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An Unusual (10,3)-a Racemic Twofold Interpenetrating Network
Assembled from Isolable Tris(cyclopentadienyl)manganate and Cesocene

Building Blocks
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Abstract: The syntheses and X-ray crys-
tal structures of [([18]crown-6),Cs]*-
[CpsMn]~ (1), [([18]crown-6),Cs]*-
[Cp’sMn]~ (2), [CsCp] (3), [(CsCp')y-
([18]crown-6)] (4), and Cs[MnCps] (5),
and the synthesis of Cs[MnCp';] (6) are

in values of u=6.20ugz (300 K), =
6.33ug (301 K), and p = 5.83 g (300 K)
for 1, 2, and 5, respectively, which are
indicative of high-spin d>-Mn?* centers.
Density functional calculations illustrate
that the coordination mode of 1- is

characteristic for its sextet electronic
ground state. Compound 3 forms infin-
ite chains of cesocene-type sandwiches
in the solid state, which are broken up
into small subunits by the addition of
crown ether to form 4. Compound 5 is a

reported (Cp’=CsH,Me). The anions
[CpsMn]~ (17) and [Cp’sMn]~ (27) are
characterized by #? coordination of all
three Cp or Cp' rings. Measurements of
the magnetic susceptibilities y\, resulted

density

Introduction

The first members of the manganocene family, bis(cyclopen-
tadienyl)manganese, [MnCp,], and bis(methylcyclopentadie-
nyl)manganese, [MnCp’,], have been known for more than 45
years.!l Their electronic properties, especially their high-spin/
low-spin transition, have attracted a great deal of attention in
the literature, and have been extensively studied by a wide
variety of techniques, including photoelectron (PE),™
EPR,* % and NMR spectroscopy,® > magnetic measurements
in solution,P! as well as X-ray structure analysis,[ and electron
diffraction.]” Of all the metallocenes of the 3d elements,
manganocenes possess the longest M—C distances. These
complexes undergo facile ring-exchange reactions; a charac-
teristic feature of ionic cyclopentadienyl complexes,® which
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rare example of a (10,3)-a racemic inter-
penetrating network that crystallizes in
the orthorhombic space group Pbca.

modes -
calculations -

allows a variety of substitutions of the Cp ligand by two-
electron donors such as COP! or P(OR);.[') Based on the
easily performed Cp-substitution and adduct-formation
reactions of manganocene derivatives, our synthetic efforts
in the development of maganacumulenes with unusual
magnetic and electronic properties!'!! utilize derivatives such
as [Cp,Mn(dmpe)] (dmpe = 1,2-bis(dimethylphosphanyl)-
ethane)!™? or [Cp’(dmpe)Mn'] (Cp’ =MeCsH,).["!

Recently, we have found that manganocene complexes are
able to add another Cp ligand,™ which leads to the formation
of the tris(cyclopentadienyl)manganate anion [CpsMn]~. The
structural motif "MCp;” is well established in main-group
chemistry with a variety of different coordination geome-
tries,” but only a few examples exist in transition-metal
chemistry.'®!  The tris(n*cyclopentadienyl)manganate (i)
anion [CpsMn]~ can thus be understood as the missing link
in the series Cp;Ti, Cp;V, [Cp;Mn]~, which is characterized by
a low electron count in conjunction with a low degree of
hapticity.

We then set out to devise a rational synthesis for the
previously unknown species tris(cyclopentadienyl)manga-
nate. Since exploratory investigations showed that smaller
cations such as Na*" did not allow the formation of the
[CpsMn]~ ion, it was assumed that for the stabilization of
tris(cyclopentadienyl)manganate complexes, the presence of
a large and presumably less coordinating cation is essential.
The [CpsMn]~ and [Cp'Mn]~ ions could, ultimately, be
isolated and characterized as their cesium salts in the presence
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of [18]crown-6: [([18]crown-6),Cs]*[Cp;Mn]- (1) and
[([18]crown-6),Cs]*[Cp’Mn]~ (2). In this work, we report the
syntheses and properties of the first paramagnetic high-spin
complexes of the tris(cyclopentadienyl)manganate family. We
describe the molecular geometry of the anions [CpsMn]~ (17)
and [Cp’sMn]~ (27), and present the results of density
functional calculations on the anionic systems in various spin
states.

During the course of our studies, we further isolated and
characterized the compounds [CsCp’] (3) and
[(CsCp'),([18]crown-6)] (4). Both represent examples of the
most simple metallocene-sandwich complexes, a class of
compounds for which structural properties,'7l as well as
chemical bonding,®! are still being investigated. Finally, we
discuss the structure of Cs[MnCps] (5), a compound that also
contains triangular CpMn units, but forms a three-dimen-
sional, racemic interpenetrating network.[1- 20

Results and Discussion

Syntheses: The first attempts to prepare the anion [Cp’;Mn]~
(27; Cp' =MeC;sH,) with Cs™ as counterion in a stoichiometric
one-pot reaction directly from Cs, Mnl,, and Cp’ proved to be
unsuccessful. The reaction of three equivalents of methylcy-
clopentadienyl with four equivalents of cesium and one
equivalent of manganese(i1) iodide resulted in the polymeric
compound [Cp’Cs].. (3), which is light pink in color and is
comparable in many chemical respects to the related com-
pound [CpCs],, (Scheme 1).2'2l Here, excess cesium reduces

THF, Mnl,
HCp' + Cs [CsCp)..
-50°C to RT
3
, THF :
2 CsCp' + [18]crown-6 ——?> [(CsCp")a([18]crown-6)]
4
CsCp + MnCp, _THF Cs[MnCps]
RT
5
CsCp' + MnCp', — THF Cs[MnCp';]
RT
6
Cs[MnCp,] + [18]crown-6 —T:TF_> [([18]crown-6),Cs]*[CpsMn]
1
, THF N .
Cs[MnCp's] +[18]crown-6 —@ar [([18]crown-6),Cs]'[Cp'sMn]

2
Scheme 1.

Mnl, to give elemental manganese. The polymeric structure
of 3 can be broken up upon addition of [18]crown-6 in THF;
this leads to the formation of [(Cs Cp’),([18]crown-6)] (4;
Scheme 1). Such motifs can indeed be entirely broken up, as
demonstrated for [CsCp([18]crown-6)].12!"!

[Cp'Cs]., or [Cp'Cs], prepared in situ, react with one
equivalent of [Cp’,Mn] in THF to form the light pink, high-
spin complex Cs[Cp’sMn] (6; Scheme 1). In the same fashion,
Cs[CpsMn] (5) is accessible from [CpCs] and [Cp,Mn]. It was
not possible to specifically synthesize mixed-ligand com-
plexes, such as Cs[Cp,Cp'Mn] or Cs[CpCp’,Mn], starting from
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[CsCp'] and [MnCp,], or from [CsCp] and [MnCp',], respec-
tively. In each case, we found complex product mixtures
containing all possible combinations of [MnCp,Cp's_,]"
species (n=1,2), indicating the possibility of intermolecular
exchanges of the Cp moieties. This may be due to the
relatively small size of the 3d element manganese, since in the
lanthanide series of larger elements the existence and
isolation of mixed tricyclopentadienyl complexes is well
established.””! Furthermore, the reaction between [MnCp¥]
(Cp* = pentamethylcyclopentadienyl) and one equivalent of
the [CsCp], [CsCp'], or [CsCp*] compounds did not provide
access to complexes of the kind Cs[Mn(Cp#)L), L =Cp, Cp/,
Cp*. We believe that the steric requirements of the bulky Cp*
ligand are prohibitive to the formation of such compounds.
Lastly, we should mention that the reactions between [CsCp*]
and [MnCp,] or [MnCp’,] are not suitable for the synthesis of
mixed-ligand complexes. In the latter case, a ring-exchange
reaction was observed instead, resulting in [CsCp’] and
[MnCp#], whereas in the former case, not only [MnCp5]
was obtained, but also traces of 5. The [MnCp3 ] was identified
by 'H NMR spectroscopy, showing a broad resonance at 6 =
3.3 in C4D, at room temperature.?’]

Since the light pink salts 5 and 6 show very low, or no
solubility at all in THF or more polar solvents, we tried to
exchange Cs* with other large cations, such as [NBu,]* or
[PPh,]*. The failure of such cation-exchange reactions led us
to speculate that 5 and 6 form network structures in the solid
state. An X-ray crystal structure analysis of § later confirmed
our assumption, and, as we shall see later, it revealed unique
structural properties. Only after the addition of the cyclic
ether [18]crown-6 was it possible to obtain the compounds 1
and 2, which were soluble in THF.

NMR properties: The complexes 1, 2, and 5 gave rise to 'H-
NMR spectra; however, owing to the paramagnetic nature of
the compounds, the resonances for the protons of the Cp or
Cp’ units were broad and, as determined for 1 and 2,
temperature-dependent. The rather simple observed reso-
nance patterns of the Cp and Cp’ protons indicate dynamic
behavior of the five-membered rings under the respective
solvent and temperature conditions. For 6 it was impossible to
obtain a 'H NMR spectrum. The diamagnetic species 3 and 4
displayed distinct 'H and *C NMR spectra at room temper-
ature. Compound 4 showed signals for the Me groups and the
two symmetry-distinguished types of protons or carbon atoms
in the Cp’ rings.

The 33Cs NMR spectra of complexes 1-6 span a wide
range of chemical shifts.?Yl The crown ether-embedded Cs*
ions of 1 and 2 show the smallest difference in ¢ indicating
their nearly-identical environment and their almost complete
separation from the Mn centers. The observed Cs chemical
shift difference of the diagmagnetic Cp and Cp’ derivatives 3
and 4 is greater than that of 1 versus 2, but still in a range
consistent with the same structural features being present in
both compounds. In 5 and 6, and 3 and 4 the Cs centers are
assumed to have similar coordination spheres, therefore the
chemical shifts of the earlier pair of complexes could in fact be
related to paramagnetic influences.
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Magnetic properties: The magnetic properties of the new
complexes have been investigated by measurements of the
susceptibility y,. From these results, an effective Bohr
magneton of p.;=06.20 ug (300 K) and p.=6.33 ug (301 K)
could be deduced for compounds 1 and 2, respectively. These
values are a clear indication of the paramagnetic nature of
these d>-Mn compounds, possessing a high-spin configuration
with five unpaired electrons. Values greater than the spin-only
value of d° high-spin (5.92 ug) may arise from an additional
orbital angular moment based on the trigonal symmetry. For
compound 5, effective Bohr magnetons of u.;=5.83 ug
(300K), 5.85up (200K), 5.85u (100 K), 5.53 uz (10K),
448 uy (2K) were established. These values once more
indicate a d° high-spin configuration. In contrast to com-
pounds 1 and 2, we additionally observe a decrease of the
magnetic susceptibility at lower temperatures, as shown in
Figure 1.
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Figure 1. Magnetic susceptibility of 5.

This behavior points to antiferromagnetic exchange be-
tween the manganese centers, occuring through the CpCs
bridges. Since the solid-state structures of compounds 1, 2, and
5 could be determined by X-ray single-crystal analyses, we can
relate the different magnetic behavior to structural properties.
In the mononuclear complexes 1 and 2, which possess isolated
[CpsMn]~ and [Cp’;Mn]~ units, respectively, the Mn—Mn
nonbonding distances amount to 13.3 and 14.2 A. In contrast,
for the network structure of §, a Mn—Mn bonding distance of
only 10.7 A has been established. Such close proximity of the
manganese centers, together with the mediation of the CpCs
bridges, cause the observed antiferromagnetic behavior. The
unique solid-state structure of 5§ will be discussed in detail
later.

Molecular structures of the anions 1~ and 2 : Single crystals of
1 and 2, which were suitable for an X-ray structure analysis,
were obtained from a THF/diethyl ether solution at —40°C.
The corresponding anions 1~ and 2~ are displayed in Figure 2.
In compounds 1 and 2, the Cs™ counterion is sandwiched
between two molecules of [18]crown-6. In the anion 17, the
manganese center is coordinated to three cyclopentadienyl
ligands in an #? fashion. The Mn1—C25, Mn1-C26, Mn1—C30,

2528
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Figure 2. PLATON ellipsoid plot of a) 1-, and b) 2-. The probabilities are
set to 30% (a), and 10% (b).

Mn1—C31, Mn1—C35, and Mn1—C36 separations (2.314(3),
2.406(3), 2.355(3), 2.359(3), 2.411(3), and 2.298(3) A) span a
rather large range of distances, which differ by up to 0.1 A.
These distances are comparable to those determined for the
parent compound MnCp,,I® a polymeric high-spin compound
with bridging Cp units.

In the crystal, the anion 2~ shows one rotationally
disordered Cp* ligand. This results in two independent
molecular models for 2-, which could be refined with frac-
tional occupations of 0.56 and 0.44, respectively. In model I,
the Mn—C27, Mn—C28, Mn—C34, Mn—C35, Mn—C381, and
Mn—C391 distances are all in the same range (2.348(5),
2.331(5), 2.418(4), 2.356(3), 2.406(7), and 2.374(6) A), com-
parable to that observed for 1. This leads to three pairs of C
atoms, which coordinate each Cp’ ring in an #? fashion to the
metal center. For model II, we can deduce from the Mn—C
separations that two >-Cp’ and one 5'-Cp’ ligands are present.
The only possible carbon atom involved in 7! coordination is
C402, with a distance to the metal center of 2.283(9) A. The
rotation of the Cp’ results in a Mn—C412 separation of
2.550(9) A, and thus in the loss of one Mn—C bond. To address
in more detail possible coordination modes of the anion
[MnCp;]~, in connection with different spin states, we
performed density functional (DFT) calculations that will be
discussed in the next section.
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DFT studies of [MnCp;]: We
carried out density functional
calculations on various anionic
d> complexes of the type na-
[Mn(7*-Cp);]~, with hapticities
x=1, 2, 3, 5, and total spin
densities of na, n=1, 3, 5. The
relative energies of the calcu-
lated structures are summar-
ized in Table 1.

We found the most stable
molecule at 0 kJmol™! to be
the sextet Sa-[Mn(#*-Cp);]~. The average Mn—C bonding
distance of 2.37 A falls well within the range of the Mn—C
separations observed in the crystal, and a spin density of 4.7a
at the metal center indicates that the unpaired electrons are
mainly localized in Mn d orbitals. The #*-Cp rings bind to the

Table 1. Relative energies [kJ mol~'] of various anionic d° complexes of the
type na-[Mn(;*-Cp)(i7*-Cp) (o7-Cp)].

3 37! 29"y 2! n'y 27
n=1 215 223 I [l 113 119
n=3 —fa] ol 78 130 _fel 92
n=>5 0 7 —le] 2 _le] _la]

[a] No local minimum could be optimized. [b] Converges to 2n'n’
coordination. [c] No optimization attempted. [d] Converges to n'n*p’
coordination.

metal center in a m-type interaction (Scheme 2a). A similar
bonding mode with almost perpendicular M—C attachment is
achieved by #'-Cp ligands (Scheme 2b), and the structural

alternatives Sa-[Mn(n?-
a) @ b) @ Cp)2(17'-Cp)]”~ and Sa-[Mn(rp*-
| /

Cp)(n'-Cp),]™ are calculated to
be only 2 or 7 kJmol™' higher
in energy, respectively.

This finding is in accord with
the two independent molecular
models found for 2~ in the

Scheme 2. X-ray structure analysis. The
next lowest energy structures
at 78 and 92 kJmol™! are the intermediate spin cases 3a-
[Mn(r'-Cp),(7*-Cp)]~ and 3a-[Mn(r7*-Cp),(7*-Cp)] ", respec-
tively. Here, one d orbital of Mn is doubly occupied, whereas
another is empty. A typical s/m*-bonding scheme becomes
possible, thus inducing the ring of one Cp ligand slips into 7’
coordination. A similar coordination geometry is predicted
for la-[Mn(7*-Cp),(1°-Cp)]~, a low-spin structure. Low-spin
structures without one 7>-Cp ligand are higher in energy by
about 100 kJmol~". Our calculations therefore suggest that
the 3%’ coordination mode as observed in the crystal, is
another manifestion of the electronic structure of complex 1-,
a d>Mn complex possessing five singly occupied d orbitals.

Crystal structures of [CsCp'] (3) and [(CsCp’),([18]crown-6)]
(4): The structure of [CsCp’] (3) consists of two distinct one-
dimensional CsCp’ chains, differing only in the position of the
methyl groups, which are rotated relative to each other

Chem. Eur. J. 2002, 8, No. 11
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Figure 3. Structure of the two independent polymeric chains of 3 (50% probability PLATON ellipsoid plot).

(Figure 3). This one-dimensional polymeric chain, which
consists of an infinite array of bent sandwiches, has already
been found in the crystal structure of the similar [CsCp]
compound by high-resolution X-ray powder diffraction.?'l In
one of the chains, Cs1 and Cp’ alternate by means of the glide-
plane symmetry along the a axis with methyl-carbon bonds in
anti position along b or per-
pendicular to the glide plane a.
This arrangement is illustrated
in Scheme 3 a.

The angle Cg-Csl1-Cg is CHy
132.0°; Cg is the center of
gravity of the five C atoms of
the Cp ring system. The other CsCp’ chain also runs along the
a direction of the unit cell in which two crystallographically
independent Cs and Cp’ groups [Cs2-Cp'2-Cs3-Cp’3] are
arranged by a pseudo twofold axis. In this case, the dihedral
angle between the methyl groups is about 45° and represents a
gauche conformation (Scheme 3b). The two distinct Cg-Cs-
Cg angles amount to 133.8° and 129.2°. The three different
angles found in the crystal structure of 3 correspond well to
those of [CsCp] in which the chains are bent with a Cg-Cs-Cg
angle of 129.7°.2'4 On the other hand, the angle found in
[PPh,][Cp;sCs;,], for which the local environment of the Cs ions
is similar, is somewhat smaller (115.6°).°] The #°-coordinated
Cs atoms show Cs—C distances in the range 3.308(7)-
3355(6) A for Csl, 3.263(6)- 3.423(7) A for Cs2, and
3.275(7)-3.416(6) A for Cs3. It is noteworthy that the two
distinct polymeric chains are connected by weak interactions
between each Cs atom and two carbon atoms of the closest Cp
ring, resulting in a pseudo #7? coordination. The closest
intermolecular distance Cs---C of 3.742(7) A found in 3 is
somewhat longer than 3.699(5) A as in [PPh,][Cp;Cs,] but
smaller than the shortest distance of 3.765(6) A in the crystal
structure of [CpCs].

The crystal structure of compound 4 (Figure 4) exhibits a
complex metal-ligand connectivity of an infinite layer, in
which the continuation of a Cp’-Cs-Cp’ two-dimensional
network is terminated at both ends by [18]crown-6 molecules.
There are, in addition, two noncoordinating THF molecules in
the asymmetric unit of the cell. We also note that one of the
methylcyclopentadienyl units displays positional disorder of
the CH; group. The site occupation factors for the atoms of
THF were set to % due to the high displacement parameters
found. The subunit of the network, which is about 23 A wide,
consists of an open ellipse formed by the sequence of a
([18]crown-6)-Cs-(Cp’-Cs)s-([18]crown-6) connectivity. One

b) CHs

A CHs

Scheme 3.

0947-6539/02/0811-2529 $ 20.00+.50/0 2529



FULL PAPER

H. Berke et al.

Figure 4. Structure of a representative section of the 2D network of 4 (50 % probability PLATON ellipsoid plot;

THF molecules are omitted for clarity).

ellipse shares two Cs-Cp’-Cs segments with two neighboring,
intersecting ellipses that are rotated by 180° to form the
opposite edge. This type of connectivity runs along the b
direction of the cell. The central path of the separated
networks can be interpreted as a sinusoidal connectivity of Cs-
Cp’-Cs units. The network can also be described in a different
way by considering an infinite number of chains of Cs1-Cp'-
Cs2-Cp’-Cs3a-Cp’-Cs4, which are terminated at both ends by
[18]crown-6 molecules. The approximately parallel-running
chains are then connected by means of a ring, each non-
terminal Cs atom having a 37>-Cp environment. Cs—Cp’
distances vary between 3.291(11) and 3.396(11) A. The mean
Cs--- Cs distances are 6.299(1) A. The separated layers are
packed in a herring-bone motif which can be seen in the a,c
projection of the cell.

The interpenetrating network of Cs[MnCp;] (5): Before we
discuss the crystal structure of Cs[MnCps] (5) in more detail,
we will begin with a few general remarks regarding (10,3) and
(10,3)-a networks. The basic ideas and classification of
multidimensional networks may be traced back to the
classical work of Wells.l'’ In this series of papers, he describes
the three-dimensional, three-connected decagonal net. He
assigns the (10,3) net to the cubic space groups /4,3 and 4/
amd, which are noncentrosymmetric and centrosymmetric,
respectively. The nomenclature (10,3) is such that the first
number describes the number of subunits forming one
independent ring, whereas the second number stands for the
degree of branching at every point of connectivity. The
noncentrosymmetric situation most probably represents the
symmetry for interpenetrating nets of the same chirality,
whereas the centrosymmetric case allows for interpenetration
of nets with opposite chiralities. Wells also postulates that
(10,3)-a interpenetrating-network structures of identical nets
may be observed with the same handedness, which would be
the case for noncentrosymmetric space groups, such as P2,3,
P4,32, or P4;32.” In centrosymmetric space groups, the
interpenetrating nets may be considered as a three-dimen-
sional racemate of opposite handedness. An even more

2530
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complex structure was present-
ed by Abrahams and co-work-
ers,?®l in which four right- and
four left-handed enantiomor-
phic interpenetrating (10,3)-a
networks form a Wellsian
three-dimensional racemate in

the centrosymmetric space
group Fd3c.
Keper and Rosseinsky®’!

found quadruple interpenetra-
tion of the (10,3)-a network in
all four nets. In their structure,
hydrogen bonding results in the
separation of nets of the same
handedness. An excellent re-
view in the field of supramolec-
ular chemistry, focussing on in-
terpenetrating one-, two- and
three-dimensional network
structures, was recently presented by Batten and Robson.!

A twofold interpenetration of racemic three-dimensional
nets is another rare example where noncovalent interactions
build up a centrosymmetric, three-dimensional structure.!
Noninterpenetrating (10,3)-a chiral network structures were
found to crystallize in the noncentrosymmetric cubic space
groups, such as P2,3, P4,32, P4,32. Finally, we note that, for a
1,2-dithiooxalate-bridged three-dimensional net, the ortho-
rhombic space group P2,2,2, is appropriate.[*]

Compound 5 is another rare example of a (10,3)-a network,
which crystallizes in the orthorhombic space group Pbca, of
which P2,2,2, is the noncentrosymmetric subgroup. The
three-dimensional structure of 5 exhibits a network of metal
decagons, and still contains triangular [MnCps] units. It is
connected in an alternating fashion by cesium centers,
possessing a local T-shaped coordination. These two structural
motifs are displayed in Figure 5a and 5b, respectively.

Two neighboring manganese and cesium centers establish
the connection to another fused decagon. This way, the
indefinitely connected manganese and cesium units form
helical strands propagating in all three dimensions. Within
one framework, the helices possess the same helicity, and form
a three-dimensional optical isomer according to the space
group symmetry P2,2,2, (Figure 6a). The superposition of this
substructure and its optical counterpart results in the inter-
penetrating net shown in Figure 6b. Both enantiomers inter-
penetrate each other in the centers of the decagons.

To simplify this complex situation, a stereoview of the
(10,3)-a nets, in which the Cp rings have been replaced by
their centers of gravity, is presented in Figure 7.

We can see that the two networks are interconnected in a
chain- link fashion, in which each decagon is penetrated by
exactly one of its enantiomorphs.

Conclusion

In this work, we have introduced new representatives of main-
group and transition-metal cyclopentadienyl complexes. The
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Figure 5. PLATON ellipsoid plots of the [-Mn-(5>-Cp)-Cs-(>-Cp)-]s
decagon (a), and the T-shaped coordination of the Cs centers (b) in the
network strucuture of 5. The probabilities are set to 50% (a), and 30 % (b).

anions [CpsMn]~ (17) and [Cp’sMn]~ (27) are characterized by
n? coordination of all three Cp and Cp’ rings, and possess a
high-spin electronic configuration. [Cp’Cs] (3) forms infinite
chains of cesocene-type sandwiches in the solid state, which
are broken up into small subunits by the addition of crown
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Figure 6. PLUTON wire model in b,c projection of the unit cell for the
substructure of one network with space group symmetry P2,2,2, (a), and
the full structure of 5 according to the space group Pbca (b).

ether. Combining the two units MnCp; and CsCp leads to the
formation of an unusual, (10,3)-a racemic interpenetrating
network.

Experimental Section

Synthetic procedures: All operations
were carried out under an atmosphere
of N,, using standard Schlenk and
glovebox techniques. [Cp,Mn] was
prepared according to reference [1]
and CpCs was obtained as described
by Olbrich et al.?!]

[([18]crown-6),Cs][Cp;Mn]~ @:
Compound 5 (0.1 mmol) was suspend-
ed in THF (10 mL) at room temper-
ature, and treated with [18]crown-6
(0.2 mmol). After 20 min, the solvent
was removed and the product washed
with diethyl ether. Recrystallization

Figure 7. Structure of a section of the 3D network structure of 5 (PLUTON stereoplot; Cp rings are represented from THF/diethyl ether at —30°C

by their centers of gravity).
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in quantitative yields. 'H NMR (300 MHz, [Dg]THF, 30°C, TMS): 6 =3.5
(s, 48H; [18]crown-6), 51.6 (br, 15H; CsHs) ppm; 'H NMR(300 MHz,
[Dg]THE, 40°C, TMS): 6 = —3.4 (s, 9H; CH,), 3.6 (s, 48H; [18]crown-6),
25.6 (br, 12H; CsH,) ppm; (300 MHz, [Dg]THF, 50°C, TMS): 6 = —3.0 (s,
9H; CHj;), 3.6 (s, 48 H; [18]crown-6), 24.8 (br, 12H; CsH,) ppm; '*3Cs NMR
(65.615 MHz, [Dg]THF, 20°C, Csl in D,O ext.)ppm: 6=164.4 (s);
elemental analysis calcd (%) for C3HgCsMnO,, (911.764): C 51.38, H
6.96; found: C 51.34, H 6.64; 1= 6.20 ug (300 K), 6.13 15 (199 K), 6.02 st
(99 K) 5.81 5 (10 K).

[([18]crown-6),Cs] [Cp’Mn]~ (2): This compound was prepared from 6
and [18]crown-6 in an analogous procedure to that described for 1. 'H NMR
(300 MHz, [Dg]THEF, 30°C, TMS): 6 = —4.12 (br, 9H; CH;CsH,), 3.60 (s,
48H; [18]crown-6), 26.0 (br, 12H; CH;CsH,) ppm; (300 MHz, [Dg]THF,
45°C, TMS): 6 =3.5 (s, 48 H; [18]crown-6), 54.0 (br, 15H; CsHs) ppm; '#*Cs
NMR (65.615 MHz, [Dg]THF, 20°C, Csl in D,O ext.): 6 =156.0 (s) ppm;
elemental analysis calcd (% ) for C;,HgoCsMnOy, (953.845): C 52.89, H 7.29;
found: C 52.81, H 7.05; tt.q = 6.33 ug (301 K), 6.22 1 (199 K), 6.01 5 (98 K)
5.78 ug (10 K).

[Cp’Cs] (3): Metallic cesium (177.3 mg, 1.33 mmol) was covered with THF
at —40°C, and Cp'H (82 mg, 1.0 mmol) was added. The resulting
suspension was warmed to room temperature, and then cooled down to
—10°C, while Mnl, (100 mg, 0.33 mmol) was added. The reaction mixture
was warmed once again to room temperature, and heated under reflux for
15 h. The resulting violet solution was filtered, and the solvent removed
under high vacuum. Recrystallization from THF/pentane at —30°C
afforded 3 (170 mg) as light pink crystals (80% yield with respect to
Cp'H). 'H NMR (500.23 MHz, C,D;0, 30°C): 6 =2.04 (s, 3H; CH,C;H,),
5.22 (t, Jyn=2 Hz, 2H; CH,), 5.29 (t, Jyn = 2Hz, 2H; C;H,) ppm; PC{'H}
NMR (125.8 MHz, C,D;0, 40°C): 6 =15.5 (s; CH;), 106.5 (s; CsH,), 107.9
(s; CsHy), 116.3 (s; Cyy) ppm; *Cs NMR (65.615 MHz, C,D30,22°C): 6 =
312 (s) ppm; elemental analysis caled (%) for CgH,Cs (212.03): C 33.99, H
3.33; found: 33.84, H 3.16.

[(Cs),([18]crown-6)] (4): Compound 3 (127.2 mg, 0.2mmol) and [18]crown-
6 (106.0 mg, 0.4 mmol) were mixed in THF (5 mL) at room temperature.
After 20 min the solvent was decanted off. The raw product was washed
with pentane. Recrystallization from THF/pentane at —30°C yielded light
pink crystals of 4 (135 mg, 98%). 'H NMR (500.23 MHz, C,D;0, 30°C):

Table 2. .Crystallographic data for 1-5.

0=2.1 (s, 3H; CsH,), 3.5 (s, 48H; [18]crown-6), 5.27 (t, Jyy =2 Hz, 2H;
CsH,), 5.34 (t, Ju =2 Hz, 2H; C;H,); “C{'H} NMR (125.8 MHz, C,D;0,
30°C): 6=16.2 (s; CsHy), 70.9 (s; [18]crown-6), 105.7 (s; CsH,), 107.1 (s;
CH;CsH,), 115.3 (C,,,) ppm; #*Cs NMR (65.615 MHz, C,D;0, 25°C): 6 =
—244.7 (s) ppm; elemental analysis caled (%) for C,,H04Cs, (688.38): C
41.88, H 5.56; found: C 42.08, H 5.18.

[CsMnCps] (5): A solution of [MnCp,] (185.1 mg, 1.0 mmol) in THF
(10 mL) was mixed with a solution of CsCp (1.0 mmol, 10 mL) in THF.
Immediately, slightly pink microcrystals began to precipitate. After 15 min,
the solvent was decanted off, and the solid washed two or three times with
THE. After further washing with diethyl ether, the product 5 was dried in
vacuo; yield 345 mg (90 % ). '"H NMR (500.23 MHz, C,D;0, 30°C): 6 =51.6
(br; CsHs) ppm; '3Cs NMR (65.615 MHz, CD;CN, 20°C): 6=-3.7
(s) ppm; elemental analysis calcd (%) for C;sH;sCsMn (383.13): C 47.02,
H 3.95; found: C 46.97, H 3.72; u.;=5.83 ug (300 K), 5.85 uy (200 K),
5.85 ug (100 K), 5.53 ug (10 K), 4.48 up (2 K).

[CsMn] (6): A solution of Mn (213.2 mg, 1.0 mmol) in THF (10 mL) was
treated with a solution of Cs (1.0 mmol, 10 mL) in THF. Work-up was
carried out as described for 5. Yield 364 mg (95%); '3Cs NMR
(65.615 MHz, CD;CN, 20°C): =55 (s) ppm; elemental analysis calcd
(%) for C;gH,,CsMn (425.21): C 50.82, H 4.89; found: C 50.81, H 4.83.

X-ray crystal structure analyses: The X-ray diffraction data were collected
at 183(1) K for compounds 1 to 4, and at 123(1) K for 5, using an imaging
plate detector system (Stoe IPDS) with graphite-monochromated Mok,
radiation. A total of 200, 167, 200, 251, and 167 images were exposed at
constant times of 2.50, 2.50, 6.00, 4.00, and 2.00 min per image for the
structures 1-5, respectively. The crystal-to-image distances were set to
50 mm for all of the five compounds (f-max =30.31 to 30.34°). ¢-rotation
for 1, 2, and 5, and oscillation modes for 3 and 4 were used for the
increments of 1.2, 1.2, 1.0, 0.8, and 1.2° per exposure in each case. Total
exposure times were 22, 19, 34, 34, and 17 h. The intensities were integrated
by using a dynamic peak profile analysis, and an estimated mosaic spread
(EMS) check was performed to prevent overlapping intensities. A total of
8000 reflections for 3, 4, and 5, and 7998 reflections for 1 and 2 were
selected out of the whole limiting sphere with intensities /> 60([) for the
cell-parameter refinement. A total of 30770, 54775, 23789, 79541, and
30617 reflections were collected, of which 11796, 13011, 5903, 20122, and

1 2 3 4 5
formula C3Hg;CsMnO, C,HgCsMnO,, C,sH,,Cs; C,00H160Cs505s5 C;sH;sMnCs
color light pink pink light pink pink colorless
crystal dimensions [mm] 0.32 x 0.24 x 0.11 0.32x0.24 x0.11 0.21 x 0.17 x 0.05 0.78 x 0.56 x 0.53 0.51 x 0.44 x 0.32
crystal system triclinic monoclinic monoclinic orthorhombic orthorhombic
space group (no.) P1(2) P2,/n (14) P2,/a (14) P2,2:2, (19) Pbca (61)
a[A] 11.8868(9) 16.6927(9) 11.3746(7) 13.9493(6) 10.7523(6)
b [A] 13.6526(10) 16.5696(12) 19.7533(12) 18.9321(8) 17.2570(13)
c[A] 15.6473(12) 17.0119(9) 9.0207(6) 25.5013(17) 14.9678(8)
a[’] 104.484(8) 90 90 90 90
A1 107.242(9) 96.351(6) 91.395(8) 90 90
v [°] 106.417(9) 90 90 90 90
v [A%] 2166.3(3) 4676.5(5) 2026.2(2) 6734.6(6) 2771.3(3)
V4 2 4 4 2 8
Fw 911.74 953.82 636.08 1412.78 383.12
Peaiea [gem ™3] 1.398 1.355 2.085 1.393 1.833
absorption coefficient [mm~!] 1.189 1.105 5.362 2.195 3.509
F(000) 946 1988 1176 2800 1480
26 scan range [°] 5.58<26 < 60.62 5.40 <260 < 60.64 5.46 <26 < 60.66 5.26 <260 < 60.68 6.64 <26 < 60.68
no. of unique data 11796 13011 5903 20122 4136
no. of data obsd [/ > 20(/)] 6984 6695 2701 11691 3216
absorption correction numerical, numerical, numerical, numerical, numerical,

13 crystal faces 16 crystal faces 11 crystal faces 21 cryst. faces 21 cryst. faces
solution method Patterson Patterson Patterson Patterson Patterson
no. of parameters refined 478 490 193 602 154
RI, wR2 (all data) 0.0743, 0.0551 0.0829, 0.0654 0.0912, 0.0701 0.0921, 0.1554 0.0584, 0.1250
RI, (obsd) 3.18 3.59 341 5.79 5.20
goodness-of-fit 0.933 1.040 1.014 1.009 1.018

[a] R1 =Z2(F,_F)IZF,: I>20(I); wR2 = {Ew(F} — F2)’/Zw(F3)*}'>.
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4136 were unique after data reduction (R, =0.0597, 0.0612, 0.0721, 0.0897,
and 0.115 %). For the numerical absorption correction 13, 16, 11, 21, and 21
indexed crystal faces were used.

In general, the structures were solved with an incomplete data set while the
measurement was still being performed, just to confirm the proposed
chemical formula, or to find additional solvent molecules that cocrystal-
lized with the compound under investigation. The corrected formula was
then used for the final numerical absorption correction. All these
procedures were calculated by using Stoe IPDS software.?!)

The structures were solved with the merged unique data set after checking
for correct space groups. Patterson methods were used to solve the crystal
structures by applying the software options of the program SHELXS-97.1321
All structure refinements were performed with the program SHELXL-
97331 PLATONP4 and PLUTON were also used in the refinements.’® The
important crystallographic data are collected in Table 2. While the
structures of 1, 2, 3, and 5 crystallize in centrosymmetric space groups,
the noncentrosymmetric structure of 4 is merohedrically twinned, and
Flack’s x-parameter®! was refined to 0.34(3).

Computational procedures: The unrestricted density functional calcula-
tions utilized the ADF program package, version 2000.01,’” and were
based on the local exchange-correlation potential by VoskoP! etal.,
augmented in a self-consistent manner with Becke’s*”) exchange gradient
correction and Perdew’s!*"] correlation gradient correction. H and C atoms
were described by a double { STO basis including one polarization
function, whereas for Mn a triple { STO basis with one additional 4p
function was used (ADF basis sets III and IV, respectively).

CCDC-167740 (1), CCDC-167741 (2), CCDC-167742 (3), CCDC-167743
(4), CCDC-167744 (5) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or e-mail:deposit@ccdc.cam.uk).
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