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Abstract: Following the alkane-elimination route, the reaction
between tetravalent aryl tintrihydride Ar*SnH; and trivalent
rare-earth-metallocene alkyls [Cp*,Ln(CH{SiMe,},)] gave com-
plexes [Cp*,Ln(u-H),SnAr*] implementing a low-valent tin
hydride (Ln=Y, Lu; Ar*=2,6-Trip,C¢H;, Trip =2,4,6-triisopro-
pylphenyl). The homologous complexes of germanium and

lead, [Cp*,Ln(u-H),EAr*] (E = Ge, Pb), were accessed via
addition of low-valent [(Ar*EH),] to the rare-earth-metal
hydrides [(Cp*,LnH),]. The lead compounds [Cp*,Ln(u-
H),PbAr*] exhibit H/D exchange in reactions with deuterated
solvents or dihydrogen.

J

Introduction

The chemistry of low-valent hydrides of the heavy Group 14
elements Ge, Sn, and Pb has been extensively studied in the
past 20 years."! The pioneering work of P.P. Power and co-
workers on low-valent dimeric hydrides of tin and germanium
has emphasized the stabilizing effect of bulky terphenyl
ligands.” In the solid state, the respective tin hydride features a
hydrido-bridged dimer arrangement [Ar*Sn(u-H)l,, which in
solution exhibits a dynamic interplay with the stannyl-stanny-
lene isomer [Ar*Sn-SnH,Ar]. The germanium hydride however
shows the structure of a digermene [Ar’(H)GeGe(H)Ar"] (Ar"=
C¢H;-2,6-Dipp,, Dipp=C¢H;-2,6-iPr,).*” Monomeric hydrides of
low-valent tin and germanium were obtained in the presence
of chelating ligands or bulky amides.™ The first low-valent
hydride of lead was presented five years ago, displaying the
hydrido-bridged dimer motif, both in the solid state and
solution.”

Hydride chemistry of the rare-earthmetals (Ln) is of great
interest both in fundamental research and on the application
side.” Besides the importance of parent hydride complexes,
tetrahydridoborato,® organohydridoborato,*” and polydentate
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amino- or phosphinodiboranato derivatives emerged as prom-
inent ligand classes. Many of such highly reactive rare-earth-
metal compounds draw on the stabilizing effect of B-H
coordination.®”*? Though of relevance for catalytic applica-
tions, the corresponding molecular Ln/Al-bimetallic hydrides
have not been as well studied. In particular, Bulychev and
Soloveichik have demonstrated a rich coordination chemistry of
[AIH,]7, [AlH;], and [AIH,]* moieties when introduced into rare-
earth-metallocenes."” Piers monomeric scandium complex
[LSc(AIH,)CI(THF),] (L=/ArNCtBuCHCtBUNAr, Ar=C4H,iPr,-2,6)
revealed a 6-coordinate aluminum with three hydrido ligands
bridging to the scandium center." Anwander and co-workers
presented the monomeric tris(pyrazolyl)borato-supported het-
eroaluminate complexes [Tp®*™Ln(HAIMe;),] (Ln=Y, Lu) featur-
ing linear Ln(ll)—H-AI(ll) linkages."? The bimetallic doubly
hydrido-bridged complex [Cp,*Y(u-H),Al(Me){N(SiMe;),}] was
shown to promote the hydroalumination of 1-octene.™ f-
Element silicon chemistry has revealed silanido ligands of type
[SiH;17, [Si,H,J*", [SiH,Phl~, [SiH(SiMe;),]~, [SiH,(SiPh,)I™ with
predominant Ln-Si coordination™ while Ln--H-Si B-agostic
linkages are routinely observed in Ln(lll) complexes with silyl-
substituted amido and alkyl ligands." Ln—H—E linkages involv-
ing the heavy tetrels feature the linearly aligned ytterbium
complex [(Ph,GeH),Yb(THF),] as the only example."”® The
present study reports on hydrido-bridged bimetallic complexes
of the trivalent rare-earth-metals yttrium and lutetium and low-
valent Group 14 elements germanium, tin, and lead.

Results and Discussion

Our initial investigations involved reaction mixtures of low-
valent tin hydride [(Ar*SnH),] (1) and alkyl complex [Cp*,Y-
(CH5)(THF)] (2), providing evidence for hydrido-bridged complex
[Cp*,Y(u-H),SnAr*] [(3), connectivity structure, Scheme 1]. How-
ever, side product [(Ar*SnCH,),] (4) and reactions thereof with
the tin hydride starting material (cf., Supporting Information for

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Formation of the hydrido-bridged yttrium-tin compound 3.
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Scheme 3. Alkane-elimination route to synthesize compounds 3 and 9.

Figure 1. Crystal structures of 3 (left) and 17 (right). Atomic displacement
parameters set at 50% probability. Iso-propyl groups and hydrogen atoms
except for hydrido bridges are omitted for clarity. For selected interatomic
distances and angles, see Table 1.
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an NMR study, Scheme 2) impeded the isolation of 3. Therefore,
we envisaged different synthesis protocols.

Treatment of the donor-free alkyl complexes [Cp*,Ln(CH
{SiMe;},)] (Ln=Y (7), Lu (8)) with organotin(lV) trihydride
[Ar*SnH;] (6) in the presence of diethyl methylamine resulted in
alkane elimination and the formation of bimetallic complexes
[Cp*,Ln(p-H),SnAr*] (Ln=Y (3), Lu (9)) (Scheme 3). Base NEt,Me
has shown previously to trigger dihydrogen elimination in
organotin trihydrides."” Both stannylene hydride complexes
were obtained in reasonable yield (3: 87%, 9: 68%). The
molecular structure of the yttrium derivative 3 is depicted in
Figure 1 (9: Figure S1) and selected interatomic distances are
listed in Table 1. Selected NMR data of complexes 3 and 9 are

Table 1. Selected interatomic distances [A] and angles [deg] for complexes 3, 9, 15, 16, and 17.

Ln-E Y=Sn (3) Y—Pb (16) Lu—Ge (15)" Lu-Sn (9) Lu—Pb (17)
Ln—E 3.2374(5) 3.2957(4) 2.77 3.1868(4) 3.2441(2)
Ln—H 2.27(3), 2.25(3) 2.23(4), 2.20(4) 2.17(4), 2.20(5) 2.25(5), 2.19(4)
E-H 1.84(3), 1.85(3) 1.93(4), 1.95(4) 1.82(4), 1.91(4) 1.87(5), 1.95(4)
E-C1 2.244(2) 2.340(3) 2.01 2.251(3) 2.344(3)
Ln—Cp* 2.600(3)-2.666(3) 2.602(3)-2.674(4) 2.55-2.60 2.552(3)-2.626(3) 2.557(3)-2.628(3)
Ln—E—C1 122.2(1) 120.8(1) 121.6(1) 120.8(1)
H1—Ln—H2 63.2(1) 66.7(14) 65.1(16) 66.1(16)
H1-E-H2 79.9(2) 77.8(17) 78.2(19) 79(2)

C1-E-H1 98.6 (10) 103.3(13) 100.1(12) 98.3(14)
C1—E—-H2 104.8(11) 105.1(12) 104.2(14) 105.6(13)
Ln—H1-E 103.1(1) 103.7(8) 105.8(9) 103.7(4)
Ln—H2—-E 104.4(2) 104.8(2) 101.8(4) 103.0(2)

> g 283 286 293 283

[a] 15 exhibits a slight disorder in the solid state. Hydrogen atoms were placed in calculated positions. [b] Sum of angles around atom E.
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compiled in Table 2. The less reactive germanium trihydride
Ar*GeH; did not engage in alkane elimination with [Cp*,Ln(CH
{SiMe;},)] and the analogous lead trihydride Ar*PbH; is
unknown.® Therefore, we targeted addition reactions of the
low-valent hydrides [(Ar*EH),] [E=Ge (10),**' Pb (11)***"] to
the rare-earth-metal hydrides [(Cp*,Ln(u-H),] [Ln=Y (12), Lu
(13)%] (Scheme 4). A similar procedure was employed by Evans
and co-workers for the synthesis of [Cp*,Y(u-H),BCgH ,1.79 The
bimetallic hydrido-bridged complexes [Cp*,Ln(u-H),EAr*] [Y/Ge
14 (47 %), Lu/Ge 15 (41%), Y/Pb 16 (61%), Lu/Pb 17 (52%)]
were obtained as yellow (14, 15, 17) or orange (16) colored
solids. Crystals suitable for XRD analysis were obtained from
solutions in n-pentane (Lu/Pb 17, Figure 1; for the crystal
structures of 9, 15, 16 see Supporting Information). The
presented bimetallic rare-earth-metal complexes are moisture-
and temperature-sensitive and were stored at —40°C under
argon.

Comparing the interatomic distances found in the solid-
state structures of 3, 9, 15-17, as expected the smaller lutetium
atom exhibits shorter distances than yttrium. Furthermore, the
series of Ln/E compounds seemed to indicate a comparatively
short Ln-Ge distance, although a slight disorder of the
germanium atom over two positions precludes any further
interpretation. Ln—H—Ge linkages were only reported for the
aforementioned ytterbium complex [(Ph;GeH),Yb(THF),1."® Di-
rect Ln—Ge and Ln—Sn linkages were also mainly described for
divalent Ln(ll) (Ln=Eu, Sm, Yb)™* involving anionic ligands of
type RsE [E=Ge, Sn, R=Ph;?" E=5Sn, R=Me,Sn,”? CH,tBu,* (2-
pyridyl)?¥], chelating (Ph,Ge),* and metalloid cluster [Gey{Si-
(SiMe;)5};1.2% Dysprosium complexes [(CsH,iPr),Dy(GePh,)(THF)]
and [(CsMe;),Dy(SnPh;)(THF)] display rare examples of Ln(lll)/
heavy tetrel bonding and were accessed both via salt meta-
thesis and alkane-elimination protocols, respectively.”'®¥ Hydri-
do-bridged lanthanide complexes with low-valent element
hydrides have not been reported so far.

In the IR spectra, bands for the Ln-(u-H),-E moiety could not
be clearly assigned because they are obscured by vibrations of
the other ligands. However, based on the IR data of bridged
hydrides [(Ar*PbH),1,“" [(Ar*SnH),1,*? [HPb(u-H)I,*" [Cp,Lu(u-
H)AIH;(NEt;)]"® the bands for Ln-(u-H),-E should appear in the
800-1200 cm™' range. The NMR spectroscopy studies confirm
the molecular structures found in the solid state. In the series of
Group 14 elements Ge, Sn, and Pb the signal in the 'H NMR
spectrum of the hydrido ligands was found at increasing
frequency (Ad=10.17-10.52 ppm). Whereas the influence of
the different rare-earth metals Y and Lu is in the series of
compounds much smaller (Ad=0.32-1.01 ppm). The lead
hydride resonances of 16 and 17 at high frequency are a result
of the spin-orbit coupling between the lead and hydrogen
atom (SO-HALA effect). The SO-HALA effect, which was
intensively studied,”” is very pronounced in the case of the low
valent hydrides [(Ar*EH),] (E=Ge, 6.30 ppm,*” E=Sn, 7.87/
9.82 ppm),@ E=Pb, 35.61 ppm).“? The "'°Sn NMR signals of 3
and 9 lie in the typical range for triply coordinate Sn(ll)
compounds and can be compared with low-valent tin adducts
[Ar*SnH(NHCQ)] (—338 ppm),* [(DipNacNac)SnH)]
(=225 ppm),®¥ and [Ar*SnH(DMAP)] (225 ppm).'”? The size of
the Sn—H coupling constant (Table 2) points to a small s-orbital
participation, which is an argument for a lone pair on the tin
atom corroborating the trigonal pyramidal coordination (see
Table 1 sum of angles around Sn). These findings are in line
with the lithium/tin hydrido-bridged dimer [(TMPDA)Li(p-
H),SnAr*] ('Js,.y= 175 Hz).'" The **’Pb NMR signals of 16 and 17
can be compared with the *’Pb NMR signal found for the
hydride [(Ar*PbH),] (3736 ppm)“? and range at low frequencies
in comparison to the rhodium derivative [(Ph;P),Rh(u-H),PbAr*]
(8195 ppm).*? The 'Jy,,, coupling constants observed for 16
(1090 Hz) and 17 (1069 Hz) are large in comparison to other low
valent lead hydride coupling constants: [(ArPbH),] (Ar=Ar*, Ar,
Ar"™, 696-734 Hz)," [Ar*PbH("*NHQC)] (955 Hz),**! [(Ph;P),Rh(u-

Table 2. NMR data of complexes 3, 9, and 14-17.
Ln—H-E 'H NMR 6 [ppm] ey [Hzl E="°Sn/*Pb Uy [Hz] 19Sn/*’Pb NMR #Y NMR 6 [ppm] (Je_y) [Hz]
o [ppm]
Y—Ge (14) 3.64 7.4 105
Lu—Ge (15) 4.31
Y—Sn (3) 4.83 148 19.3 —36 65 (85)
Lu—Sn (9) 5.84 228 —54
Y—Pb (16) 14.16 1090 22.0 2261 173 (386)
Lu—Pb (17) 14.48 1069 2251
H
e k% = Trip
*E % n-hexane, RT % /E
Trip, Trip —_—> 2 LnH
\@/ \H/ \%\H Tm
2
E: Ge (10), Pb (11) Ln:Y (12), Lu (13) E: Ge, Ln: Y (14)
E: Ge, Ln: Lu (15)
E: Pb, Ln: Y (16)
E: Pb, Ln: Lu (17)

Scheme 4. Exchange between hydrido-bridged dimers.
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H),PbAr*] (124 Hz) (Ar'=2,6-Mes,CH;, Mes=2,4,6-trimeth-
ylphenyl; Arf™ = C(H;-2,6-(C¢H;-2,6-Pr,),).2” Due to the coupling
with the protons and the ®Y isotope (100%, 1=1/2), the '"°Sn
(3) and *’Pb NMR spectra (16) show a doublet of triplets. The
signals in the Y NMR spectra of 3, 14, and 16 were found in
the range of Cp*,YR complexes.”™" The 'J,,, coupling con-
stants, which were observed in the '"H NMR spectra of 14 (Y—Ge,
74Hz), 3 (Y-Sn, 193 Hz), and 16 (Y-Pb, 22.0Hz), can be
compared with hydrido-bridged yttrium complexes [(Cp*,Y u-
H),] (37.5H2),5? [Cp*Y(u-H){un’n'(CsMe,CH,}YCp*,]®  and
[Cp*,Y(u-H),Al(Me){N(SiMe,),}] (20.5-25.5 Hz).***¥ The 'J,,, cou-
pling constant for the germanium derivative is considerably
smaller than those detected in the tin and lead derivatives. This
observation might indicate a slight change of the [Y(u-H),E]
coordination. For comparison, the TMPDA—Li-salts of anions
[Ar*EH,]- (E=Ge, Sn) revealed two different coordination
modes arising from distinct tetrel nucleophilicities (Ge > Sn)
(Scheme 5)." Accordingly, we assumed a higher degree of
Y—Ge bond formation in [Cp*,Y(u-H),GeAr*] (Scheme 5), which
would be in line with a reduction of the Y—H interaction.
Bochkarev et al. discussed a comparable situation with the
coordination of Ph,GeH at ytterbium in [(Ph,GeH),Yb(THF),]."
To correlate our spectroscopic findings with the electronic
situation, quantum chemical calculations were carried out using
ORCA.®' The geometries of all bimetallic complexes were
optimized, including 14, for which a crystal structure could not
be obtained. The calculated structural parameters for 3, 9, 16,
and 17 were in good agreement with their X-ray counterparts
reported above (for details, see the Supporting Information).
The calculated Y—H distances for 3, 14, and 16 were in a similar
range, but showed a slight trend toward increasing distances in
the series E=Pb (2.17 A), Sn (2.19 A), Ge (2.22 A avg.). A similar
trend could be observed for the corresponding Lu—H distances
in 9, 15, and 17. Due to these small differences, we carried out
an NBO analysis to explore the bonding in more detail.?® The
data revealed that for all complexes, both the lone pair on E
and the E—H bonds donate electron density toward the rare-
earth metal, which supports the view of an intermediate
coordination mode, as depicted in Scheme 5. Within the NBO
scheme, these contributions can be quantified by analyzing the
atomic composition of the respective natural localized molec-
ular orbitals (NLMOs), which represent the parent Lewis-type
NBOs (lone pair on E, E-H bonds), along with their non-Lewis
delocalization tails, which originate from donor-acceptor inter-

N E
Cp'\ /7\Ar*
L
Cp’/ \H
/ l/ ,
I\ll N\ /AF
\L‘,.--\“H""., o Li Gi
N, N/ ::'
< N T A

I\

Scheme 5. Coordination geometry for the hydrido-bridged bimetallic com-
plexes reported in this work (Ln=Y, Lu; E=Ge, Sn, Pb), in comparison to
related Li salts with low-valent Group 14 element hydrides."”
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actions, for example, toward the rare-earth metal. In the case of
the complexes featuring yttrium, the rare-earthmetal atom
shares an increasing amount of electron density, associated
with the lone pair on E, when going from E=Pb (3.8%) and Sn
(5.0%) to its lighter congener Ge (7.4%). At the same time, the
E—-H-Y interaction noticeably decreases, as indicated by the
atomic contributions of Y to the NLMOs associated with the
E—H bonds (E=Pb: 10.6/11.2%; E=Sn: 9.5/9.8%; E=Ge: 7.5/
7.7%). An analogous trend was observed for the complexes
containing lutetium. Both types of NLMOs are displayed in
Figure 2 for the case of 14.

Finally, it is also noteworthy to mention, that the NBO-
derived atomic charges on the bridging hydrido ligands, g(H),
change significantly, when germanium is involved, due to the
smaller bond polarity of the Ge—H bond: g(H)=—0.23 (E=Ge)
vs. —0.38 and —0.40, in the case of Sn and Pb, respectively. This
might also be a contributing factor to the observed differences
in the 'J,,.; coupling constant.

Solutions of the lead derivatives 16 and 17 in aromatic
solvents show formation of the diplumbyne [(Ar*Pb),], which
was also found as the product of lead hydride [(Ar*PbH),]
decomposition (complete decomposition after 2.5 h, RT). The
yttrium complex (14 h, RT, 16 % decomposition) shows a much
faster decomposition reaction in comparison to the lutetium
complex (14 h, RT, 9% decomposition). Besides decomposition
both complexes show an H/D-exchange reaction in benzene-dg
solution at ambient temperature. A mixture of (u-H),/(u-H)(u-D)
species of 60:40% was observed after 1h in the 'HNMR
spectrum, with the Y/Pb complex, and after 5 h with the Lu/Pb
compound. Rare-earth-metal hydrides [(Cp*,LnH),] are well
known for their H/D exchange reactivity via o-bond
metathesis.?****! The completely deuterated complex of 16
could be transferred back to the hydrogenated species via
reaction with C¢Hg or H,. The slightly larger yttrium ion exhibits
higher reactivity in both reactions, decomposition and H/D
exchange. The *Pb NMR spectrum of the deuterated complex
[Cp*,Y(D),PbAr*] revealed a signal at a smaller frequency
(2229 ppm, Jpp.o =167 Hz, 2,y =387 Hz) in comparison to the
hydrogen species 16 (2261 ppm, d/tr, 'Jp,=1090 Hz, ZJppy=
386 Hz). The ratio of the Pb—D/Pb—H coupling constants is in
agreement with the ratio of magnetogyric ratios, y(*H)/y('H).
The *’Pb isotope shift difference of Pb(H),Y versus Pb(D),Y
species of Ad=-32ppm was predicted by Jameson and

Figure 2. Depiction of the NLMOs in 14, which represent the donor-acceptor
interactions between Y and the lone pair on Ge (left) and one of the Ge—H
bonds (right), respectively.
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Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202201032

coworkers.”® The homologous tin derivatives 3 and 9 show less
pronounced H/D exchange reactivity: after several hours at
50°C only a small amount (<5%) of deuterated product was
found in the NMR spectra. The germanium derivatives 14 and
15 do not show any H/D exchange activity in solution at
ambient temperature.

Conclusion

Hydrido-bridged bimetallic complexes featuring trivalent rare-
earth-metals yttrium and lutetium and divalent heavy Group 14
elements germanium, tin, and lead are accessible via the
alkane-elimination route or an element-hydride exchange
reaction. In particular, molecular Ln—H-Sn linkages bear
relevance to organolanthanide-promoted hydrostannylation
reactions.®”

Experimental Section

General remarks: General information. All manipulations were
carried out under an argon atmosphere using standard Schlenk
techniques and gloveboxes. n-Pentane and n-hexane were dried
using a M. Braun - Solvent Purification System (SPS). All solvents
were distilled from sodium or potassium. All solvents were
subsequently  degassed by  3xfreeze/pump/thaw.  [(2,6-
Trip,CeHaSnH),1,2  [2,6-Trip,CgH;SnHLL Y [(2,6-Trip,CgHsPbH),1, !
[Cp*,YCH(SiMes),],“" [Cp*,LUCH(SiMe,),],2* [(Cp*,YH),],&7
[(Cp*,LuH),]®™ were synthesized following literature procedures.
[(Ar*GeH),] was synthesized by treatment of [(Ar*GeCl),] with
[Ar*GeH,][Li((thf),]1."**? Further chemicals were purchased commer-
cially and used as received. Elemental analyses were performed at
the Institute of Inorganic Chemistry, University of Tiibingen using a
Vario MICRO EL analyzer.

NMR spectroscopy: NMR spectra were recorded with either a
Bruker Avance Ill HD 300 NanoBay spectrometer equipped with a
5 mm BBFO probe head and operating at 300.13 ('H), 75.47 (°C),
111.92 ("®Sn), and 62.79 MHz (*”Pb), a Bruker Avancell +400 NMR
spectrometer equipped with a 5mm QNP (quad nucleus probe)
head and operating at 400.11 ('H), 100.62 MHz ("*C), a Bruker AVII+
500 NMR spectrometer with a variable temperature set up and a
5 mm TBO probe head and operating at 500.13 ('H), 125.76 (**C)
and 104.63 MHz (*“Pb), a Bruker Avance Il HDX 600 NMR
spectrometer with a 5 mm Prodigy BBO cryo probe head operating
at 600.13 ('H) and 150.90 ("*C) MHz or a Bruker Avance Ill HDX 700
NMR spectrometer with a 5 mm Prodigy TCl cryo probe head
operating at 700.29 ('H) and 176.10 MHz (C). Chemical shifts are
reported in ¢ values in ppm relative to external TMS ('H, *C), SnMe,
("'"Sn) or PbMe, (*’Pb) referenced in most cases on the residual
proton signal of the solvent C,D¢ ('H 7.15 ppm; '*C 128.0 ppm). 'H
and "C-spectra in toluene-ds benzene-ds were referenced using
the chemical shift of the solvent *H resonance frequency and Z=
25.145020% for *C, 2=37.290632% for '"°Sn and E=20.920599 %
for 2’Pb.* The multiplicity of the signals is abbreviated as s=
singlet, d=doublet, t=triplet, quint=quintet, sept=septet and
m=multiplet or unresolved. The proton and carbon signals were
assigned by detailed analysis of 'H, *C {'H}, 'H-'H COSY, 'H-"*C
HSQC, 'H-"*C HMBC and "*C{"H} DEPT-135 spectra. 'H-*Y-HSQC NMR
experiments were performed on a Bruker AVII+500 NMR spectrom-
eter using 5 mm tubes with a 5 mm ATM probehead operating at
500.13 ('H) and 24.51 MHz (**Y). For Y NMR the IUPAC reference
standard with £=4.900198% has been used.””
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Crystallography: X-ray data were collected with a Bruker Smart
APEX Il diffractometer with graphite-monochromated Mo K,
radiation or a Bruker APEX Il Duo diffractometer with a Mo IuS
microfocus tube. The programs used were Bruker’s APEX2 v2011.8-
0, including SAINT for data reduction. SADABS for absorption
correction, and SHELXS for structure solution, as well as the WinGX
suite of programs version 1.70.01 or the GUI ShelXle, including
SHELXL for structure refinement.*!

Quantum chemical calculations: On the basis of the molecular
structures of 3, 9, 15, 16, 17, determined in the solid state, and in
the case of 14, based on the molecular structure of 3 (while Sn was
exchanged for Ge), the geometries of the bimetallic complexes
were optimized using the programme Orca4.2.1% along with
BP86,“"! Grimme’s dispersion correction and Becke-Johnson damp-
ing (D3BJ)." The basis sets employed were def2-TZVP for Ge, Sn,
Pb, Y, Lu (in combination with def2 effective core potentials, except
for Ge), as implemented in ORCA4.2.1, and def2-SVP on all other
elements.*” For all calculations, tight or very tight convergence
criteria were applied for optimizations and SCF convergence,
respectively; as gridsizes “grid6” and “finalgrid7” were selected.
Absence of imaginary frequencies on this level of theory confirmed
local minima on the PES. Analyses of the electronic structures were
performed using NBO7, plots were generated using Chemcraft.®%*®l

The data that support the findings of this study are available in the
Supporting Information for this article.

Synthesis: Synthesis of Cp*,Y(u-H),SnAr* (3). Cp*,YCH(SiMe;),
(60.0 mg, 116 umol, 1.00 eq.) and Ar*SnH; (69.8 mg, 116 umol,
1.00 eq.) were suspended in n-pentane (2.5 mL) and NEt,Me (ca.
50 pL, ca. 36 mg, ca. 400 umol, ca. 4 eq.) was added. The reaction
mixture was stirred in a closed reaction vessel for 24 h at ambient
temperature, upon which it turned into a yellow suspension.
Filtration of the yellow solid, additional washing with n-pentane
(1x1 mL) and drying in vacuo yielded the product Cp*,Y(u-H),SnAr*
as yellow powder (96.8 mg, 101 pmol, 87 %). Crystals suitable for X-
ray analysis could be obtained from a saturated pentane solution
after several days at ambient temperature. Elemental analysis calcd
(%) for CgHg,SNY: C 69.93, H 8.49; found: C 70.02, H 8.41.

Synthesis of Cp*,Lu(u-H),SnAr* (9). Cp*,LUCH(SiMe;), (30.0 mg,
49.6 pmol, 1.00 eq.) and Ar*SnH; (29.9 mg, 49.6 pmol, 1.00 eq.) were
suspended in n-pentane (1 mL) and NEt,Me (ca. 25 pl, ca. 20 mg, ca.
200 umol, ca. 4 eq.) was added. The reaction mixture was stirred in
a closed reaction vessel for 48 h at ambient temperature, upon
which it turned into a yellow suspension. Filtration of the yellow
solid, additional washing with n-pentane (1x0.5 mL) and drying in
vacuo yielded the product Cp*,Lu(u-H),SnAr* as yellow powder
(35.1 mg, 33.5 umol, 68%). Crystals suitable for X-ray analysis could
be obtained from a saturated n-pentane solution after several days
at ambient temperature. Elemental analysis calcd (%) for
CysHg,LuSn: C 64.18, H 7.79; found: C 64.22, H 7.82.

Synthesis of Cp*,Y(u-H),PbAr* (16). [Cp*,YH], (20.0 mg, 27.7 pmol,
1.00 eq.) and [Ar*PbH], (38.3 mg, 27.7 umol, 1.00 eq.) were sus-
pended in n-pentane (1.5 mL) and stirred in a closed reaction vessel
for 20 h at ambient temperature. Filtration of the orange solid,
additional washing with pentane (1x0.5 mL) and drying in vacuo
yielded the crude product. Redissolving it in benzene (or C¢Dy) led
to a blackish-yellow suspension, which after filtration through a
syringe filter, to remove elemental lead, yielded a clear, yellow
solution of the product Cp*,Y(u-H),PbAr*. Attempts to remove the
solvent again in vacuo resulted in a deep red coloration of the
reaction solution. However, a satisfactory elemental analysis could
be obtained from the red residue (35.6 mg, 33.9 umol, 61%). Also,
under 1 atm argon the solution at ambient temperature tended to
a slow orange-red coloration with loss of H, and formation of,

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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among others, [Ar*PbPbAr*]. Crystals suitable for X-ray analysis
could be obtained from a saturated n-pentane solution after several
days at —40°C. Elemental analysis calcd (%) for CssHg,PbY: C 64.04,
H 7.77; found: C 64.47, H 7.57.

Synthesis  of Cp*Lu(u-H),PbAr* (17). [Cp*,LuH]l, (28.0 mg,
31.4 pmol, 1.00 eq.) and [Ar*PbH], (43.3 mg, 31.4 umol, 1.00 eq.)
were suspended in n-pentane (1.5mL) and stirred in a closed
reaction vessel for 20 h at ambient temperature. All volatiles were
removed in vacuo, benzene (2 mL) were added and the solution
stirred for 5 h. After filtration through a syringe filter the solvent
was again removed in vacuo and the residue resuspended in n-
pentane (1.5 mL). Vigorous stirring for 15 min led to a yellow-
orange suspension. Filtration of the yellow solid, additional washing
with n-pentane (1x0.5 mL) and drying in vacuo yielded the product
Cp*,Lu(u-H),PbAr* as yellow powder (37.2 mg, 32.7 umol, 52%).
Crystals suitable for X-ray analysis could be obtained from a
saturated n-pentane solution after several days at ambient temper-
ature. Elemental analysis calcd (%) for CggHg,LuPb: C 59.19, H 7.18;
found: C 58.73, H 7.05.

Synthesis of Cp*,Y(u-H),GeAr* (14). [Cp*,YH], (20.8 mg, 28.9 umol,
1.00 eq.) and [Ar*GeH], (32.1 mg, 28.9 umol, 1.00 eq.) were sus-
pended in n-pentane (2.5 mL) and stirred for 3 days at ambient
temperature. All volatiles were removed in vacuo, benzene (3 mL)
were added and the suspension filtered through a syringe filter.
The solvent was again removed in vacuo and the light yellow
residue resuspended in n-pentane (1.5 mL). Vigorous stirring for
15 min led to a yellow suspension. Filtration of the solid, additional
washing with n-pentane (1x0.5 mL) and drying in vacuo yielded
the product Cp*,Y(u-H),GeAr* as light yellow powder (24.9 mg,
27.2 umol, 47 %). Elemental analysis calcd (%) for CseHg GeY: C
73.45, H 8.92; found: C 73.44, H 8.59.

Synthesis of Cp*,Lu(u-H),GeAr* (15). [Cp*,LuH]l, (30.5mg,
34.1 umol, 1.00 eq.) and [Ar*GeH], (37.9 mg, 34.1 umol, 1.00 eq.)
were suspended in n-pentane (2.5mL) and stirred for 3 days at
ambient temperature. All volatiles were removed in vacuo, benzene
(3 mL) were added and the suspension filtered through a syringe
filter. The solvent was again removed in vacuo and the light yellow
residue resuspended in n-pentane (2 mL). Vigorous stirring for
15 min led to a yellow suspension. Filtration of the solid, additional
washing with n-pentane (1x0.5 mL) and drying in vacuo yielded
the product Cp*,Lu(u-H),GeAr* as light yellow powder (27.7 mg,
27.6 umol, 419%). Crystals suitable for X-ray analysis could be
obtained from a saturated pentane solution after several days at
ambient temperature. Elemental analysis calcd (%) for CsgHg,GeLu:
C 67.14, H 8.15; found: C 67.16, H 7.97.

Deposition Number(s) 2162810 (for 16), 2162811 (for 3), 2162812
(for 9), 2162813 (for 17), and 2162814 (for 15) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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