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The Hexanitridodimanganate(iv)
Li6Ca2[Mn2N6]: Preparation, Crystal Structure,
and Chemical Bonding**
Oliver Hochrein, Yuri Grin, and Rüdiger Kniep*

While the ternary nitrides Li7[VVN4][1, 2] and Li6[CrVIN4][3]

contain the 3d metals in their highest oxidation states, only the
oxidation state �5 is attained by manganese in Li7[MnVN4][1] .
In the ternary systems Ca/(V,Cr,Mn)/N, only intermediate
transition metal(iii) compounds occur: Ca3[VIIIN3][4] , Ca3-
[CrIIIN3][5] , Ca3[MnIIIN3],[6] and (Ca3N)2[MnIIIN3][7] . In the
quaternary system Li/Ca/Mn/N, we have now obtained
Li6Ca2[Mn2N6], a hexanitridodimanganate(iv). This is the first
nitridometalate of a transition metal with an unbridged

(1 equiv CH2Cl2 of crystallization also observed); [a]25:4
D �ÿ1.03

(c� 1.01 in CH2Cl2); elemental analysis calcd for C46H36O2P2Pt ´
CH2Cl2: C 58.6, H 4.0; found: C 58.2, H 4.0.

[7] Crystal data for 2a : a� 12.5114(7), b� 17.0838(10), c� 18.3107(10) �,
V� 3913.8(4) �3, orthorhombic, space group P212121, crystal dimen-
sions 0.05� 0.05� 0.40 mm, 1calc� 1.634 Mgmÿ3, Z� 4, 2qmax� 50.08.
X-ray data were collected at ÿ100 8C on a Siemens SMART
diffractometer with CCD detection and MoKa radiation (l�
0.71073 �) in the w scan mode. Of 20 439 reflections collected, 6903
were unique and 5370 were included in subsequent calculations.
Correction of the intensity data by using the SADABS program gave a
range of relative corrections of 0.733 ± 1.76 and an absorption
correction of m� 3.83 mmÿ1. The structure was solved by direct
methods. In the final least-squares refinement cycle, non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were included
with a riding model. The quantity minimized was SwD jF j2. The model
converged at R� 0.042, wR� 0.042, and GOF� 1.15 for 5335
reflections with Inet> 2.5s(Inet) and 487 parameters. Calculations were
performed with the program NRCVAX. Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-101 092. Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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metal ± metal bond within a complex anion.[8] It is also the first
example of a Mn ± Mn bond between manganese centers in
the high oxidation state �4. The currently known compounds
with unbridged Mn ± Mn bonds contain Mn0 and Mnÿ1 centers
(e.g., [Mn2(CO)10][9] and (AsPh4)[Mn3(CO)14][10]).

For the synthesis of Li6Ca2[Mn2N6], a mixture of lithium,
calcium, and manganese in a molar ratio of 6:1:1 was heated in
a tantalum crucible to 900 8C over 2 h and subsequently
treated with a stream of nitrogen at this temperature. After a
reaction time of 60 h, the reaction mixture was cooled to room
temperature over 6 h. Li6Ca2[Mn2N6] was obtained as the
main product together with some other phases that were not
further investigated. The preparation of the quaternary
compound also succeeds with a Li:Ca:Mn molar ratio of
3:1:1 under the same conditions, but the yield is considerably
lower. Li6Ca2[Mn2N6] forms platelike crystals with a silver-
metallic luster and layer cleavage parallel to (001).

The crystal structure of Li6Ca2[Mn2N6][11] is shown in
Figure 1. The nitrogen atoms are arranged according to the
motif of hexagonal close packing (stacking sequence AB); the

Figure 1. Section of the crystal structure of Li6Ca2[Mn2N6] (top) and a
section of the octahedral layer (bottom). Green spheres: nitrogen; blue
octahedra: (N6Ca); transparent octahedra: (N6Mn2); red tetrahedra:
(N4Li).

octahedral holes of every second double layer are occupied by
an ordered arrangement of calcium ions and Mn2 dumbbells
in a ratio of 2:1. This Ca2[Mn2N6]6ÿ partial structure is closely
related to that of the hexaselenodiphosphate(iv) Mg2[P2Se6]
(space group R3, noncentrosymmetric variant[12]) and is an
isotype of CuAl[P2Se6] (space group R3Å , statistical distribu-

tion of Cu and Al[13]). The neg-
ative charges of the anionic layer
structure are compensated by Li�

ions, which occupy all the tetra-
hedral holes between the octahe-
dral layers filled by calcium and
Mn2 dumbbells.[14] The intera-
tomic distances in the Li6Ca2-
[Mn2N6] structure resemble those
of known nitridomanganates,[15]

with the exception of the Mn ±
Mn bond found here for the first
time.

A special feature of the Li6-
Ca2[Mn2N6] structure is the hex-
anitridodimanganate(iv) anion
(Figure 2) with a short Mn ± Mn
bond of 235.8(1) pm. Unbridged
Mn ± Mn bonds were formerly
known only for Mn0 and Mnÿ1

compounds, which exhibit Mn ±
Mn bond lengths of 289.5 pm
(Mn2(CO)10

[9]) and 288.3 and 290.6 pm ((AsPh4)[Mn3-
(CO)14][10]). The Mn ± Mn distances in a-Mn lie between 224
and 291 pm.[16] The close relationship between the crystal
chemistry of hexaselenodiphosphates(iv)[12, 13] and the hexa-
nitridodimangante(iv) has already been mentioned; the com-
plex anions show identical conformations (staggered arrange-
ment), but strictly speaking are not isosteric ([P2Se6]4ÿ : 50 eÿ ;
[Mn2N6]10ÿ : 54 eÿ).

The electronic structure of Li6Ca2[Mn2N6] was calculated by
means of the TD-LMTO program (LDA approximation).[17]

For the interpretation of the bonding situation, the electron
localization function (ELF)[18] was evaluated. The ELF values
are restricted by definition to the range between 0 and 1. High
ELF values are characteristic of regions of high localization,
such as in bonds or lone pairs. Specific details were obtained
from the ELF by an analytical procedure that is also applied
to the investigation of electron density.[19] By topological
analysis, the total ELF field is partitioned into the basins of
the core or bond attractors as well as the basins of the
attractors of the lone pairs. The integration of the electron
density in these regions yields the number of electrons
belonging to them. For the bonding attractor, this procedure
also provides information about bond order.[20±24]

The ELF for the crystal structure of Li6Ca2[Mn2N6] is
characterized by three symmetrically independent maxima in
the unit cell (Figure 3). The highest ELF value (0.866) is
exhibited by the lone pairs of the nitrido groups of the
[Mn2N6] units (Figure 3 a). The deformation of these regions is
caused by the repulsive interaction between the neighboring
nitrido groups and by the polarizing influence of the
coordinating cations. The next lower maximum, with an
ELF value of 0.785 and a small basin, extends from the nitrido
ligand towards the Mn center (Figure 3 b). This attractor is
located very close to the nitrogen atom and is thus represen-
tive of the pronounced polar character of the Mn ± N bond.
The third and most interesting type of local ELF maximum is
found on the Mn ± Mn connecting line (Figure 3 c) and can

Figure 2. Complex anion
[MnIV

2 N6]10ÿ (staggered con-
formation) with cation coor-
dination polyhedron around
one nitrido position. Green
spheres: nitrogen; violet
spheres: manganese; red
spheres: calcium; gray
spheres: lithium. Selected
interatomic distances [pm]:
Li ± N 200 ± 221, Ca ± N 252 ±
264, Mn ± N 178, Mn ± Mn
236.[15]



COMMUNICATIONS

1584 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3711-1584 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 11

Figure 3. Isosurfaces of the electron localization function for Li6-

Ca2[Mn2N6]. Green spheres: nitrogen; violet spheres: manganese; red
spheres: calcium, gray spheres: lithium. The connecting lines Mn ± Mn and
Mn ± N are shown in red and orange, respectively. The colors of the ELF
isosurfaces correspond to the ELF scale in the lower part of the figure.
a) Attractors of the lone pairs at the nitrido positions (ELF� 0.866).
b) Bonding attractors (ELF� 0.785) on the Mn ± N connecting line (polar
character of the Mn ± N bonds). c) Bonding attractor Mn ± Mn with the low
ELF value of 0.392 (d character of the electron density[25]) ; two-electron,
two-center bond (see text). View approximately perpendicular to the Mn ±
Mn bond. d) Bonding attractor Mn ± Mn; view along the Mn ± Mn bond.

assigned to a covalent interaction. The putative fourfold
symmetry of this attractor evident in Figure 3 c is in fact
consistent with the threefold axis (space group R3Å), as can be
seen in Figure 3 d with a view along the connecting line Mn ±
Mn. The relatively low ELF value in this maximum (0.392) is
consistent with the predominant d character of the electron
density in this region.[25] The integration of the electron
density in the basin of this attractor gives 2.0 electrons; hence,
the Mn ± Mn bond should be regarded as a two-electron, two-
center bond.

Till now investigations of the magnetic properties of
Li6Ca2[Mn2N6] have been affected by magnetically active
impurities in the samples. Nevertheless, the measurements
already indicate a weak temperature-dependent paramagnet-
ism of the quaternary compound, presumably resulting from
the electrons that do not participate in the bonds of the
complex anion.
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An Efficient Venus Flytrap for the Reversible
Binding of Nitric Oxide**
Rajendra Rathore, Sergey V. Lindeman, and
Jay K. Kochi*

Intermolecular noncovalent binding of guest molecules by
synthetic macromolecular hosts has been a rapidly growing
field of research[1] since the first discovery of crown ethers by
Pedersen.[2] The unique chemical and physical properties of
these novel host ± guest structures are the key to the future
development of nanomolecular devices, chemosensors, etc.[3]

Here we describe the synthesis of a novel cis-stilbenoid
hydrocarbon ligand which strongly binds a neutral diatomic
molecule such as nitric oxide (NO), which is of significant
biological interest.[4]

The hydrocarbon ligand 1,2-bis(pentamethylphenyl)bicy-
clo[2.2.2]oct-2-ene (Venus flytrap, VFT)[5] possesses a unique

molecular structure in which a
pair of pentamethylphenyl moi-
eties are forced to be closely
juxtaposed in a cofacial manner
by the very rigid bicyclooctene
framework, as established by X-
ray crystallography.[6]

The activation of VFT by
oxidation in dichloromethane
readily generates the persistent
cation radical VFT�. ,[7] which
upon exposure to gaseous nitric

oxide leads immediately to a bright blue solution. Quantita-
tive IR spectroscopic analysis of the blue solution indicates
the complete uptake of nitric oxide, as judged by observing

the characteristic absorption at 1885 cmÿ1 for a single NÿO
stretching frequency.[8] The high stability of blue [VFT ´ NO]�

allows the ready isolation of a single crystal from a mixture of
dichloromethane and toluene at ÿ23 8C. X-ray crystallogra-
phy established its molecular structure to be made up of a
single molecule of nitric oxide trapped between two cofacial
phenyl rings. The diatomic nitric oxide fits neatly within the
cavity of VFT, where it lies parallel to one of the phenyl rings,
as shown by the space-filling representation in Figure 1.

Figure 1. Space-filling representation of NO tightly entrapped within the
VFT cleft.

The NÿO bond distance of 1.12 � in [VFT ´ NO]� is
consistent with a noncovalently bonded nitric oxide mole-
cule,[9] especially since the separation between the nitrogen
atom and any aromatic carbon atom (av 2.5 �) is much
greater than the covalent NÿC bonding distance.[10] Moreover,
most of the positive charge resides on the aromatic and
olefinic carbon atoms, as judged by the significant lengthening
of the average CareneÿCarene distance (1.42 �) with respect to
that in the neutral stilbenoid ligand.[11] Thus, VFT acts as a
molecular tweezer for neutral NO. This is readily apparent
upon inspection of the phenyl rings, which are significantly
arched in an attempt to encapsulate the NO molecule. The
distortion of the pentamethylphenyl groups is shown in
Figure 2.[12]

Figure 2. The superimposed molecular structures of the neutral stilbenoid
ligand VFT (dashed line) and [VFT ´ NO]� (solid line); hydrogen atoms
have been omitted for clarity.[12]
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