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Abstract: The low-temperature (120 K) structure experimental charge density distribution and electrostatic potential
of the title complex were determined from high-resolution X-ray diffraction intensities. The molecular structure and
packing is in accord with previous observations on analogous compounds. The nuclear-centered spherical harmonics
expansion technique was applied in the treatment of the data to extract the static electron density. Deformation electron
density maps in nonbonded regions of the oxygen atoms show lone-pair polarization toward the cation. This valence
deformation is compared to that found in the neutral host—guest complex of 18-crown-6-2cyanamide. The anisotropic
atomic displacement parameters are tested against the rigid-body motion model, and the residuals for both structures
are analyzed with computer graphics. The degree of transferability in the topology of static density deformations is
examined in connection with the transferability in the pattern of residual root-mean-square surfaces representing

atomic displacements due to internal motion.

Introduction

Macrocyclic polyethers like 18-crown-6 are known to form
stable ionic complexes,! especially with alkali and alkali earth
cations, and nonionic complexes with neutral, acidic guest
molecules.? An important structural parameter of the macro-
cation is the position of the metal ion relative to the ring’s mean
plane. This depends not only on the size of the cation but also
on the anion and on the presence of a solvent molecule.? Neutral
polar guests are usually coordinated via hydrogen bonds. The
binary complex (1:2 host:guest stoichiometry) is a typical
formation because it enables the dipoles of the guest molecules
to be compensated.*

The host—guest interactions, such as ion—dipole, dipole~dipole
forces, and hydrogen bridges, are expected to take place via the
ether oxygen atoms and presumably induce polarization in their
valence density as well as in the C-O bonds. Density deformations
due to “secondary forces” are close to the observable limit even
if high-resolution X-ray diffraction data are available to determine
the charge density. The interpretation of the measurement
involves the optimization of parameters representing the thermally
averaged electron density in the crystal. Shortcomings in this
parametrization may lead to high correlations between least-
squares variables, those describing asphericities in the valence
density and those accounting for nuclear motions. Inother words,
static density deformations thought to be of chemical relevance
could be biased due tothe inadequate decomposition of the thermal
smearing. The static charge density extracted from X-ray
diffraction intensities should be interpreted with caution, especially
if large amplitude internal vibration modes have considerable
contributions to the smearing. A careful analysis should not
neglect, as is frequently done, a test of the anisotropicdisplacement
parameters (ADPs) for their physical significance.
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Figure 1, Stereo ORTEP drawing of two [Kc18.crown-6]*N;~H,0
complexes related by the crystallographic inversion center; thermal
ellipsoids at the 70% probability level.

Due to recent improvements in experimental techniques and
data processing, it has become evident that the effects of
nonbonded interactions on the electron density are indeed
observable,>¢ in spite of the difficulties mentioned above. The
results presented in terms of deformation electron density are
sometimes conflicting and often of qualitative nature, although
extensive studies on a-oxalic acid dihydrate have shown that an
excellent quantitative agreement between theory and experiment
can be achieved.®10 It seems widely accepted that the charac-
teristics of density redistribution, upon forming weak or mod-
erately strong hydrogen bonds, can be interpreted as a result of
mutual polarizations of the functional groups involved.?!!.12
Theoretical calculations have shown that the charge rearrange-
ment along a D—H-~A bond path can be well accounted for by
a homogeneous electric field directed from the donor (D) to the
acceptor (A).!? In this respect the influence of a cation on the
lone-pair density of the acceptor is expected to be analogous to
that of a proton in the hydrogen bond.!!.13-15

In a previous publication we reported an experimental charge
density study on a typical neutral complex, 18-crown-6-2NH,-
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Table 1, Crystal Data and Experimental Conditions for
[Kc18-Crown-6]*Ni—-H,0

Ci12H2406KN3-H,0

formula M (g/mol) 363.46

space group P2\ /n F(000) 776
V4 4
X-ray neutron
T(K) 120(1) 119.8(3)
a(A) 10.192(3) 10.195(2)
b (A) 8.838(2) 8.857(2)
c(A) 19.595(4) 19.600(4)
B (deg) 99.66(1) 99.67(2)
V(A% 1740.03 1744.70
d (g/cm?) 1.387 1.384
cryst dimens (mm) 0.35 %X 0.3 X045 1.7%X0.95 % 3.2
cryst vol (mm?) 0.038 3.60
A (A) 0.710 68 0.844 20
w (em™) 3.37 2.24
6 range (deg) 2-50 240
(h,k,Dmin -19,-6,-34 -14,~12,-26
(7K, Dmax 21,15,37 6,2,28
(sin 8/A)max (A1) 1.0636
scan type w-—20 w-—20
scan width (deg) Aw=126+040tanw Aw=1.5
scan rate (deg/min) 1.0-2.4 0.64
orientation refl 31 (21° <20 < 35°) 8 (12° <26 < 40°)
standard refl (-2,3,2), (4,2,7) (0,0,4)
(1,3,3), (3,-2,8)
(6,0,-8), (1,4,-2)
NREF“ (measured) 19232 4454
NREF? (unique) 9095 3379

4 Number of reflections.

Table 2. Summary of Least-Squares Refinements [F > No(F)]

spherical atom multipole neutron
N 2 3 3
NREF? 7490 6814 2359
NVAR? 312 434 443
R 0.0661 0.0421 0.109
Ry 0.0309 0.0171 0.117
S 1.97 1.16 8.47

2 Number of reflections. 2 Number of variables.

CN.!¢ The electron distribution of the C—O bonds and the lone-
pair density of the oxygen atoms in the crown were shown to be
significantly affected by the hydrogen bonds with the cyanamide
guests. (We thank Professor H.-B. Biirgi, University of Bern,
for calling our attention to the fact that the dipole moment vector
of the cyanamide molecule is situated symmetrically with respect
to the C-O bonds to O(4) and not to O(1) as stated incorrectly
in ref 16 preceding paper. Thus the asymmetries observed in the
geometry and in the deformation density of the C(3)-0O(4)-C(5)
fragment are not simply due to the polarization induced by the
guest.) In both the static model and the dynamic Fourier
deformation density maps, charge concentrations were found in
the nonbonded area of the oxygen acceptors toward the protons.

This work reports the structure and charge density determina-
tion of a typical ionic complex, [Kc18-crown-6]+*N;~H,O, based
on X-ray data collected at 120 K. The aim of the study is to see
whether density deformations similar to those for the cyanamide
complex are detectable also in the macrocation and to find the
extent to which density features of the ring are reproducible. In
order to check for bias in the static deformation density due to
unresolved thermal smearing, the ADPs are tested by the computer
graphics program PEANUT,!” and the resuits of three measure-
ments for the two structures are compared. The electrostatic
potential maps calculated from the experimental static densities
for both complexes are also presented.
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Diffraction Experiments and Structure Solution

Commercially available 18-crown-6 was purified by reaction
with acetonitrile followed by decomposition. The complex was
obtained by dissolving 18-crown-6 and the potassium salt in
dichloromethane and by adding ether. Thecrystals were colorless,
with melting point 179 °C.

X-ray Measurement

A crystal of approximately spherical shape was fixed in a thin-
walled glass capillary and mounted on a Siemens four-circle
diffractometer equipped with a nitrogen gas stream cooling
device.!® For data collection, Zr-filtered Mo Ko radiation was
used. Six standard reflections were selected and measured every
60 min. In case of an intensity drop larger than 3% for any of
the standards, the reflections used in the refinement of the cell
parameters were automatically recentered and a new orientation
matrix was calculated. This occurred about once every 9 h. For
more experimental details, see Table 1. The small linear
absorption coefficient and the globular crystal shape justify the
neglect of an absorption correction. The merging of the equivalent
reflections was done with the XTAL!? program system, giving
an agreement index of 0.0078.

The structure (Figure 1) was solved by the SHELX76%
program. All hydrogen atoms could be located by difference
Fourier synthesis. The conventional least-squares refinement,
minimizing the residual Tpwy{|Fos(H)| - k|F.a(H)[}> with
statistical weight w = 1/02(|Fous(H)]), was stable and led to the
agreement indices listed in Table 2. Relativistic Hartree-Fock
scattering factors corrected for anomalous dispersion?! were used.

Neutron Measurement

The data were collected at the high flux reactor of the Institute
Laue-Langevin in Grenoble, France, on the D9 four-circle single-
crystal diffractometer with offset x-circle equipped with a closed-
cycle, two-stage DISPLEX cryostat and a one-reflection area
detector. The large-size crystals turned out to be sensitive to
strain induced by cooling. Therefore, the rather small crystal,
which finally served for the experiment was wrapped in aluminum
foil before mounting. In the higher scattering angle range, only
the 400 strongest reflections in one quadrant of the reciprocal
space were measured. An analytical absorption correction was
applied with a Gaussian grid integration.?? Although theinternal
R-value for merging 1750 replicate measurements was fairly low
(0.034), therather high statistical variation in the intensity-control
reflection (1,,(004) = 1972(53)) indicated instability in the data
collection. The structure refinement did not lead to a satisfactory
fit, as indicated by the high reliability factors in Table 2. Many
reflections with low indices (-2,-1,2; 2,-1,-2; 1,~-1,-5; -1,~1,5;
—6,0,8) show a severe extinction effect (F. correction factor of
about 0.8) that could not be properly accounted for by the models
applied.??> The geometrical parameters obtained are in fair
agreement with those of the X-ray measurement, but the high
standard deviations do not allow a quantitative comparison, and
thus the result is not interpreted in any further detail.
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Table 3. Multipole Populations and Radial Screening Constants for [Kc18-Crown-6]+*N;~H,0°

18-crown-6 Nj- H,0
o(1) C 04) H N(19) N(20) N(21) O(w) H(w)
X 0.94(2) 0.98(2) 0.94(2) 1.0 0.91(2) 1.02(2) 1.02(2) 0.95(2) 1.0
1 m
0 0 6.43(3) 4.22(3) 6.45(3) 0.78(2) 6.65(8) 4.41(8) 4.94(8) 6.46(7) 0.77(5)
1 1 —0.04 -0.12 -0.02 0.31 0.55 0.19
-1 -0.07 -0.06 -0.05 0.06
0 -0.07 0.11 -0.05 0.07 0.14 0.18
2 0 0.02 0.06 -0.26 0.05 0.07
1 0.02 -0.08
-1 -0.02 -0.07 0.07
2 0.02 -0.10 0.38 -0.05 -0.10
-2 -0.02 0.03 0.05 —0.04
3 0 -0.01 0.04 -0.14
1 -0.02 -0.18 -0.25 -0.14
-1 -0.02 -0.23 -0.02 -0.03
2 -0.07 0.09
-2 -0.01 -0.02 0.05 -0.06
3 0.13 0.25 0.14 0.23 0.12 0.04
-3 0.02 0.12 0.04 0.06 -0.03
4 0 0.05 0.13 -0.07 -0.04
1
-1 0.01 -0.03
2 -0.05 -0.03 -0.08 0.14 0.04 0.05
-2 0.13 0.03 -0.06 -0.05
3 0.03 0.02
-3 -0.02 -0.06 0.08 -0.10
4 0.05 0.02 0.10 -0.12 0.04
-4 0.02
Cmax 0.018 0.009 0.017 0.004 0.035 0.033 0.037 0.031 0.021

4 The errors for the atomic charges and radial screening constants are explicitly specified, but only the significant multipole populations (P> o(Pym))
are given. The maximum values of the standard deviations (omax) are also indicated.
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Figure 2. Molecular packing of [Kcl8-crown-6]*N3~H20O generated by SCHAKAL. %

Multipole Refinement

After the conventional treatment of the X-ray data, the
aspherical-atom scattering formalism?%25 was applied. In the
crown ether the atomic-site coordinate systems, the radial
functions?6 and the local-site symmetries were chosen to be the
same as those in our previous study.!é For the carbon and oxygen
atoms, the x and y axes were selected in the plane defined by the
atom in question and its two neighbors. For the carbon atoms,
a local mirror symmetry (in the xy plane) was imposed. Due to
theasymmetry in the oxygen—potassium coordination, one cannot
ignore differences between the valence deformation densities of
the oxygen atoms situated above and below the mean plane of

(25) Koritsanszky, T. LSMOL: Multipole Refinement Program, SDP

version; State University of New York: Buffalo, NY, 1987,
(26) Clementi, E.; Raimondi, D. L. J. Chem. Phys. 1963, 33, 2686.

Q;.‘.'.a
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X

the crown. Therefore, the oxygen atoms were constrained in two
groups of three to have the same valence density. These
considerations led to one carbon, two oxygen, and one hydrogen
atom in the crown to be described independently. The potassium
cation was represented only by its core density, and no charge
transfer between the host and the guests or between the guests
wasallowed. Nosymmetry restrictions were applied to the azide
anion, but for the water molecule, mm2 symmetry was maintained.
The non-hydrogen atoms were described up to the hexadecapolar
level in the multipole expansion.

The simultaneous refinement of the multipole populations and
the conventional variables of the hydrogen atoms usually leads
tohighly correlated shifts. Duetotheelectroneutrality constraint,
all variables are affected by the indeterminacy in the charges of
the hydrogen atoms. To overcome this problem, the following
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Figure 3. PEANUT stereo plot of the crown ether ring in [Kc18-crown-6]*N3~H>0 showing the residual root-mean-square displacement surfaces
not accounted for by the rigid-body model. AU = Ugpea(X-ray) — Ucatea(TLS).

Figure 4. PEANUT stereo plot of the crown ether ring in 18.crown-6-2NH,CN showing the residual root-mean-square displacement surfaces not
accounted for by the rigid-body model. (a) AU = Ugpea(neutron) — Ucated(TLS). (b) AU = Ugped(X-ray) — Ucated(TLS).

strategy wasapplied. Aninitialset of isotropic thermal parameters
of the hydrogen atoms was obtained by the spherical-model
refinement on the low-order X-ray data and used in the multipole
refinement. In the next step, ADPs of the hydrogen atoms were
estimated by fitting the rigid-body model to the motion of the
non-hydrogen atoms, and these estimated values were fixed during
the refinement of charge density and all other conventional
parameters. The correctness of this estimation was judged by
the reasonableness of the C—H bond distances and by the net
atomic charges of the hydrogen atoms obtained after the
refinement. In order to improve the reliability of the charge
density of the water molecule, the neutron parameters of the
hydrogen atoms (H(w1), H(w2)) were used and kept fixed during
the refinement. The density asphericity of a hydrogen atom was
represented by a bond-directed dipole, for which the population

wasrefined together with the charge and the positional parameters.
The contracted function given by Stewart?’ was used as the
monopole scattering factor. The indices of fit of the different
refinements are listed in Table 2 and the multipole parameters
in Table 3.

Molecular Geometry and Packing

The molecular data of interest are given in Table 4, The C-C
bond distances are uniformly 1.505(1) A, and for the C-O
distances, only a slight deviation from the averagevalue of 1.422(1)
A is established. The sxherical refinement gives considerably
shorter C—C (1.495(2) A) and a bit longer C-O (1.427(2) A)

(27) Stewart, R. F.; Davidson, E.R.; Simpson, W.T.J. Chem. Phys. 19685,
42, 3175.
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Table 4. Bond Distances (A), Bond Angles (deg), and Torsion
Angles (deg) for [Kc18-Crown.6]*N3~-H,0°

torsion
atoms distance  angle angle
A B C D B-C A-B-C A-B-C-D

c(8) O(l) C@2) C(3) 14191) 111.3(1) -175.4(1)

o)) €2 C(3) O@) 1.505(1) 108.6(1)  67.8(1)
C2) C@3) O C(5) 1424(2) 108.6(1) 178.6(1)
C(3) 0@ C(5) C6) 1.421(2) 110.9(1) 177.9(1)
o) C(5) C(6) O 1.505(1) 109.2(1) -64.5(1)

C(is) C(6) O C(8)
C6) O C@B) C©)

1.418(1) 108.3(1) -172.2(1)
1.421(2) 112.5(1) -179.4(1)

o(7) C@B) C(9) O(10) 1.505(2) 108.9(1)  64.8(1)
C@) C(¥) O0(10) C(11) 1.4251) 109.2(1) 176.8(1)
C(9) 0(10) C(11) C(12) 1.429(1) 110.7(1)  173.5(1)
0(10) C(11) C(12) O(13) 1.505(2) 109.0(1) —67.8(1)

c(1l) Cc(12) O(13) C(14) 1.422(2) 108.7(1) -177.7(1)
C(12) 0O(13) C(14) C(15) 1.4202) 111.8(1) -177.8(1)
o(13) C(14) C(15) C(16) 1.505(2) 108.3(1)  64.6(1)
C(14) C(15) O(16) C(17) 1.423(1) 108.2(1)  170.7(1)
C(15) O(16) C(17) C(18) 1.423(2) 111.8(1) -177.9(1)
o(16) C(17) C(18) O(1) 1.505(1) 108.8(1) —64.7(1)
c(17)y Cc@a8) O(1) C@) 1.42002) 109.0(1) -178.1(1)

N(19) N(20) N(21) 1.178(1) 179.8(2)
N(19) N(20) N(1) 1.181(1)
N(19) H(w2) O(w) 2.029(1) 151.1(3)
N(19) H(wl) O(w) 1.992(1) 173.6(3)

H(wl) O(w) H(w2) 0.920(3) 104.1(4)
H(w2) O(w) H(wl) 0.984(3)

< Entries are based on the multipole refinement. Positions of H(w1)
and H(w2) were fixed at the neutron values.

104.1(4)

Table 5. Interatomic (K*- . -X) Distances () and (X- - -K* ..Y)
Angles (deg) for the Coordination of the Cation?

distance angle distance angle
atomsA..-B...C A...B ABC atomsA-:--B---C A...B ABC

O(1)-- K-.-O(4) 23893 582 O(4)---K---O(7) 2956 58.6
O(7)-+K---0(10) 2780 588 O(10)---K---O(13) 2973 58.1
O(13) - K---O(16) 2.908 57.3 O(l6)---K---O(1) 2926 58.0
O(w)--K--N(19) 2880 59.6 N(19)--K 2.896

2 Estimated standard deviations are 0.001 for the distances and 0.1 for
the angles.

Table 6. Libration (L), Translation (T), and Screw (S) Tensors in
the Cartesian Crystal System?

L (rad?)

T (A?)

1 t
1(2) 0(6) 08) S5 146(7) 12(6) -12(7) 200
42) -1(1) 4 161(7) -17(9) 154
59) 1 185(20) 139
S (rad A)
o(1) -1(2) -1(1)
0(2) -1(1) -2(1)
-1(1) 1(1) 1(1)
R=0.1385

“ Entries are multiplied by 104 1 and t are the eigenvalues,

average bond distances. The average C-H bond distance
(1.080(7) A) obtained by the multipole refinement is closer to
the expected value (1.098 A) thanis that based on the conventional
model (0.965(15) A).

The ring can be described as (ap,sc,ap) conformation at all of
the six O—C—C—-O segments, which corresponds toan approximate
Dyzsymmetry. Thedistances of the oxygenatoms from the ring’s
least-squares plane are 0.240(1),-0.242(1),0.173(1),-0.246(1),
0.213(1),-0.117(1) A for O(1), O(4), O(7), ©O(10), O(13), and
O(16), respectively. The potassium atom, due to its 8-fold
coordination (to O(1)-O(16),to N(19),and to O(w)), is displaced
by 0.770(1) A away from the mean plane of the crown (Figure
2). The similarity of the different K--O and K--N distances,
whichare in the range of 2.780(1)-2.973(1) A (Table 5), indicates

Koritsanszky et al.

Figure 5. PEANUT stereo plot displaying the residual root-mean-square
displacement surfaces of C—C-O—C—C fragments viewed along the C-0—C
bisector. (a)Neutronfor 18-crown-6-2NH,CN. (b) X-rayfor 18-crown-
6:2NH,CN. (c) X-ray for [Kc18-crown-6]*N3~H,0.

a balance in the attractive forces acting between the cation and
the surrounding ligating atoms.

Two anions are linked by two water molecules via hydrogen
bonds (N-H(w1)—O(W)—H(w2)«N".H(w1)’—O(w)'—H-
(w2)-N) in such a way that the atoms are arranged nearly in
a plane and clustered between two crown ethers (Figure 1). The
geometrical parameters of the hydrogen bonds (Table 4) indicate
intermediate strength.

Thermal Motion Analysis

The atomic thermal motion of the 18-crown-6 was analyzed
by adjusting a translation, a libration, and a screw-rotation tensor
of the rigid-body motion model?.2° to the anisotropic displacement
parameters obtained by the multipole refinement (Table 6). As
it appears, the librational component does not make a significant
contribution to the vibrational motion of the molecule. The overall
fit is poor in comparison to that obtained for 18-crown-
6-2cyanamide for both observations (R, = 0.0972, R, = 0.1021),
which may be due either to the higher observation to variable
ratio or to a more intense internal motion.

The physical significance of the thermal parameters can be
judged by inspecting the residual root-mean-square displacement
(RMSD) surfaces defined in the following way:

(Ap*(n))!/? = (w'AUR)"/?

where n is a unit vector in any direction and U is the atomic
displacement tensor. The residual ADPs are the differences
between those obtained by the final refinement and those predicted
by the rigid-body model (AU = Ugpa — Ucatcd(TLS)). The
corresponding RMSD surfaces displayed by the computer graphics

(28) Krijn, M. P. C. M,; Graafsma, H.; Feil, D. Acta Crystallogr. 1988,
B44, 609.

(29) Koritsanszky, T.; Birgi, H.-B. UBSBA: University Bern Segmented
Body Analysis Program; University Bern: Bern, Switzerland, 1992.
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Figure 6. Multipole model deformation electron density sections for [Kc18-crown-6]*N3~H20. (a) C(18)-O(1)-C(2) plane. (b) C(3)-O(4)-C(5)
plane. Contour intervals are 0.05 e/A3; charge excess, solid line; depletion, dotted line; zero level, dashed line.

program PEANUT are seen in Figure 3. The positive (real)
parts of the surfaces (outlined) at the oxygen atoms are
perpendicular to the corresponding C-O-C plane in which the
negative (imaginary) areas (dotted) are situated. It means that
the motion perpendicular to the C-O-C plane is underestimated
while the in-plane motion s overestimated by the rigid-body model.
This pattern could be interpreted as the result of a large amplitude
motion of the oxygen atoms due to torsional libration about the
C—C bonds. A recent study on the vibrational modes of 18-
crown-6 established that the vibrations of very low wavenumbers
(<70 cm™!) can indeed be assigned to the out-of-plane modes of
the ring of both Ds; and C; conformations.3¢

Figures 4a and 4b display residual RMSD surfaces for 18-
crown-6-2 cyanamide that correspond to the neutron and the
X-ray multipole thermal parameters, respectively. The com-
parison shows a high degree of similarity in terms of arrangements
and orientations of the surfaces. This is in good agreement with
our previous observation that the 25% difference in the ADPs
obtained by the two diffraction techniques can be accounted for
by the translational component of the rigid-body motion.

The similarity obtained for the two structures by three
independent measurements is encouraging. A more detailed
comparison is made in Figure 5, where the residual RMSD
surfaces, obtained from the three experiments for the two
complexes, are displayed for a C-C-O—C—C fragment viewed
along the C—O-C bisector. The approximate mm2 symmetry is
clearly recognizable. The surfaces are isotropically extended for
the atoms in the ionic crown ether, which can be attributed to
the 20 K higher temperature of the data collection.

Deformation Electron Density

The chargerearrangement due to bond formation is interpreted
in terms of standard deformation density maps with the pro-
molecularreference density. The total electron density is provided
by the multipole model distribution fitted to the X-ray data.
Sections in the planes containing the two “independent” C-O-C
fragments are displayed in Figure 6. A considerable topological
similarity and even a certain quantitative agreement exists between
the title structure and the neutral cyanamide crown complex

when the corresponding sections are compared. The average
heights of the C—C bond peaks are 0.73 and 0.75 e/A? for the
neutral and ionic complexes, respectively. Thesame comparison
for the C—O bonds shows larger deviations (0.37,0.52 ¢/A3). In
the title compound, the C—-O—C units exhibit the bisecting mirror
symmetry, i.e., approximately equal bond peaks are visible. The
strengthening of the C—O bond maxima relative to those observed
for the neutral complex is accompanied by the weakening of the
lone-pair peaks in the C-O—C plane.

The deformation electron density in the planes bisecting the
C-O-C angles at the O(1) and O(4) atoms (Figure 7) shows a
contiguous lobe with its maximum shifted in the direction of the
cation. This lone-pair density is very similar to that obtained for
those oxygen atoms in 18-crown-6-2 cyanamide that are involved
in hydrogen bonding (O(1), O(7)).

Theoretical model calculations on some metal hydrates (Li*,
Mg?*, Be?*, and A1*+)*! have demonstrated that the influence of
the cation on the water molecule is primarily a polarization effect.
In the O—H bonds and in the outer region of the lone pair of the
oxygen atom, the interaction density (calculated with reference
to the isolated monomers) revealed a significant charge excess
at the expense of charge in close vicinity to the nuclei. The latter
deficiency cannot be observed by X-ray diffraction, but the
extension and rearrangement of the lone-pair density of the oxygen
atom has already been detected experimentally. For example,
in [Co?*(H20)6)?? and in [Ni**(H,0)6],?* the arrangement of
the nonbonded density was shown to be correlated with the
coordination of the corresponding oxygen atoms. There was found
an overall tendency for the lone-pair density to be formed as a
single peak in the case of a trigonal coordination (sp?) and as a
double-peak for a tetrahedral surrounding (sp®). These findings
cannot directly be adapted to a more complex case of the crown
ether, mainly because of its ring structure and the expectation
that the C-O—Cmoiety is less polarizable than the water molecule,
The metal-oxygen distance, the degree of covalence, the type of
the cation, and the crystal field can also considerably influence
the final picture.

(31) Hermansson, K.; Olovsson, 1.; Lunell, S. Theor. Chim. Acta 1984, 64,
265

(32) Kellersohn T.: Delaplane, R. G.; Olovsson, L.; Mclntyre, G. J. Acta
Cryst . 1993, B4 9 179.

(30) Fukuhara, K.; Keda, K.; Matsusura, H. J. Mol. Struct. 1990, 224,
203.

(33) Ptasnewncz»Bak H.; Olovsson, L.; McIntyre, G. J. Acta Crystallogr.
1993, B49, 192.
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Figure 7. Multipole model deformation electron density sections for [Kc¢18-crown-6]*N;~H,O in the planes bisecting the C-O-C angles. (a) For O(1).

(b) For O(4). Contours are the same as in Figure 6.
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Figure 8. Multipole model deformation electron density of the azide
molecule in the plane defined by the K+, N(19), and N(20) atoms. The
projection of the O(w)-H(w) bond is also indicated. Contours are the
same as in Figure 6.

The deformation density of the azide anion in the complex
(Figure 8) differs considerably from those obtained for NaN;34
and KN;3 due to different crystal fields. In thosestructures, the
anion is in a special position of high symmetry (3m for NaN3 and
mmm for KN;). For NaNj, a structure refinement based on
third-order cumulant expansion led to a triangular-shaped lone-
pair deformation with the density maxima extending toward the
cations. The azide anion in the title complex shows similar
features, since the three maxima found in the lone-pair region of
N(19) are located in the direction of the cation and of the two
nearby hydrogen atoms of the water molecules (only one of the
O(w)—H(w)-~N(19) bridges is seen in Figure 8). The charge

(34) Stevens, E. D.; Hope, H. Acta Crystallogr. 1977, A33, 723.
(35) Stevens, E. D.; Rys, J.; Coppens, P. J. Am. Chem. Soc. 1977, 99, 265.

concentration at this terminal nitrogen atom makes the N(19)-
N(20) bond very polarized, and thus the terminal lone pairs of
N(19) and N(21) are very different from each other.

Electrostatic Potential

A quantitative characterization of the chemical behavior of a
molecule or a certain group of atoms is provided by the electrostatic
potential, which reliably predicts those regions of the system where
electrophilic or nucleophilic attacks are most likely to occur. This
function is of special interest for the complexes being described
here since it gives a measure and a detailed mapping of the
intermolecular forces responsible for the complexation.

Different procedures have been proposed for extracting
electronic properties from X-ray diffraction data. A thermal
average of the potential can directly be resolved from the structure
factors via a Fourier summation,3-38 or, alternatively, the
corresponding static function can be derived from the model
density fitted to the observations.34 The latter approach has
been realized in many applications,#142 although in most cases
only the monopole contribution has been considered.*344 The
result presented here is based on the method of Su and Coppens,*
a formalism which allows electrostatic properties to be expressed
in terms of the multipole populations of the individual pseudo-
atoms.

Figure 9 shows the relief plots of the electrostatic potential for
the macrocation (Figure 9a) and for the crown ether (Figure 9b)
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Figure 9. Relief maps of the electrostatic potential in the least-squares plane of the 18-crown-6 ring for the ionic complex. (a) The contribution of
the potassium ion is included (peaks are cut at 1.0 e/A). (b) The “free” ring as extracted from the crystal environment (the positive peaks are cut

at 0.1 ¢/A).

Figure 10. Relief map of the electrostatic potential in the least-squares plane of the 18-crown-6 ring for the neutral complex.

isolated from the crystal structure of the title compound. The
maps are generated for the least-squares plane through the ring
atoms and include the contributions of all pseudoatomic densities,
up to the highest actual level of the multipole expansion. The
macrocation is electropositive, with a “ring-shaped” potential
minimum of 0.07 e/A located around the potassium. The peaks
are cut at 1 ¢/A for a clear visibility. The negative range of the
potential for the isolated polyether ring (without the contribution
of the K* atom) forms a well-defined cavity (Figure 9b) with a
minimum of —0.35 A. The area enclosed in the negative surface
represents the reduced potential for a positive charge. The positive
peaks are cut at 0.1 e/A level. This topology is to be compared
with that obtained for the neutral 18-crown-6 in the corresponding
plane (Figure 10). Both maps visualize the form of the cavity
where the cation is to be captured, but for the neutral compound
the negative basin is less extended and flatter than that found far
the isolated molecule in the ionic structure. This comparison

clearly reveals the polarization induced by the cation on the field
of the ring in the macrocation.

Concluding Remarks

In the ionic complex, the Dy, symmetry of the polyether ring
is maintained to a good approximation by the cation coordinated
close to the center of the ring. This structural aspect is revealed
in the deformation electron density, since peaks of comparable
height and shape were found for the different C-O bonds and
similarly for the lone pairs of the corresponding oxygen atoms.
The nonbonding deformation density of the oxygen atoms is
topologically equivalent to those obtained for oxygens that are
involved in hydrogen bonds in 18-crown-6-2 cyanamide. These
contiguous lobes with the maxima situated nearly on the O--K*
internuclear vectors are likely to be formed on account of the
electrostatic interactions between the atoms considered. The lone-
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pair polarization toward the proton in the neutral complex and
toward the potassium in the macrocation is in qualitative
agreement with previous calculations and diffraction experiments
on hydrogen-bonded water molecules.

The C—-Cbond density in the ring is almost perfectly transferable
from one 18-crown-6 compound to the other.. This is not true for
the C-O bonds, as the valence deformation at the oxygen atoms
was found to be strongly affected by secondary forces.

The transferability shown in the residual ADPs is of foremost
significance. The same pattern of the RMSD surfaces was
obtained from different diffraction data and for both molecules
inspite of the considerable differences in the corresponding ADPs.
This may indicate that the “asphericity bias” in the conventional
least-squares variables is minimized.

The electrostatic potential obtained from the model density of
both compounds was found to be significant enough to provide
a plausible energetic representation of the complexation and to
reveal those differences in the electronic structures of the two
complexes which are not obviously seen in the charge density
directly.

A more general conclusion to be drawn is the importance of
the studies of closely related structures and the usefulness of

Koritsanszky et al.

comparative analyses of static-electronic and thermal parameters.
Such efforts can help in interpreting results which are only
indirectly deducible from the experiment and must provide a
reliable measure of the reproducibility of the method.
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