Angewandte
Chemie

DOI: 10.1002/anie.200804225
Host—Guest Systems /

Template and pH-Mediated Synthesis of Tetrahedral Indium
Complexes [CsC{Iny (L)1 and [In,(H"L),]*: Breaking the Symmetry
of N-Centered C; (L)>” To Give Neutral [Iny (L) ]**

Rolf W. Saalfrank,* Harald Maid, Andreas Scheurer, Frank W. Heinemann, Ralph Puchta,
Walter Bauer, Daniel Stern, and Dietmar Stalke

Dedicated to Professor Bernt Krebs on the occasion of his 70th birthday

There are two classes of well known 7-symmetric complexes,
in which four octahedrally coordinated metal ions are located
in the apices of a tetrahedron, and each of the six edges are
bridged by linear C,-symmetric bis(bidentate) chelators
(LY and (L»)*. In [Csc{Fe"Fe',(L")}] ), [M'c-
[Fe",(LY}]* (2; M'=NH,", K*, Cs") and [R,NC-
M2,(L2)6}]' (3; M2 =Fe**, Ga®),? a cation is endohedrally
encapsulated in the center of the tetrahedron, whereas in the
complexes [M',N[M?,(L")¢}] (4) (M'=NH,", RNH;": empty,
K*, Cs*: H,O as guest; M =Mg?", Co**, Ni*, Mn?*"),! four
cations are exohedrally centered above the four tetrahedral
triangular faces (Figure 1).

However, there are far fewer examples known of 7-
symmetric complexes,”™*7 in which the octahedrally coordi-
nated metal centers in the vertices of the tetrahedra are linked
by Cs-symmetric tris(bidentate) chelators (L*)* or (L*°)%,
which occupy the faces of the tetrahedra. Examples thereof

Figure 1. Schematic presentation of the complexes 1-7, with the
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Scheme 1. Isomerization of tripodal 8 to give heteroadamantane 9,
and synthesis and representation of tetrahedra 10-12.

diketonate) (L)*", [Csc{In,(L),}]JCIO, (10) was isolated,
whereas reaction of indium(III) perchlorate with a solution
of hexaketone H;L (8) in chloroform yielded [In,(HNL),]-
(C10,), (11). Complex 10 is also accessible from 11 by
deprotonation with cesium carbonate. However, reaction of
indium(IIT) perchlorate with H;L (8) in methanol followed by
triethylamine afforded [In,(L),] (12). Complex 12 is also
accessible from 11 by deprotonation with triethylamine
(Scheme 1).

The '"H NMR spectrum of the cationic cesium complex
[Csc{Ing(L),}]* (107) is compatible with 7" molecular sym-
metry. All four ligands are equivalent, and thus for the
olefinic hydrogens and the rBu groups only two singlets at 6 =
5.34 and 1.09 ppm, respectively, were observed. The diaste-

reotopic CH, protons appear as a simple AB pattern (0 =
3.41 ppm and 2.84 ppm, |°J,;;;|=17.5 Hz). The solid-state
structural analysis shows that the pentanuclear monocation
[Csc{Iny(L)4}]" (107) adopts non-crystallographic T, symme-
try (Figure 2, top).!""" It crystallizes in the orthorhombic

Figure 2. Stereoviews of the molecular structures of monocation
(AAAA)-[Csc{In, (L)' (107, top), tetracation (A,A,A,A)-[In,
(HNL)J*" (11*F, center), and neutral (A,A,A,A)-[In,(L)4] (12, bottom)
in the crystal. In gray, Cs gray (small dots), C white, O gray (small),

N black. Disorder, non-coordinating solvent molecules, counterions,
and hydrogen atoms are omitted for clarity, except hydrogen atoms at
nitrogen in 11** (white small, pointed out by grey clouds). The lone
pairs at nitrogen in 12 are highlighted (gray sp’ orbital).

space group C222, with half an In, tetrahedron in the
asymmetric unit. Each indium atom is octahedrally coordi-
nated by the six oxygen atoms of three different ligands. The
endohedral cesium cation resides in the middle of the four
In*" cations. The charge is counterbalanced by a single
exohedral chloride anion, which is not in close contact with
the supramolecular core.'"¥ Six exohedral chloroform solvent
molecules are present per ion pair, located between two
adjacent In; triangles. The higher symmetrical space group
Cmcm is prevented by the chiral molecule, which crystallizes
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as a racemic mixture of homoconfigurational (A,AAA)/
(AAAA)-fac stereoisomers.

In the 'H NMR spectrum of racemic (AAAA/AAAA)-fac
[In,(H"L),](C10,), (11), the protons within each CH, group
of the ligand are inherently diastereotopic (geminal coupling
|21 |=17.0 Hz), and resonate at d=4.57 ppm and O =
3.28 ppm, respectively. The signal at 6 =4.57 ppm has addi-
tional coupling (Jyy=9.5Hz) to the HY" proton (6=
9.11 ppm). By contrast, no coupling to the HY" proton is
detected for the upfield CH, signal at d=3.28 ppm, as
confirmed by a COSY spectrum. The lack of >/ coupling
for this proton is attributed to a near 90° dihedral angle
(Karplus equation). Thus, the prochiral CH, protons may be
assigned. Compatible with these findings, the signal of the
HY* proton (6=9.11 ppm) is split into a quartet (coupling
with three equivalent CH*H® protons). The solid-state
structural analysis of [In,(H"L),](ClO,), (11; Figure 2,
center) shows a tetranuclear complex tetracation similar to
10.1-51 1t crystallizes in the chiral space group P6:22 with half
an In, tetrahedron in the asymmetric unit. Each trisubstituted
nitrogen atom is protonated, and remarkably, all four hydro-
gen atoms face the midpoint of the tetrahedron rather than
pointing to the outside, as steric considerations might suggest.
Pairs of exohedral perchlorate anions are located between
each of the two adjacent In; triangles. A single chloroform
solvent molecule in proximity to the supramolecular core
could be located and refined. 11 crystallizes as a racemic twin
of homoconfigurational (AAAA)/(AAAA)-fac stereoiso-
mers.

At first glance, 12 gave a confusing '"H NMR spectrum for
a highly symmetrical molecule. Whereas in complexes 10 and
11, with 7 molecular symmetry, all four ligands are equiv-
alent, surprisingly, a tripling of the signals in both the 'H and
BC NMR spectra of 12 was observed. The '"H NMR spectrum
displays three different sets for the signals for the olefinic
protons and tBu groups (6 =6.19, 6.14, 5.53 ppm and 6 =1.18,
1.16, 1.06 ppm, respectively). The three different sets of a
total of twenty-four hydrogen atoms for each of the diaste-
reotopic CH, protons appear as three simple, but different,
AB systems (0 =4.02 ppm and 3.05 ppm, |%/yy|=19.3 Hz;
0=23.48 ppm and 3.25 ppm, |*Jyy|=14.7Hz; §=3.23 ppm
and 3.13ppm, |%yy|=14.4Hz; confirmed by a COSY
spectrum, see the Supporting Information). This pattern
would be the case for a trigonal antiprismatic complex
[Ing(L)e] of D5 molecular symmetry, in which a threefold axis
and three perpendicular twofold axes would relate all six
ligands (L)* by symmetry. However, there would be no C,
axis passing through the center of the ligands, and as a result,
each arm of the ligands would not be equivalent.*®! In
contrast to these considerations, the exact mass of 12 (m/z
2196.6326) is in conflict with [Ing(L)s], but corresponds with
[Ing4(L),]. Furthermore, no tetrahedral system with C;-sym-
metric ligands (L)*~ would generate the '"H NMR spectrum
recorded. Suitable crystals for an X-ray structural analysis
were obtained from solutions of 12 on standing in
[D;]acetonitrile.'*'"! Based on these data, the complex is
composed of four indium ions, located in the apices of a
tetrahedron linked by four C;-symmetric ligands (L)*" across
the tetrahedral faces (Figure 2, bottom). The C; symmetry of
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the ligands in [In4(L),] (12) is broken during deprotonation of
11.%8 The distorted octahedrally coordinated indium ions
have alternately A or A configuration, resulting in an
idealized S, molecule symmetry for (A,A,A,A)-[In,(L),] (12).
Detailed evaluation of the X-ray data of the homochiral
crystals of chiral space group P2,2,2, of 12 indicates that,
owing to the desymmetrized ligands (L)*~, 12 is intrinsically
chiral.

Quantum chemical calculations!™ on [Iny(L"),]* ration-
alize the structural motives of 10, 11, and 12. The gas-phase
proton affinities for the mono inside and outside protonation
[In,(L"),] were estimated. The mono outside protonation of
[Iny(L"),] showed a gas-phase proton affinity typical for
amines such as N(CH;); or the outside protonation of
cryptand [1.1.1]2%% of —237.3 kcalmol™. In contrast, the
mono inside protonation of [In,(L"),] shows a significantly
higher proton affinity of approximately —260 kcalmol . This
result impressively demonstrates the observed outside
arrangement of the four nitrogen lone pairs in 12, which
clearly reduces the electron density in the cage, allowing
isolation of the parent host. Therefore, protonation and ion
complexation is favored inside the host, as the oxygen lone
pairs act as extra donors and add further stabilization.

In summary, we have shown that tetrahedral complexes
are accessible from N-centered tripodal heptadentate tris(1,3-
diketonate) ions (L*~) and indium ions. Slight changes of the
reaction conditions determine whether pentanuclear complex
[Csc{Iny(L),}]C1O, (10) or the fourfold protonated complex
[In,(HNL),](C10,), (11) is generated. Most interesting, reac-
tion of 11 with triethylamine to generate the empty cage
compound [In,(L),] (12) comes with a break of the symmetry
in the initial C;-symmetric tripodal ligand. The structures of
10-12 were determined by the combination of mass spec-
trometry, NMR spectroscopy, single-crystal X-ray analyses,
and DFT calculations. Reactions of the outward oriented lone
pairs at nitrogen of 12 with electrophiles are in progress.
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2882 -2885.

Crystal data for 12:6.25 CD;CN: Cg550H 44D 1575I04N1025004,
M, =2472.90; crystal size 0.32x0.23 x 0.04 mm*; orthorhombic,
space group P2.2.2,, a=18.183(4), b=18811(2), c=
35.947(4) A, V=12295(3) A%, Z=4; F(000)=5094, Ouuca=
1.336 gecm™>; Nonius-KappaCCD diffractometer, Moy, radia-
tion (1 =0.71073 A); T=100(2) K; graphite monochromator; 0
range 3.32 < 0 <27.10°; section of the reciprocal lattice: —23 <
h<23, -24<k<24, —46<[<46. A semiempirical absorption
correction based on multiple scans was applied (SADABS
2.06;) T, =0.831, Tpa=0.970); of 172665 measured reflec-
tions, 26829 were independent and 25174 had I>20(I); linear
absorption coefficient 0.808 mm ™. The structure was solved by
direct methods using SHELXTL NT 6.12, and refinement was
performed with all data (1530 parameters) by blocked-matrix
least-squares on F* using SHELXTL NT 6.12.'"7 All non-
hydrogen atoms were refined anisotropically; R, = 0.0344 for / >
20(I) and wR,=0.0781 (all data); absolute structure parameter
x=0.006(12):*  0.985/—0.684 ¢ A~ residual densities.""*
Hydrogen atoms were attached in idealized positions and
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refined using the riding model; their isotropic displacement
parameters were tied to those of the corresponding carrier atoms
by a factor of 1.2 or 1.5. Two of the solvent molecules are
disordered on two alternative sites. In addition, one CD;CN site
is only occupied by around 25 %. Finally, five tBu groups are
disordered and could be located on two alternative sites. A
number of restraints (657; SIMU, ISOR, SADI,) were applied in
the treatment of the disorder.
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