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The PXRD analysis of 3-GeS, was carried out on a Siemens D5000
diffractometer with Bragg—Brentano 6/26 geometry. The source radiation
(Cugq, A =1.54059 A) was obtained from a high-power line-focus Cu target,
and the secondary beam was monochromatized by a Kevex solid-state
detector. The diffraction pattern was initially indexed with the program
ITO/™ which provided a tetragonal, I-type unit cell. Further lattice
refinement was performed with the Appleman and Evans program!"l by
using the first 51 measured reflections (34 unique) within the range 14 <
26 <70°. The refinement [M,,=23.3, F5,=27.5 (0.012, 89)] gave the space
group I4/acd (no. 142) based on both general and special conditions for
systematic absences/extinctions, as discussed in the text. Several other
related space groups were also tested as possible sub- or superlattices, but
were not fitted successfully. The final structure was obtained by refinement
of atomic parameters with the program GSAS 6.0 (PC version).
Crystallographic data for 0-GeS,: [4,/acd, a=11.0650(1), c=
18.7178(2) A, V=2291.71 A%, p.yea=3.17 gem=, Z=32, R,,=0.1159,
R,=0.0842, Ry, =0.0927, x> =4.351, measurement range 12 <26 <80°,
3400 data points, 372 observed reflections, 34 parameters refined. The peak
profiles were fitted by a pseudo-Voigt function,?! and a Finger—Cox —
Jephcoat asymmetry correction was applied.??!

Raman spectra were recorded on a Bomems MB-157 FT spectrometer with
an InGaAs NIR laser (100 mW). The instrument was configured in the 180°
backscattering mode, and samples were sealed in glass capillary tubes.
Spectra were recorded with a resolution of 4 cm~!, and about 100 scans
were made to achieve an excellent signal-to-noise ratio.
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For heterobinuclear complexes which contain an early and
a late transition metal and in which the metal centers can
“communicate” with one another, interesting properties have
been predicted, such as multifunctionality and cooperative
effects.'l However, the problems encountered in the realiza-
tion of the differing coordination chemical requirements of
both metals in close proximity to one another are just as great
as the expectations.’J. We report here on the synthesis and
structure of heterobinuclear complexes in which interactions
of Group 9 (Rh) or Group 10 (Pd) metals with a lanthanide
(Nd) are possible.’l A decisive factor for this enlargement of
the class of “early —late heterobimetallics” (ELHB) is a novel
ligand system incorporating bisaminopyridinato ligands.*!

If two equivalents of dilithiated O(SiMe,ApH), are
treated in situ with NdCl; in THF, the neodymium “ate”
complex 1 is obtained in good yields as a violet, crystalline
compound (Scheme 1; O(SiMe,ApH), = O[Si(CH;),NH-
(4-CH;CsH;N) ). The IR spectrum of 1 displays the signals
typical for O(SiMe,Ap),, and the elemental analysis is in
agreement with the formula given in Scheme 1. The reaction
of 1 with [{(cod)RhCl},] (cod=1,5-cyclooctadiene) in n-
hexane gives yellow crystals of the heterobinuclear compound
2 (Scheme 1). The X-ray crystal structure analysis®! of this
compound (Figure 1) shows there is an almost square-planar
coordination geometry at the rhodium center,®! and that two
amido N atoms coordinate the {Rh(cod)} fragment (N(1)-
Rh(1)-N(3) 84.1(5)°). For the aminopyridinato fragments,
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Figure 1. Crystal structure of 2. Selected bond lengths[A] and angles[°]:
N(1)=Rh(1) 2.142(12), N(1)=Nd(1) 2.646(12), N(2)-Nd(1) 2.585(12),
N(3)=Rh(1) 2.138(11), N(3)-Nd(1) 2.699(10), N(4)-Nd(1) 2.603(12),
N(5)-Nd(1) 2.514(11), N(6)-Nd(1) 2.478(13), N(7)-Nd(1) 2.463(10),
N(8)—Nd(1) 2.527(13), Rh(1)-Nd(1) 3.228(2); N(1)-Rh(1)-N(3) 84.1(5),
N(1)-Rh(1)-D[C(23)/C(24)]  96.2(6), D[C(23)/C(24)]-Rh(1)-D[C(19)/
C(20)] 86.1(6), N(3)-Rh(1)-D[C(19)/C(20)] 93.5(6), N(7)-Nd(1)-N(6)
133.1(5), N(6)-Nd(1)-N(5) 53.0(4), N(7)-Nd(1)-N(8) 54.3(4), N(2)-Nd(1)-
N(1) 51.4(4), N(4)-Nd(1)-N(3) 50.9(4).

which act as bridges between the two metal centers, the
elongation of the Nd-N distances is about 0.1 A. The
differences in the lengths of the Nd-N,,4 and the
Nd —Npyigine bonds are slight, which indicates a delocalized
bonding mode.!"!

The magnetic moment!® of 2 u.,=4.38 uy corresponds to
the value expected for a 4 f* electron configuration. A metal —
metal bond (the Nd—Rh distance is 3.2283(15) A) can be
excluded, since the only orbitals on the rhodium atom which
are eligible for an interaction (orthogonal to the coordination
plane) are not directed towards the neodymium atom.' On
the other hand, such an orientation of the orbitals is present in
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the Nd - Rh-ethylene complex 3,9 which is formed by the
treatment of 1 with [{(C,H,),RhCl},] in n-hexane (Scheme 1).
Its molecular structure, determined by X-ray crystallogra-
phy,P! is depicted in Figure 2. The Nd-Rh distance in 3 is

Figure 2. Crystal structure of 3. Selected bond lengths[A] and angles[°]:
N(1)-Nd(1) 2.465(4), N(2)~Nd(1) 2.509(4), N(3) ~Nd(1) 2.382(5), N(4) -
Nd(1) 2.566(5), N(5)—Nd(1) 2.449(5), N(6)— Rh(1) 2.050(5), N(7) = Rh(1)
2.128(4), N(7)-Nd(1) 2.626(4), N(8)-Rh(1) 2.035(5), Rh(1)-Nd(1)
2.974(2); N(8)-Rh(1)-N(7) 64.9(2), N(6)-Rh(1)-N(7) 103.2(2), N(6)-
Rh(1)-D[C(15)/C(16)] 90.9(3), N(8)-Rh(1)-D[C(15)/C(16)] 101.6(3),
N(3)-Nd(1)-N(5) 92.2(2), N(1)-Nd(1)-N(2) 54.0(2), N(3)-Nd(1)-N(4)
54.1(2).

2.9744(15) A, which is in good agreement with the value for
a M - M single bond.!'Z There is an almost planar coordination
geometryl® at the rhodium atom. Three of the coordination
sites are used by the two bis(Ap) ligands (bis(Ap) = bisamino-
pyridinato); one ligand contributes a pyridine and the other an
aminopyridinato functionality. It is remarkable how strained
amido ligands can still coordinate to late transition metal
centers (N(8)-Rh(1)-N(7) 64.9(2)°) as the combination of a
soft metal center with the hard amido ligand is unfavorable.['*]

The general applicability of this stabilization concept for
heterobinuclear compounds by the use of bisaminopyridinato
ligands is evident from the reaction of 1 with [(cod)Pd-
MeCl],l" which produces the Nd-Pd-alkyl complex 4
(Scheme 1) as a light yellow powder. Crystals suitable for a
X-ray structural analysis®! were obtained from a mixture of n-
hexane and THF. The molecular structure of 4 (Figure 3)
shows a planar coordination geometry, characteristic of Pd"
compounds,®) and a Nd—Pd distance of 3.0345(12) A. In
contrast to the situation in 3, the two metal centers in 4 are
bridged by only one bis(Ap) ligand.

Decisive for the preparation as well as the stabilization of
the heterobimetallic compounds 2 -4 is that lanthanide “ate”
complexes react with chlorides of electron-rich transition
metals by salt elimination and that bisaminopyridinato ligands
can prevent the ligand transfer from early to late transition
metals and thus the decomposition of the bimetallic com-
plex.['] The flexible coordination mode of the bis(Ap) ligands
allows a coordinative saturation of the lanthanide metal
center, leaving two or three nitrogen donor groups for a
square-planar coordination geometry at the late transition
metal as well as an interaction between the two metals.
Currently, we are investigating the consequences of this
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Figure 3. Crystal structure of 4. Selected bond lengths[A] and angles[°]:
Nd-N(3) 2.475(8), Nd-N(1) 2.480(8), Nd-N(2) 2.542(9), Nd-N(4)
2.547(9), Nd-N(8) 2.612(9), Nd—N(5) 2.659(8), Nd-N(7) 2.761(8), Nd -
Pd 3.0345(12), Pd—-N(6) 2.048(9), Pd—N(7) 2.062(8), Pd—-N(5) 2.187(8);
N(3)-Nd-N(1) 84.8(3), N(1)-Nd-N(2) 54.4(3), N(3)-Nd-N(4) 54.0(3), C(33)-
Pd-N(6) 104.7(4), C(33)-Pd-N(7) 95.3(4), N(6)-Pd-N(5) 64.9(3), N(7)-Pd-
N(5) 95.1(3).

“communication” in stoichiometric and catalytic reactions,
and whether such reactions are also transferable to other
“ate” complexes, for example to the complexes containing
bisalkoxy ligands reported by Shibasaki et al.l']

Experimental Section

All work was performed with the exclusion of oxygen and moisture under
an atmosphere of argon. NMR spectra were recorded in [Dg]THF at 25°C.

1: O(SiMe,ApH), (5.45¢g, 15.7 mmol) in THF (20 mL) was treated at
—78°C with nBuLi in n-hexane (2.5M, 12.6 mL, 31.5 mmol), stirred for a
further 2h at room temperature, and subsequently added to a hot
suspension of NdCl; (1.97 g, 7.86 mmol) in THF (50 mL). The mixture
was stirred for 16 h at room temperature, filtered, concentrated to about
30 mL, and then treated with diethyl ether. After removal of LiCl by
filtration, violet crystals of 1 (5.22 g, 67 % ) were obtained at —30°C. M.p.
212°C; elemental analysis caled for C,Hg,LiNgNdO,Si, (984.52): C 48.80,
H 6.55, N 11.38; found: C 48.88, H 6.57, N 10.31; '"H NMR (400 MHz): 6 =
—0.02 (s,3H),0.13 (s,2H), 1.78 (m, 4H), 3.63 (m, 4 H), 4.75 (s, 6 H), 4.83 (s,
1H), 5.61 (s, 1H), 10.90 (s, 1H); *C NMR (100.6 MHz): 6 =12.8,20.7, 26.3,
68.1, 115.6, 122.7, 125.4, 147.1, 148.6; *Si NMR (79.5 MHz): 6 =—10.6,
—18.1; IR (Nujol): # (cm~') =1595 vs and 1530 s (arom. C=C), 1332 5, 1294
vs, 1243 vs (MeSi), 1178 vs, 1026 vs, 990 vs (SiOSi), 883 vs, 838 s, 792 vs
(SiMe,), 728 5, 674 m, 575 s, 428 m.

2-4: Compound 1 (985 mg, 1 mmol) and either [{(cod)RhCl},] (247 mg,
0.5 mmol), [{(C,H,),RhCl},] (194 mg, 0.5 mmol), or [(cod)PdMeCl]!'
(265 mg, 1 mmol) were suspended in n-hexane (60 mL) and stirred at
room temperature for 16 h. The mixture was filtered, the residue was
washed several times with n-hexane/diethyl ether, and the combined
filtrates were concentrated to about 15 mL. Crystals were obtained at
—30°C:2 (595 mg, 57 %, yellow crystals), 3 (424 mg, 44 %, yellow crystals),
and 4 (431 mg, 42 %, light yellow powder), respectively.

2: M.p. 150°C; elemental analysis calcd for C,yHgNgNdO,RhSi, (1044.46) -
0.5C,H;OC,H;: C 46.64, H 6.06, N 10.36; found: C 46.87, H 5.97, N 10.32;
IR (Nujol): 7 (cm™') =1604 vs, 1545 m and 1533 m (arom. C=C), 1410 s,
1395 s, 1331 m, 1315 m, 1295 s, 1286 s, 1249 s (MeSi), 1171 s, 1054 s, 1016 m,
995 s, br (SiOSi), 966 m, 887 s, 877 s, 847 m, 839 m, 807 s (SiMe,), 784 s, 774 s,
726 m, 675 w, 630 w, 624 w, 588 m, 581 m, 565 w, 529 w; u.;=4.38 ug.

Angew. Chem. Int. Ed. 1998, 37, No. 15

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

3: M.p. 171°C; elemental analysis calcd for C3,H5,NgNdO,RhSi, (964.33) -
0.5CH,4: C 44.11, H 5.90, N 11.12; found: C 43.95, H 5.82, N 11.00; IR
(Nujol): 7 (cm™') =1607 vs and 1530 m (arom. C=C), 1418’5, 1324 5, 1289 s,
1251 s (MeSi), 1216 m, 1180's, 1160 m, 1123 w, 1023 vs, 1006 vs (SiOSi), 965
s, 879 s, 858 m, 845 m, 794 vs (SiMe,), 726 s, 678 w, 651 w, 617 w, 599 m, 587 s,
555 w, 528 w, 434 m; uo;=4.33 ug.

4: M.p.>280°C; elemental analysis calcd for C;HsNgNdO;PdSi,
(1026.93): C 43.28, H 5.79, N 10.91; found: C 43.05, H 5.88, N 10.72; IR
(Nujol): 7 (cm~!) = 1604 vs, 1546 w and 1531 w (arom. C=C), 1328 m, 1291
m, 1250 s (MeSi), 1177 m, 1026 s, br (SiOSi), 970 m, 830 s, 847 m, 786 s
(SiMe,), 725 m, 581 w, 443 W; ;= 4.46 ug.
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Hidenori Funaki, Katsuyuki Ogura, and
Kentaro Yamaguchi

Transition metals with specific coordination geometries
have been employed for the rational design and construction
of highly ordered supramolecular structures.'l We have shown
that the simple combination of the square-planar coordina-
tion geometry of palladium (90° bond angle) with pyridine-
based bridging ligands leads to the quantitative self-assembly
of nanometer-sized, discrete organic frameworksl?! such as
“molecular squares”>“ and an adamantanoid cages.’! Here
we report the efficient self-assembly of nanometer-sized
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macrotricycles from ten small components. Treatment of
[PA(NO;),(en)] (1) with the tripyridylmethane 2 results in
self-assembly to the nanometer-sized macrotricyclic frame-
work 3, in which four ligand molecules are held together by six
metal ions (Scheme 1). A similar ten-component self-assem-
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Scheme 1. Synthesis of 3.

bly process leads to formation of the nanoscale macrotricycle
5 from 1 and the triazine-based ligand 4 (Scheme 2). Recently,
there were a few reports of the metal-directed self-assembly
of nanometer-sized macrocycles.” 8l However, their structures
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Scheme 2. Synthesis of 5.

have often been deduced from spectroscopic data.’l In
contrast, the structures of nanometer-sized macrotricycles 3
and § were unambiguously determined by X-ray crystallo-
graphic analyses.

Ligand 2 was suspended in an aqueous solution of 1
(1.5 equiv), and the mixture was heated at 70°C."} After
40 min a colorless clear solution was obtained. Analysis by
NMR spectroscopy of the solution obtained by carrying out
the reaction in D,0 showed the quantitative self-assembly of
1 and 2 to form a single product. The addition of aqueous
NaClO, (1m) resulted in precipitation of 3-12ClO, in 85%
yield. When ethanol/water was employed as the solvent, the
product was obtained from the solution directly as a NOj salt
by cooling to about 5°C for several days. The elemental
analyses agreed with the empirical formulas of 3-12ClO,-
8H,0 and 3-12NO;-12H,0. The NMR spectra of 3 contain
only one acetoxyl signal (*H NMR: § =2.24 (Figure 1);
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