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Metal hydrides and their complexes are considered valuable
synthons in chemistry. It was demonstrated that main-group
and transition-metal hydrides are important intermediates in
some industrial processes and also function as catalysts.[1]

Furthermore, in the quest for alternative energy sources,
metal hydrides have been considered as potential feedstocks
for hydrogen storage.[2] Group 14 hydrides such as R3SiH,
R3GeH, and R3SnH are important reagents for some key
reactions in organic synthesis. The preparation of these
species is commonly carried out by reduction of the corre-
sponding chloride compounds with lithium aluminum hy-
dride.[3] However, the isolation and structural characteriza-
tion of monomeric, terminal low-valent Group 14 hydrides
seem to be difficult as a result of the potential reactivity and
instability of these species. So far, only [{2,6-Trip2C6H3SnACHTUNGTRENNUNG(m-
H)}2] (Trip= 2,4,6-iPr3C6H2) has been structurally character-
ized and exhibits a dimeric structure with the tin(ii) atoms
connected by bridging hydride ligands,[4] although the exis-
tence of MH2 (M= Si to Pb) has been anticipated by
theoretical calculations.[5] Previously, we reported on the
preparation of the germanium(ii) and tin(ii) precursors [{HC-
ACHTUNGTRENNUNG(CMeNAr)2}GeCl] (1; Ar= 2,6-iPr2C6H3) and [{HC-
ACHTUNGTRENNUNG(CMeNAr)2}SnCl] (2).[6,7] Treatment of 1 with LiAlH4 or
NaBH4 did not afford the terminal germanium(ii) hydride,
but rather, the four-coordinate adduct [{HC-
ACHTUNGTRENNUNG(CMeNAr)2}Ge(H)BH3] was formed. Moreover, attempts to
prepare a terminal tin(ii) hydride from 2 in reactions with
reducing reagents such as NaBH4, KBH4, and KH were
unsuccessful. In contrast, the reactions of 1 and 2 with
AlH3·NMe3

[8–10] in toluene at �4 8C yield the first monomeric
and terminal germanium(ii) and tin(ii) hydrides [{HC-

ACHTUNGTRENNUNG(CMeNAr)2}GeH] (3, Scheme 1)[11] and [{HC-
ACHTUNGTRENNUNG(CMeNAr)2}SnH] (4). Elimination of trimethylamine as a
volatile by-product was observed during the course of the
reactions of 1 and 2 with AlH3·NMe3. The color of the
reaction mixture changed from yellow to orange-red in the
synthesis of 3, and from pale yellow to green in the synthesis
of 4. No further color change was observed for either reaction
mixture upon warming to ambient temperature.

Compound 3 is thermally stable over a long period of time
when stored in an inert atmosphere in a glove box, whereas 4
decomposes slowly under the same conditions to form an
insoluble gray solid within four days. However, 4 is stable at
�32 8C over a longer period of time. Both 3 and 4 are air- and
moisture-sensitive and were characterized by IR spectrosco-
py, multinuclear NMR spectroscopy, single-crystal X-ray
structural analysis, and DFT calculations. In the IR spectrum
of 3, a strong absorption was observed at 1733 cm�1, which can
be attributed to the Ge�H stretching mode and compares well
with that reported for Ar’(H)GeGe(H)Ar’[13] (1785 cm�1;
Ar’= 2,6-Dipp2C6H3, Dipp= 2,6-iPr2C6H3), but is found at a
lower frequency than that for [{HCACHTUNGTRENNUNG(CMeNAr)2}Ge(H)BH3]
(1928 cm�1).[7] Hydride complexes of germanium(iv) show
Ge�H absorptions in the range from 1953 to 2175 cm�1.[3a,14–16]

The Sn�H stretching mode of 4 (1849 cm�1) is comparable to
those in the hydrogen-bridged tin compound [{2,6-
Trip2C6H3SnACHTUNGTRENNUNG(m-H)}2] (1828, 1771 cm�1).[4] In the 1H NMR
spectrum of 3, the Ge�H hydrogen atom resonates at lower
field (d= 8.08 ppm) than those in Ar’(H)GeGe(H)Ar’ (d=
3.48 ppm) and Ar’(H)2GeGeAr’·PMe3 (d= 3.81 ppm).[13]

Interestingly, the Ge�H proton resonance of 3 is in the
range of germanium(iv) hydrides.[17] The Sn�H proton
resonance of 4 is found at a surprisingly low-field shift (d=
13.83 ppm) relative to that in [{2,6-Trip2C6H3SnACHTUNGTRENNUNG(m-H)}2] (d=
7.87 ppm), and is flanked by Sn satellites (1J ACHTUNGTRENNUNG(119Sn,1H)=
64 Hz).[4] The Sn�H resonance of 4 is the lowest-field
chemical shift observed for a tin hydride.[3a,18–20] The
119Sn NMR resonance of 4 (d=�224.7 ppm) is in accordance
with a three-coordinate tin(ii) environment ([{HC-
ACHTUNGTRENNUNG(CMeNAr)2}SnCl]: d=�224 ppm;[7] [{H2B(pz)2}SnCl]: d=

�305 ppm; [{Ph2B(pz)2}SnCl]: d=�353 ppm; [{H2B-
ACHTUNGTRENNUNG(pz’)2}SnCl]: d=�271 ppm; pz=pyrazole, pz’= 3-methylpyr-
azole).[21]

Orange-red single crystals of 3 and green crystals of 4
suitable for X-ray structural analysis[22] were grown from
saturated hexane solutions at �32 8C within two days (3) or

Scheme 1. Formation of 3 and 4.
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after one week (4). Compound 3 crystallizes in the monoclinic
space group P21/n with two independent isostructural mono-
mers in the asymmetric unit. Although the Ge�H hydrogen
atom in 3 could not be localized in the difference electron-
density map, the Ge�H linkage was unequivocally confirmed
by IR and 1H NMR spectroscopy (see above). In 3, the
germanium atom is tetrahedrally coordinated by the b-
diketiminato ligand, a hydrogen atom, and, we assume, a
lone pair of electrons at the fourth coordination site
(Figure 1). Compound 3 exhibits Ge�N bond lengths of
1.989(2) E (molecule 1) as well as 1.994(2) and 1.988(2) E
(molecule 2), and these lengths are very similar to those of 1
(1.988(2), 1.997(2) E).[6]

Compound 4 crystallizes in the monoclinic space group
C2/c with one monomer in the asymmetric unit. Weak
intermolecular contacts between the lone pair of electrons
on the tin atom and the Sn�H hydrogen atom from another
molecule generate hydrogen bridges and formation of a dimer
(d(Sn(1)···H(1A)): 4.01(3) E; d ACHTUNGTRENNUNG(Sn···Sn): 3.71 E). Compound
4 comprises a distorted tetrahedral geometry at the tin atom,
which coordinates to a monoanionic b-diketiminato ligand, a
hydrogen atom, and, we assume, a lone pair of electrons at the
fourth coordination site (Figure 2). The Sn�H hydrogen atom
was localized from the residual electron density. The most
prominent structural feature of 4 is the Sn�H bond length of
1.74(3) E, which is in good agreement with Sn�H bond
lengths predicted by theoretical calculations (1.77 E).[5,25]

However, this length is shorter than those of [{2,6-
Trip2C6H3SnACHTUNGTRENNUNG(m-H)}2], which exhibits two different m-hydrogen
bonds (d ACHTUNGTRENNUNG(Sn�H): 1.89(3), 1.95(3) E).[4]

To investigate the electronic properties of 3 and 4,
ab initio calculations were carried out by using the Gaussian
program package[26] with the well-established DFT-variant
B3LYP.[27–29] Two different basis sets were employed to
achieve a suitable description of the electronic structure.
The LANL2DZ[30] basis set (for Ge and Sn) and the 6-

31G[31,32] basis set (for the remaining atoms) with additional
double-diffuse functions were used. The structures of both
complexes were determined by full geometry optimization.
The obtained equilibrium geometries were in good agreement
with the X-ray data. Since the structural parameters are the
result of the calculated molecular orbitals, an analysis of the
electronic structure was perfomed with the natural bond
order (NBO)[33] procedure, which makes it possible to
describe and quantify the contribution of the atomic orbitals
to the molecular orbitals. The calculations showed that the
electron density of the lone pair on the central atom in each of
3 and 4 contributes to the bonding in the complex. The NBO
analysis of the M�H bond shows that the contribution of the
lone pair of electrons on germanium can best be described as
an sp0.32 hybrid, while the hybrid for tin is of the type sp0.25 (see
the Supporting Information). The larger p character at the Ge
center in compound 3 (20% greater than that at the Sn center
in 4) leads to an enhanced delocalization of p electrons over
the neighboring p orbitals of the nitrogen atoms. Remarkably,
in the case of 4, there is no participation of the hydrogen
s orbital in the lone pair of electrons.

Analysis of the metal�hydrogen bond by using the natural
localized molecular orbitals (NLMO) reveals significant
differences between 3 and 4. For the Ge�H bond in 3, the
hydrogen atom contributes 65%, and the corresponding
hydrogen atom in the Sn�H bond contributes 70%. Analysis
of the molecular orbitals of 4 also shows that there is no
participation of the hydrogen s orbital in the wave function
describing the lone pair of electrons. Another factor that
influences the electron density at the hydrogen atom is the
amount of donor–acceptor interaction with the nitrogen
atoms of the ring system. This interaction occurs mainly
through two-electron stabilization in a donor–acceptor sit-
uation[34] involving the bonding Ge�H orbital and nonbond-

Figure 1. Thermal-ellipsoid plot of one molecule of 3 at the 50%
probability level. Hydrogen atoms are omitted for clarity. The Ge�H
hydrogen atom could not be localized. Only the numbering scheme of
molecule 1 is depicted. Selected bond lengths [E] and angles [o]:
molecule 1: Ge(1)�N(1) 1.989(2), Ge(1)�N(2) 1.989(2), N(1)-Ge(1)-
N(2) 90.3(1); molecule 2: Ge(2)�N(1A) 1.994(2), Ge(2)�N(2A)
1.988(2), N(1A)-Ge(2)–N(2A) 90.5(1).

Figure 2. Thermal-ellipsoid plot of 4 at the 50% probability level.
Carbon-bound H atoms are omitted for clarity. Selected bond lengths
[E] and angles [o]: Sn(1)�H(1) 1.74(3), Sn(1)�N(1) 2.195(2), Sn(1)�
N(2) 2.198(2), Sn(1)···H(1A) 4.01(3); H(1)-Sn(1)-N(1) 93.4(8), H(1)-
Sn(1)-N(2) 92.6(8), N(1)-Sn(1)-N(2) 85.1(1).
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ing orbitals of the ring system, which transfers electron
density from the nitrogen atoms into the Ge�H bond. This
effect is 50% larger for 3 than for 4. Taking these findings into
account, the low-field chemical shift of the hydrogen atom in
4 might be deduced. The lack of further stabilization from
delocalization causes the tin atom to pull out electron density
strongly from the hydride ligand to compensate for its
electron-deficient character. Hence, the “naked” nature of
the hydrogen atom in the Sn�H bond is a reflection of
extreme deshielding and leads to such a low-field chemical
shift.

In summary, we were able to isolate and structurally
characterize compounds of composition [{HC-
ACHTUNGTRENNUNG(CMeNAr)2}GeH] and [{HC ACHTUNGTRENNUNG(CMeNAr)2}SnH] by the reac-
tions of AlH3·NMe3 with the appropriate chloride precursors.
These compounds represent the first examples of terminal,
monomeric hydrides of germanium(ii) and tin(ii).

Experimental Section
All manipulations were performed in a dry and oxygen-free
atmosphere (N2 or Ar) by using Schlenk-line and glove-box
techniques. Solvents were purified prior to use by distillation over
appropriate drying agents under nitrogen.

3 : A solution of AlH3·NMe3 (1.18 mL, 1.0m in toluene) was
slowly added to a solution of 1 (0.62 g, 1.18 mmol) in toluene (25 mL)
at �4 8C, and the yellow solution immediately turned to orange-red.
The cooling bath was removed after 20 min, and stirring of the
solution was continued until the elimination of NMe3 had ceased. All
volatiles were removed in vacuum, and the remaining orange-red
residue was extracted with n-hexane (15 mL). The solvent was
removed in vacuo to yield 3 as an orange-red powder. Yield: 0.32 g
(60%); m.p. 170 8C (decomp); IR (KBr pellet): ñ= 1733 cm�1 (s,
GeH); 1H NMR (300 MHz, C6D6, 25 8C, TMS): d= 8.08 (s, 1H, GeH),
7.15–7.07 (m, 6H, ArH), 4.92 (s, 1H, g-CH), 3.58 (sept, 3JACHTUNGTRENNUNG(H,H)=
6.8 Hz, 2H, CHACHTUNGTRENNUNG(CH3)2), 3.41 (sept,

3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 2H, CH ACHTUNGTRENNUNG(CH3)2),
1.55 (s, 6H, CH3), 1.37 (d,

3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CHACHTUNGTRENNUNG(CH3)2), 1.29 (d,
3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CH ACHTUNGTRENNUNG(CH3)2), 1.19 (d, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H,
CHACHTUNGTRENNUNG(CH3)2), 1.17 ppm (d, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CH ACHTUNGTRENNUNG(CH3)2);
13C NMR (125.8 MHz, C6D6, 25 8C, TMS): d= 167.5 (CN), 146.5,
143.5, 141.6, 127.3, 124.6, 124.3 (Ar), 97.8 (g-CH), 29.0 (CH3), 28.2
(CH ACHTUNGTRENNUNG(CH3)2), 27.0 (CHACHTUNGTRENNUNG(CH3)2), 24.8 (CHACHTUNGTRENNUNG(CH3)2), 24.4 (CHACHTUNGTRENNUNG(CH3)2),
23.7 (CHACHTUNGTRENNUNG(CH3)2), 22.8 ppm (CHACHTUNGTRENNUNG(CH3)2); EI-MS (70 eV): m/z (%):
491 (100) [M�H]+, 449 (40) [M�iPr]+. Elemental analysis (%) calcd
for C29H42GeN2 (491.26): C 70.69, H 8.60, N 5.70; found: C 70.20, H
8.53, N 5.36.

4 : A solution of 2 (1.85 g, 3.24 mmol) in toluene (30 mL) was
cooled to �4 8C and added slowly to a solution of AlH3·NMe3
(3.24 mL, 1.0m in toluene). The cooling bath was removed after
15 min, and the solution was stirred further until NMe3 elimination
had ceased. The color of the solution changed from pale yellow to
green. The solvent was removed in vacuo, and the green residue was
extracted with n-hexane. The solvent was removed to afford 4 as a
green powder. Yield: 1.58 g (91%); m.p. 125 8C (decomp); IR (KBr
pellet): ñ= 1849 cm�1 (m, SnH); 1H NMR (500 MHz, C6D6, 25 8C,
TMS): d= 13.83 (s, 1JACHTUNGTRENNUNG(119Sn,1H)= 64 Hz, 1H, SnH), 7.15–7.06 (m, 6H,
ArH), 4.89 (s, 1H, g-CH), 3.52 (sept, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 2H, CH-
ACHTUNGTRENNUNG(CH3)2), 3.46 (sept, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 2H, CHACHTUNGTRENNUNG(CH3)2), 1.62 (s, 6H,
CH3), 1.34 (d, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CHACHTUNGTRENNUNG(CH3)2), 1.27 (d,

3JACHTUNGTRENNUNG(H,H)=
6.8 Hz, 6H, CH ACHTUNGTRENNUNG(CH3)2), 1.19 (d, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CH ACHTUNGTRENNUNG(CH3)2),
1.17 ppm (d, 3JACHTUNGTRENNUNG(H,H)= 6.8 Hz, 6H, CHACHTUNGTRENNUNG(CH3)2);

13C NMR
(125.8 MHz, C6D6, 25 8C, TMS): d= 167.7 (CN), 145.5, 143.0, 142.8,
126.8, 124.7, 124.3 (Ar), 98.3 (g-CH), 29.0 (CH3), 27.8 (CH ACHTUNGTRENNUNG(CH3)2),
26.8 (CHACHTUNGTRENNUNG(CH3)2), 24.8 (CHACHTUNGTRENNUNG(CH3)2), 24.4 (CHACHTUNGTRENNUNG(CH3)2), 24.0 (CH-

ACHTUNGTRENNUNG(CH3)2), 23.4 ppm (CHACHTUNGTRENNUNG(CH3)2);
119Sn NMR (186.5 MHz, C6D6, 25 8C,

Me4Sn): d=�224.7 ppm; EI-MS (70 eV): m/z (%): 537 (5) [M�H]+.
Elemental analysis (%) calcd for C29H42N2Sn (537.36): C 64.82, H
7.88, N 5.21; found: C 64.20, H 7.45, N 5.33.
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