±
60 �C for 7 h, yielding green crystals of 4, which have DMF and DMA as
guest molecules in the chromium wheel and tBuOH molecules solvating
the crystal structure.

Compound 5 : [Cr8F8Piv16] ¥ 2CH3CN ¥THF
[Cr8F8Piv16] (0.3 g) was dissolved in tetrahydrofuran (THF) (9.0 mL), then
acetonitrile (3.0 mL) was added to a hot solution and the solution refluxed
for 5 min. It was left to stand overnight at room temperature. Large green
crystals of 5 were formed, which have CH3CN as guest molecules in the
chromium wheel and THF molecules solvating the crystal structure.

X-ray data collection and treatment : Compound 1: A crystal of approx-
imately 0.10� 0.10� 0.10 mm was attached to a few strands of carbon
fibers using a very small amount of epoxy glue. The fibers were attached to
a brass pin that had been glued onto a copper wire. The brass pin was
mounted directly on the � axis of a HUBER-type 511 four-circle
diffractometer at the X3A1 beam line at the National Synchrotron Light
Source (Brookhaven National Laboratory, USA). The crystal was cooled in
one hour to 16(5) K using an open-flow He-cooling device.[31] Diffraction

data were collected with a Bruker SMART1000 CCD detector placed on
the 2�-arm with the detector surface 5.7 cm from the crystal. Two different
2� settings were used for the measurements in � scan mode. Integration of
the intensities was performed by using SAINT� [32] and an empirical
absorption correction was applied by using SADABS.[32] A few reflections
at small scattering angles, which were partly hidden by the beam stop, were
discarded. Only multiple-measured reflections were retained for further
analysis. The final data set, averaged with SORTAV,[33] comprises 37733
multiple-measured unique reflections with an average redundancy of 4.4
(Rint� 0.034). Refer to Table 1 for further details.
Compounds 2 ± 5 : X-ray diffraction experiments for these four systems
were carried out using a Bruker SMART CCD diffractometer equipped
with a Mo X-ray tube at the Department of Chemistry, University of
Aarhus. In all cases the selected crystals were mounted on the tip of a glass
pin using Paratone-N oil and placed in the cold flow (120 K) produced with
an Oxford Cryocooling device. Complete hemispheres of data were
collected using � scans (0.3�, 30 seconds/frame). Integrated intensities
were obtained with SAINT� [32] and corrected for absorption using
SADABS.[32] Structure solution and refinement was performed with the
SHELX package.[32] Crystallographic details are given in Table 1.

Model refinement : Compound 1: Initial refinements with SHELX,[32]

which were started from the previously determined 100 K structure of 1,
yielded a structural model with R(F)� 0.039 for I� 2�(I). Potential
disorder in the tert-butyl part of three of the pivalate groups can for each
group be tested with a model consisting of two sets of sites, both with
isotropically vibrating methyl groups (Model A). In an ordered description
one set of fully occupied sites with anisotropically vibrating methyl groups
is used (Model B). The ordered model for the three pivalates is superior
when comparing refinement statistics: RA(F)� 0.049, RB(F)� 0.039.
The SHELX structural skeleton was the starting point for a refinement
using the program package XD,[34] which incorporates the Hansen ±Cop-
pens multipole formalism[35] to describe the asphericity of the EDD around
each atomic position. Neutral atom scattering factors were employed[36] and
the radial part of the multipoles were of single Slater type. Due to the large
size of the molecule, it was necessary to generate constraints, which could
be relaxed at later stages of the modeling. In the first multipole model
(MM-I) we constrained atoms of the same type to have identical population
parameters. Gradual release of constraints reduced R(F 2) from 0.062 for
the most constrained model to 0.055 for the final model, which included
1582 parameters. In this model all atoms, except for the methyl-C atoms
and the hydrogens, were given individual full sets of multipoles truncated at
the hexadecapolar level (l� 4) for Cr and the octapolar level (l� 3) for the
other atoms. The three methyl groups in each pivalate ligand were
constrained to be identical with a common set of multipoles truncated at
quadrupolar level (l� 2). Hydrogen atoms were given one common
monopole and one common bond-directed dipole. The radial distribution
of the spherical density for each non hydrogen atom type was refined using
a �� parameter. Due to correlation effects, it was necessary to refine
multipole parameters and structural parameters in separate cycles.
Subsequently, we examined the significance of the noncrystallographic
symmetry, inherent in the molecular structure. In this refinement (MM-II),
all atoms of similar type were constrained to have identical deformation
parameters. The starting point was MM-I. The monopoles were averaged
and the starting values for the multipoles were taken from the first atom of
each type in the atom list. The level of truncation for the multipoles was
identical to MM-I. We distinguished between six different atom types: Cr,
F, O, C (COO�), C� (CR4), and C� (C�CH3). Due to the smaller number of
parameters in this model, structural parameters for all heavy atoms could
be co-refined with the multipoles. In the final cycles of the refinement, the
hydrogen atoms were repositioned along the C�H bond vector to a
distance of 1.08 ä from the bonded carbon.

To test the success of the refinement we examined in each step both the
refinement statistics and several residual maps. The continuous decrease of
bothR values and general contour levels in the residual maps indicated that
the modeling was successful, considering the size of the molecule. Figure 12
shows the residual density in the molecular plane from the final MM-II.
The maximum value of �0.4 eä�3 near a Cr atom is acceptable for this
large molecule. The Hirshfeld rigid bond test[37] gives a mean value of
�A-B� 15.4 pm2 for all bonds, and for bonds to Cr the mean value is 9.4 pm2

(Cr�F: 11 pm2; Cr�O: 8.0 pm2). The relatively large size of the atomic
displacement parameters for three of the pivalate groups contribute to the
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somewhat high �A-B values for bonds involving the C atoms (C�C� :
19.8 pm2; C�O: 14.3 pm2; C��C� : 22.0 pm2), but the values appear in
general to be satisfactory. The refinement statistics for MM-II were almost
as fine as for MM-I: RII(F 2)� 0.060. Examination of the model density
showed us that MM-II is preferable to MM-I, and thus MM-II was used in
further analysis.

Compounds 2 ± 5 : All structures were solved by using direct methods.[32]

Distance constraints were introduced to maintain the C�Me bond lengths
in the pivalate groups at similar values. Hydrogen atoms were put at
calculated ideal positions after each refinement cycle. All atoms (except for
H) were refined anisotropically. The solvent molecules were located from
difference Fourier maps. No distance constraints were introduced on these
molecules, except for the CH3CN and THF groups in 5, which exhibited
severe disorder. Several crystals of compound 5 from different syntheses
were screened, and all showed tetragonal symmetry and good internal
agreement of data. However, the refinements were all unexpectedly poor,
and in some cases the structure could not be refined to an R(F) value below
20%. Anisotropic refinement of methyl carbon atoms was not possible. In
general, we observe that chromium wheel compounds crystallizing in this
crystal system give diffraction data, which are difficult to model most likely
due to the volatile disordered solvent molecules which sit between the Cr8-
molecules. When crystallized from tetrahydrofuran (THF) alone, the
[Cr8F8Piv16] molecule crystallizes with disordered intermolecular THF in an
orthorhombic spacegroup of dimensions a� 18.822, b� 24.357, c�
32.274 ä, ���� �� 90�. The THF molecules are so poorly defined that
we have chosen not to include this structure in Table 1. Besides the three
monoclinic structures 2 ± 4 the [Cr8F8Piv16] molecule is known to crystallize
in the monoclinic spacegroup with acetone as a guest molecule[14] (P21/c,
a� 25.33, b� 16.68, c� 31.039 ä, �� 109.81�).
CCDC-173968 (1), CCDC-173969 (2), CCDC-173970 (3), CCDC-173971
(4), and CCDC-173972 (5) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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