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[Ar*EH] (E ¼ Ge, Sn, Pb)
coordination at tantalum, tungsten, and zirconium†

Max Widemann,a Sebastian Jeggle,a Maximilian Auer,a Klaus Eichele,a

Hartmut Schubert,a Christian P. Sindlinger *b and Lars Wesemann *a

In a reaction of tantalocene trihydridewith the low valent aryl tin cation [Ar*Sn(C6H6)][Al(OC{CF3}3)4] (1a) the

hydridostannylene complex [Cp2TaH2–Sn(H)Ar*][Al(OC{CF3}3)4] (2) was synthesized. Hydride bridged

adducts [Cp2WH2EAr*][Al(OC{CF3}3)4] (E ¼ Sn 3a, Pb 3b) were isolated as products of the reaction

between Cp2WH2 and cations [Ar*E(C6H6)][Al(OC{CF3}3)4] (E ¼ Sn 1a, Pb 1b). The tin adduct 3a exhibits

a proton migration to give the hydridostannylene complex [Cp2W(H)]Sn(H)Ar*][Al(OC{CF3}3)4] 4a. The

cationic complex 4a is deprotonated at the tin atom in reaction with base MeNHC at 80 �C to give

a hydrido-tungstenostannylene [Cp2W(H)SnAr*] 5a. Reprotonation of metallostannylene 5a with acid

[H(Et2O)2][BAr
F] provides an alternative route to hydridotetrylene coordination. Complex 4a adds hydride

to give the dihydrostannyl complex [Cp2W(H)–SnH2Ar*] (7). With styrene 4a shows formation of

a hydrostannylation product [Cp2W(H)]Sn(CH2CH2Ph)Ar*][Al(OC{CF3}3)4] (8). The lead adduct 3b was

deprotonated with MeNHC to give plumbylene 5b [Cp2W(H)PbAr*]. Protonation of 5b with [H(Et2O)2]

[Al(OC{CF3}3)4] at �40 �C followed by low temperature NMR spectroscopy indicates

a hydridoplumbylene intermediate [Cp2W(H)]Pb(H)Ar*]+ (4b). Hydrido-tungstenotetrylenes of elements

Ge (5c), Sn (5a) and Pb (5b) were also synthesized reacting the salt [Cp2W(H)Li]4 with organotetrylene

halides. The metallogermylene [Cp2W(H)GeAr*] (5c) shows an isomerization via 1,2-H-migration to give

the hydridogermylene [Cp2W]Ge(H)Ar*] (9), which is accelerated by addition of AIBN. 9 is at rt

photochemically transferred back to 5c under light of a mercury vapor lamp. Zirconocene dihydride

[Cp2ZrH2]2 reacts with tin cation 1a to give the trinuclear hydridostannylene adduct 10 [({Cp2Zr}2{m-

H})(m-H)2m-Sn(H)Ar*][Al(OC{CF3}3)4]. Deprotonation of 10 was carried out using benzyl potassium to give

neutral [({Cp2Zr}2{m-H})(m-H)m-Sn(H)Ar*] (11). 11 was also obtained from the reaction of low valent tin

hydride [Ar*SnH]2 with two equivalents of [Cp2ZrH2]2. The trihydride Ar*SnH3 reacts with half of an

equivalent of [Cp2ZrH2]2 under evolution of hydrogen and formation of a dihydrostannyl complex 13

[Cp2Zr(m-H)SnH2Ar*]2 and with further equivalents of Ar*SnH3 to give bis(hydridostannylene) complex

[Cp2Zr{Sn(H)Ar*}2].
Introduction

The coordination chemistry of tetrylenes [ER2; E ¼ Si, Ge, Sn,
Pb; R ¼ aryl, alkyl, amide, alkoxide, silyl] has been studied
successfully over the last y years.1–12 While numerous exam-
ples of tetrylene transitionmetal complexes and reports on their
chemistry have been published, there is only a small number of
hydridotetrylene coordination compounds in the literature.
Hydridotetrylene complexes were synthesized by chloride
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abstraction from chlorosilyl or germyl ligands and by chloride
abstraction from transition metal substituted chloride
complexes followed by a 1,2-H migration (Scheme 1).13–15 The
research groups of Tilley and Tobita developed the alkane
elimination route for the syntheses of hydridotetrylene coordi-
nation compounds by reacting organometallic alkyl complexes
with organoelement trihydrides of Si, Ge, and Sn (Scheme 1).
Aer transfer of the tetryl group to the transition metal, an open
coordination site allows 1,2-H migration to give the hydridote-
trylene ligand.16–28 Recently Power et al. presented an example
for a nucleophilic substitution using the low valent tin hydride
Ar*SnH [Ar* ¼ 2,6-Trip2C6H3, Trip ¼ 2,4,6-triisopropylphenyl]
as a ligand to replace a coordinating THF (Scheme 1).29 This
research group investigated the coordination chemistry of
anions [Ar*GeH2]

� and [Ar*SnH2]
� in reaction with group 4

metallocene dihalides. Interestingly aer substitution of the
halides, the stannyl complexes spontaneously eliminate
Chem. Sci., 2022, 13, 3999–4009 | 3999
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Scheme 1 Reported synthetic methods for hydridotetrylene
complexes.

Scheme 2 Reaction of the low valent tin cation of 1a with Cp2TaH3 (L
¼ C6H6).

Fig. 1 Left: ORTEP of the molecular structure of the cation of 2.
Thermal ellipsoids are shown at 50% probability level. The anion [Al(OC
{CF3}3)4]

� as well as co-crystallised 1,2-difluorobenzene have been
omitted. Selected interatomic distances [Å] and angles [�]: Ta–Sn
2.7207(2), Sn–C1 2.161(3), Ta–H3 1.770(19), Ta–H2 1.81(3), Sn–H1
1.68(4), Sn–H2 2.18(3), Ta–Cp 2.372(3)–2.402(3), Ta–Sn–H1 115.7(14),
Ta–Sn–C1 133.3(1); right (mirrored perspective): LUMOof the cation of
2.
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hydrogen to give the bis(hydridostannylene) coordination
compounds (M ¼ Zr, Hf).30 Stabilized as N-heterocyclic carbene
adducts, dihydrogermylene and stannylene were synthesized
and coordinated as ligands at tungsten pentacarbonyl
fragments.31,32

Low-coordinate cations of heavy Group 14 elements are
attractive compounds for reactivity studies.33 Due to their high
sensitivity, preparation of these cations was realized using bulky
ligands.34,35 Cp* ligands as well as terphenyl derivatives are
prominent substituents in this context and cations like [Cp*E]+

(E ¼ Ge, Sn, Pb) and [Ar*E–L]+ (E ¼ Sn, L ¼ NHC, PtBu3; E ¼
Pb, L ¼ toluene) were reported.34,36–40 Furthermore, amides
provided with sterically demanding groups stabilize Group 14
element cations, which exhibit further contacts with anking
aryl or imine groups.41–43 Chelating ligands like diketiminates or
aminotroponiminates have also been employed for synthesis of
low-coordinate cations of Ge, Sn and Pb.44,45 So far, reactivity
studies of those low valent cations focus on studies of oxidative
additions.33,35,46 Thus, Tobita and co-workers studied insertion
of a cationic metallogermylene into E–H bonds (E ¼ H, B, and
Si).35 We present in this publication reactions of low-valent
Group 14 cations of Sn and Pb with bis(cyclopentadienyl)
hydrides of zirconium, tantalum and tungsten resulting in the
formation hydridotetrylene coordination compounds. The
metallocene hydrides were chosen because of their good
accessibility and different electron congurations. In the case of
germanium, a reversible interconversion between a coordinated
hydridogermylene and hydrido-metallogermylene is presented.

Results and discussion

Both starting materials, the low valent cations of tin and lead,
were synthesized straightforwardly as salts of weakly
4000 | Chem. Sci., 2022, 13, 3999–4009
coordinating anions. Low valent hydrides of tin and lead
[(Ar*EH)2] (E ¼ Sn, Pb)47–49 stabilized by a bulky terphenyl
substituent Ar* [Ar* ¼ 2,6-Trip2C6H3, Trip ¼ 2,4,6-triisopro-
pylphenyl] were reacted with the hydride abstraction reagent
[Ph3C][Al(OC{CF3}3)4] to give yellow [Ar*Sn–L][Al(OC{CF3}3)4]
(1a) and orange [Ar*Pb–L][Al(OC{CF3}3)4] (1b) as crystalline
material (L ¼ solvent benzene).37,39,47–51

Dissolved in 1,2-diuorobenzene (o-DFB) the cations were
reacted with one equivalent of a benzene solution of tantalo-
cene trihydride Cp2TaH3. In the case of the tin cation a product
was selectively formed (Scheme 2) and in the lead case a mixture
of undened reaction products was obtained. The tantalum
complex 2 was isolated by crystallization and in Fig. 1 the
molecular structure of the cation of 2 is depicted.

In the cationic tantalum complex 2 a Ta–Sn bond is formed,
and a hydride is transferred from the tantalum atom to the tin
atom resulting in coordination of hydridoorgano stannylene
[Ar*SnH]. The Ta–Sn bond length of 2.7207(2) Å can be
compared with the Ta–Sn bond [2.752(1) Å] found in complex
Cp2TaH2(SnCl2CH3).52 The LUMO of cation 2 shown in Fig. 1
exhibits to a larger extent an empty p-orbital at the tin atom. In
the 1H NMR for the Ta–H units a doublet was found at
�3.75 ppm (3JHH ¼ 1.4 Hz), also showing coupling with the tin
atom (2JSnH¼ 300 Hz). The signal for the Sn–H unit (t, 3JHH¼ 1.7
Hz) was found at a relatively high frequency, 15.55 ppm,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reaction of Cp2WH2 with low valent tin 1a and lead 1b
cations.
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showing a large 1JSn–H coupling constant (1JSnH ¼ ca. 1040 Hz).
Hydridostannylene coordination at osmium exhibits a compa-
rable signal in the 1H NMR spectrum [Cp*(iPr3P)(H)Os]Sn(H)
trip, 1H NMR 19.4 ppm (SnH), 1JSnH ¼ 775 Hz, 119Sn NMR 786
ppm].19 The 119Sn NMR signal of 2 at 1161 ppm (dt, 1JSnH ¼
1047 Hz, 2JSnH ¼ 308 Hz) can be compared with signals found
for triply coordinate stannylium cations [R3Sn]

+ (R ¼ Trip
714 ppm, R ¼ Dur 720 ppm, R ¼ tBu2MeSi 2653 ppm) (Trip ¼
2,4,6-iPr3C6H2, Dur ¼ 2,3,5,6-Me4C6H).53–57 To rationalize the
119Sn NMR data of 2, NMR chemical shi calculations have
been carried out using ORCA and ADF program packages.58–60

The calculated chemical shi of the tin atom of 2 amounts to
981 ppm (exp. 1161 ppm). Furthermore, in the optimized
structure of 2, contacts between one of the aryl moieties of the
terphenyl substituent and the tin atom were found. Thus,
complex 2 can be regarded as a hydridostannylene complex with
a stannylene acting as s-donor ligand exhibiting no p-acceptor
character. This results in an empty p-orbital at the tin atom and
the triply coordinate tin atom can be regarded as a stannylium
cation. Furthermore, a 119Sn NMR signal at 1161 ppm lies in the
range of known triply coordinate stannylium cations (vide
supra) and therefore interactions of the TaH units with the
stannylium cation of 2 can be excluded.

In contrast to tantalocene trihydride Cp2TaH3 the transition
metal in tungstenocene dihydride Cp2WH2 is not in the
maximum possible oxidation state but in state four and has two
valence electrons. Reacting the cations [Ar*Sn]+ 1a and [Ar*Pb]+

1b (see ESI for synthetic details†) with Cp2WH2 at low temper-
ature (�40 �C) resulted in highly coloured reaction mixtures [E:
Sn (3a) pink; Pb (3b) violet] (Scheme 3). Unlike complex 2, the
resulting products 3a and 3b do not show any hydride transfer
to the main group metal, instead, coordination of the Cp2WH2

fragment via the hydride substituents at the electrophilic Group
14 element was found.

In the 1H NMR spectrum both complexes 3a and 3b exhibit at
rt a broad resonance for the hydride substituents [�10.83 (3a),
�7.55 ppm (3b)]. Below �20 �C two different isomers are
observable, a symmetric one (3s): 3as �10.86 ppm, JW–H 78 Hz;
3bs �7.49 ppm, JW–H 75 Hz; and an asymmetric one (3as): 3aas
�11.13 ppm, JW–H 51 Hz, �8.57 ppm, JW–H 77 Hz; 3bas
�12.31 ppm, JW–H 52 Hz, �4.30 ppm, JW–H 76 Hz (signal at
higher frequency corresponds to the bridging W–H–E unit).
Only in the 1H NMR spectra of 3a 183W satellites were unam-
biguously observed. Due to shorter relaxation times of the 119Sn
nucleus, tin satellites are expected to be broadened beyond
recognition, however 1J119Sn–H coupling was observed in the
119Sn NMR spectrum. These isomers have also been
T C 2 3 3 3 3 3 3 4 4 4 5 5 5 6 7 8 9 a

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 3999–4009 | 4001
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characterized by an 1H–183W-HMQC-NMR experiment at�40 �C
featuring cross peaks for the symmetric and asymmetric
isomer (see ESI for spectra†). Rocchigian, Bochmann and
Hrobárik et al. reported recently on the different coordina-
tion modes of Cp2WH2 at Au(I)/Au(III) cations.61 In the case of
asymmetric hydride coordination a comparable 1H NMR
spectrum was observed: �11.4 ppm, JW–H 48 Hz, �9.6 ppm,
JW–H 61 Hz.61 Furthermore, chemical exchange of all hydrides
in cations 3 was proven by 1H–1H EXSY NMR studies. For the
characterization of the isomers by 119Sn, 207Pb and 183W NMR
spectroscopy see Table 1 and the ESI.† The chemical shi of
the heteroatoms tin and lead in the hydride bridged
complexes 3a (119Sn: 1786, 1735 ppm) and 3b (207Pb:
7986 ppm, 207Pb NMR signal of other isomer was not
observed) can be compared with the values found for the
rhodium complexes showing a comparable structural motif
[(Ph3P)2RhH2EAr*] [E ¼ Sn 1728 ppm, E ¼ Pb 8195 ppm].62

The 183W chemical shis of 3a and 3b (Table 1) lie in the
range known for metallocene hydride complexes of tung-
sten.63–65 The 183W chemical shi is more affected by the
isomerism, symmetric or asymmetric (3as vs. 3aas, 3bs vs.
Fig. 2 ORTEP of the molecular structures of 5a, 4a and 7. Thermal ellip
W–H and Sn–H units and the anion of 4a have been omitted. Selected
2.266(5)–2.330(5), Sn–C1 2.264(4), W–Sn–C1 108.3(1); 4a,W–Sn 2.6221(
138.64(6), H1–W–Sn 90.0(18), W–Sn–H2 119.5(18), H2–Sn–C1 101.8(18
1.69(5), Sn–H2 1.76(3), Sn–H3 1.76(3), W–Sn–C1 134.1(1), H1–W–Sn 87.
H3–Sn–C1 97.6(10).

Scheme 4 (i) MeNHC, toluene/C6H4F2, 70 �C, 3 d, – [MeNHC–H][Al(OC
{CF3}3)4], (ii) [H(Et2O)2][BAr

F] toluene/o-DFB. {[B(3,5-{CF3}2C6H3)4]
� ¼

[BArF]�}.

4002 | Chem. Sci., 2022, 13, 3999–4009
3bas:z300–400 ppm), than the nature of the tetrel, tin or lead
(3as vs. 3bs, 3aas vs. 3bas: z35–80 ppm).

Using a slight excess of Cp2WH2 in the synthesis of 3a (E: Sn),
the deep pink solution decolourises to orange to form the
cationic hydridotungsten hydridostannylene complex 4a.
Presumably, mediated by the basic Cp2WH2, as a proton-
shuttle, a tungsten-bound proton of 3a migrates to Sn and
a W–Sn bond is formed.66 The model of a proton-migration
mediated by a Bronsted-basic Cp2WH2 is corroborated by the
observation that addition of amine-bases such as diethyl
methylamine to isolated 3a equally enables the isomerization
(Scheme 4). The molecular structure of the cation of 4a is shown
in Fig. 2. The W–Sn bond length of 2.6221(2) Å is shorter than
typical single bonds (2.68–2.81 Å)2,67–71 between these elements
and longer than the W–Sn triple bond (2.46–2.50 Å).72,73 In
quantum chemical calculations p-donation from tungsten to
the empty p-orbital at tin atom was found in addition to a W–Sn
s-bond (see ESI† for details of DFT calculations using ORCA
and NBO analysis).58,59,74 The short W–Sn bond in 4a together
with the slight p-donation from W to the empty p-orbital at tin
might be interpreted as an indicator for partial double bond
character between tin and tungsten. In the 1H NMR spectrum
the signals of the hydride units in 4a (W–H �12.73 ppm, Sn–H
15.13 ppm) were found at frequencies typical for Cp2WH-
fragments and hydridostannylene coordination.19,22,30,61 The
1JSn–H coupling constant of 1193 Hz lies close to the values
found in 2 and in the literature examples [Cp2M(Ar*SnH)2] M: Ti
1250 Hz, Zr 1125 Hz, Hf 1060 Hz.30 In the 119Sn NMR spectrum
the signal was found at 1057 ppm corroborating stannylene
coordination at transition metals.19,75 Deprotonation of 4a was
carried out in reaction with a N-heterocyclic carbene 1,3,4,5-
tetramethylimidazol-2-ylidene (MeNHC) at 80 �C in toluene/1,2-
soids are shown at 50% probability level. Hydrogen atoms except the
interatomic distances [Å] and angles [�]: 5a, W–Sn 2.7589(4), W–Cp

2), Sn–H2 1.60(5), W–Cp 2.282(4)–2.330(4), Sn–C1 2.144(2), W–Sn–C1
); 7, W–Sn 2.7582(2), Sn–C1 2.196(3), W–Cp 2.247(3)–2.357(3), W–H1
0(15), W–Sn–H2 108.5(14), W–Sn–H3 112.8(10), H2–Sn–C1 100.1(14),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diuorobenzene (Scheme 4). The colour of the solution changes
from orange to yellow to green and metallostannylene 5a was
isolated aer crystallization in a yield of 44%. The molecular
structure of 5a is presented in Fig. 2. The W–Sn bond length of
2.7589(4) Å is a short single bond for a metallostannylene of
tungsten (vide supra).76,77 Comparing the W–Sn bond lengths in
4a [2.6221(2) Å] and 5a [2.7488(4) Å], due to the partial double
bond character, found for 4a, the protonated derivative 4a
exhibits a shorter W–Sn length. In the 119Sn{1H} NMR spectrum
of 5a a signal at high frequency of 2883 ppm indicates a metal-
lostannylene.76 The signal for the W–H hydride of 5a was found
in the 1H NMR spectrum in the typical range for transition
metal hydrides at �12.37 ppm. Reprotonation of metal-
lostannylene 5a at the tin atom was achieved in reaction with
the acid [H(Et2O)2][BAr

F]78 to give the cationic hydridostanny-
lene complex 4a, now with the weakly coordinating anion
[BArF]� (Scheme 4). Thus, protonation of metallostannylene
complexes is an alternative route for the synthesis of hydrido-
tetrylene coordination compounds.

Deprotonation of the cation 4a was achieved with MeNHC at
80 �C (Scheme 4). Reacting the cation with the carbene at rt an
adduct (Scheme 5, 6) of the N-heterocyclic carbene at the tin was
isolated and characterized by NMR spectroscopy. This adduct 6
is also the product of the reaction between 3a and MeNHC.
Heating this adduct 6 to 80 �C gives the deprotonation product
5a. Tobita et al. studied the NHC-induced conversion of hydri-
do(hydrogermylene) complexes into a germylyne coordination
compound. In this stepwise procedure NHC-adduct formation
was found followed by deprotonation of a W–H unit by the
NHC.79,80 The reactivity of the cationic arylhydridostannylene
complex 4a was investigated in reaction with LiAlH4 (Scheme 6)
and styrene (Scheme 7). Nucleophilic attack of a hydride anion
at the tin atom of cation 4a was observed in reaction with
LiAlH4. The aryldihydridostannyl ligand coordinates at the
tungsten atom in complex 7 with a W–Sn bond length of
2.7582(2) Å.2,67–71 The reverse reaction, hydride abstraction from
complex 7 was also investigated in reaction with the trityl salt
[Ph3C][Al(OC{CF3}3)4] to give the salt 4a in moderate yield of
Scheme 5 (i): Toluene/o-DFB, 80 �C, 3d, – [MeNHC–H][Al(OC
{CF3}3)4].

Scheme 6 Addition and abstraction of protons and hydride ligands. (i):
rt, LiAlH4, Et2O; (ii): rt, [Ph3C][Al(OC{CF3}3)4], o-DFB.

© 2022 The Author(s). Published by the Royal Society of Chemistry
71% based on results of NMR spectroscopy (Scheme 6). Direct
addition or elimination of hydrogen (to transfer of 5a into 7 or 7
into 5a) was not observed (heating or photochemical activation
of 7, addition of hydrogen to 5a, 1–3.5 atm). However, stepwise
addition and abstraction of protons and hydride ligands is
a possible pathway for the reversible conversion of 5a into 7
(Scheme 4 and 6).

With an excess of styrene, hydride complex 4a exhibits
hydrostannylation of the olen at 75 �C (Scheme 7). Insertion of
olenes and carbon dioxide into the Sn–H bond of low valent
organotinhydrides was studied by Power et al. and for a coor-
dinated organohydrido germylene another example of styrene
insertion is presented in the literature.14,29,81

In the case of the low valent lead cation the tungstenocene
dihydride adduct 3b does not exhibit a hydrogen atom migra-
tion from tungsten to lead as in the case of the tin compound
3a. Lead adduct 3b was readily deprotonated at rt by MeNHC to
yield the plumbylene complex 5b (Scheme 8). Evidence for the
formation of an NHC adduct comparable to 6 was not found.
Plumbylene 5b was crystallized from a pentane solution at
�40 �C (see Fig. 3 for ORTEP of the molecular structure). The
W–Pb distance of 2.8226(2) Å found in 5b is shorter than the W–

Pb distance in the plumbylene [Cp(CO)3W–PbAr*, W–Pb
3.006(1) Å].82 Furthermore the 207Pb NMR resonance of 5b was
observed at a very high frequency of 10 534 ppm [Cp(CO)3W–

PbAr* 207Pb NMR 9374 ppm].82 Protonation of 5b was carried
out at �40 �C using [H(Et2O)2][Al(OC{CF3}3)4] as the proton
source (Scheme 8). The cold reaction mixture was directly
investigated by low temperature 1H NMR spectroscopy. Besides
signals of the starting material 5b, and the product 3b two new
signals at very low (�13.67 ppm) and very high (42.13 ppm)
frequencies were detected. Based on a 1H–1H–COSY-LR-NMR
experiment (see ESI†) both signals belong to the same
compound. Furthermore, the signal at high frequency exhibits
both 207Pb- (530 Hz) and 183W-satellites (39 Hz). In the case of
the low frequency signal 183W-satellites (66 Hz) were observed.
Scheme 7 Insertion of styrene into a Sn–H bond.

Scheme 8 (i): + MeNHC, toluene/o-DFB, rt, 3 h, � [MeNHC–H][Al(OC
{CF3}3)4], (ii): + [H(Et2O)2][Al(OC{CF3}3)4], toluene/C6H4F2, rt, – 2 Et2O.

Chem. Sci., 2022, 13, 3999–4009 | 4003

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00297c


Fig. 3 ORTEP of the molecular structures of 5b and 9. Thermal
ellipsoids are shown at 50% probability level. Hydrogen atoms except
the W–H and Ge–H units have been omitted. Selected interatomic
distances [Å] and angles [�]: 5b, W–Pb 2.8226(2), W–Cp 2.260(3)–
2.330(3), Pb–C1 2.353(3), W–Pb–C1 110.1(1); 9, W–Ge 2.4271(3), W–
Cp 2.248(2)–2.310(2), Ge–C1 1.984(2), Ge–H 1.53(2), W–Ge–C1
134.7(1).

Scheme 10 Reaction of the anion [Cp2W(H)Li]4 with low valent aryl-
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Due to comparable spectroscopic data, we speculate about the
structure of this intermediate 4b and suggest a hydrido-
plumbylene motive like in the tin case 4a. Based on this
molecular structure of 4a the tin atom was exchanged against
a lead atom and this structure was optimized using DFT
calculations (see ESI for details†).58,59 This optimized structure
was used for chemical shi calculations of the protons with the
ADF program package.60 The results of these calculations [PbH
exp. 42.13 ppm, calc. 39.3 ppm and WH exp. �13.67 ppm, calc.
�11.5 ppm] lie close to the experimentally observed signals.
This extreme high frequency chemical shi of the PbH unit at
42.13 ppm can be explained with the spin–orbit coupling of the
heavy atom with the light atom (SO-HALA effect).83 This effect
was already observed for low valent lead hydride exhibiting a 1H
NMR signal at 35.61 ppm.49 However, 4b is only an intermediate
in the protonation of 5b and the isolation was not possible,
which could be due to the weak Pb–H bond. With these NMR
data of 4b we present rst indications for a hydridoplumbylene
ligand as the missing piece of Group 14 hydridotetrylene coor-
dination chemistry.

An alternative protocol for the synthesis of tungstenocenyl
substituted tetrylenes 5a and 5b starts with deprotonated
tungstenocene dihydride [Cp2W(H)Li]4 (Scheme 9). In reaction
Scheme 9 Synthesis of the tetrylenes of tin 5a and lead 5b with
[Cp2W(H)Li]4 as starting material.

4004 | Chem. Sci., 2022, 13, 3999–4009
of the anionic hydride with the respective low valent arylte-
trylene halides, the tetrylenes of tin and lead were straightfor-
wardly synthesized. Based on NMR spectroscopy the products
were formed nearly quantitatively and aer crystallization iso-
lated in moderate yield.

To synthesize the homologous tungstenocenyl substituted
germylene 5c the tetrameric anion [Cp2W(H)Li]4 was reacted
with arylgermanium chloride (Scheme 10). Aer ve minutes
stirring at rt in the dark green solution, a mixture of products
was identied by 1H NMR spectroscopy: two signals exhibiting
183W-satellites were found at �11.03 ppm (1JW–H ¼ 92 Hz) and
+10.02 ppm (1JW–H ¼ 35 Hz). The signal at low frequency
together with the 1JW–H coupling constant is an indicator for
a W–H unit and ts in the series of tetrylene tungsten hydride
complexes [Cp2W(H)-EAr*]: E ¼ Pb (5b) �16.15 ppm, (1JW–H ¼
91 Hz), E ¼ Sn (5a) �12.37 ppm, (1JW–H ¼ 90 Hz), E ¼ Ge (5c)
�11.03 ppm (Table 1). Aer stirring the product mixture for
further 24 h the signal at low frequencies indicating 5c vanished
and only the hydride signal at high frequency remains. There-
fore, we suggest germylene 5c being the kinetically controlled
product. Crystallization at �40 �C yields dark green crystals of
the arylhydridogermylene complex 9 in moderate yield (53%).
The molecular structure of 9 is shown in Fig. 3. Probing the
electronic structure of complex 9DFT calculations together with
NBO analysis were performed. Representative NLMOs for the s-
and p-bond were placed in the ESI.† The W]Ge distance of
2.427(3) Å found in 9 can be compared with hydridogermylene
coordination at a CpW(CO)2 fragment synthesized by Tobita
et al. [2.4289(8) Å].21

To further investigate the transformation of the kinetically
controlled product 5c via a 1,2-H-shi into the thermodynami-
cally controlled product 9, a solution of a crystalline sample of 9
was treated with light from a mercury-vapor lamp. A mixture
between 9 and 5c (40%/60%) was observed (Scheme 11). Inter-
estingly, from this mixture transformation of 5c to 9 is much
slower (14 d at 40 �C) than in the original reaction mixture
(Scheme 10). The faster 1,2-H-shi in the original reaction
mixture is probably caused by side products resulting from the
synthesis. Aer addition of AIBN to this mixture (crystalline
germanium chloride.

Scheme 11 Reversible 1,2-H-shift.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 13 Synthesis of the hydride bridged trinuclear SnZr2–cation
and deprotonation to give 11 (L ¼ C6H6).

Fig. 4 ORTEP and NLMO exhibiting the three centre two electron
bond of cation [(Cp 2ZrH)2HSnHAr*]+ of 10. Thermal ellipsoids are
shown at 50% probability level. Hydrogen atoms except the Zr–H and
Sn–H units, methyl groups and the anion of 10 have been omitted.
Selected interatomic distances [Å] and angles [�]: Zr1–Sn 3.0185(2),
Zr2–Sn 3.0325(2), Zr1–Zr2 3.577(2), Zr1–Cp 2.4845(14) – 2.5328(15),
Zr2–Cp 2.4760(14) – 2.5162(15), Sn–C1 2.1678(12), Sn–H1 1.57(3), Sn–
H2 2.07(3), Sn–H3 1.98(3), Zr1–H2 1.84(3), Zr1–H4 2.00(2), Zr2–H3
1.89(3), Zr2–H4 1.97(2), Zr1–Sn–Zr2 72.5(1), C1–Sn–H1 95.8(10), H2–
Sn–H3 144.7(11), H2–Zr1–H4 121.6(11), H3–Zr2–H4 118.3(10).
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sample) a much faster conversion of 5c to 9 was observed
making a radical mechanism feasible. With the reversible
conversion of 5c to 9 a rare example for a reversible 1,2-H-shi
together with the direct observation of both species, the
hydrido-metallogermylene (5c) and hydridogermylene (9) is
presented. DFT calculations conrm both germanium isomers
5c and 9 being close in energy (see ESI for further details of DFT
calculations†). However, in the case of the homologous tin
compounds DFT calculations clearly indicate higher stability of
the hydrido-metallostannylene isomer (5a) compared to
a hypothetical arylhydridostannylene-coordination (analogous
to Ge-compound 9). Tilley and co-workers investigated the 1,2-
hydrogen migration of heavy group 14 element hydrides coor-
dinated at transition metal centres and have drawn the
conclusion, that for tin the hydrido-metallotetrylenes are fav-
oured, in contrast to silicon and germanium, both preferring
the hydridotetrylene coordination.14,19,20,22,84,85 Green et al. pub-
lished a reversible 1,2-H-shi equilibrium between a hydrido-
carbene transition metal complex and a methyl ligand.86 In the
case of metallostannylene 5a our results are in line with the
ndings made by Tilley et al.84,85 The germanium isomers 9 and
5c are remarkably close in energy and therefore we were able to
characterize both products of 1,2-H shi (Scheme 11).

Protonation of complex 9 was studied in reaction with acid
[H(Et2O)2][BAr

F] in a mixture of pentane and 1,2-diuor-
obenzene (Scheme 12). Yellow crystalline material was isolated
in moderate yield and based on the NMR data (Table 1) the
protonation of the tungsten atom was found. This type of
reaction was already presented in the literature in the case of
a germylene complex of ruthenium, which was protonated at
the transition metal in reaction with a strong Brønsted acid.14

Cation 4c is a homologue of the isolated tin cation 4a and the
intermediately formed plumbylene 4b. The 1H NMR data
(signals of GeH and WH, Table 1) of 4c are in line with the data
of the heavier homologues.

Both cations, the low valent lead and tin cation (1a, 1b), were
also reacted with zirconocene dihydride [Cp2ZrH2]2, but only in
the case of the tin salt reaction products could be isolated
(Scheme 13).87–89 Salt 10 was selectively formed no matter which
stoichiometry was chosen. Aer stirring an equimolar mixture
of 1a and dimeric dihydride followed by crystallization from 1,2-
diourobenzene at �40 �C yellow crystals of 10 were isolated in
a yield of 69%. The molecular structure in the solid state is
depicted in Fig. 4. The dimeric motif of the zirconocene dihy-
dride remains intact. The tin cation coordinates at two Zr–H
units forming two hydride bridges showing almost similar Zr–
Sn distances [3.0185(2), 3.0325(2) Å]. Due to the hydride bridge
Scheme 12 Protonation of the hydridogermylene complex 9.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the Zr–Sn distances are much longer than bond lengths found
for typical stannylene coordination [2.794(1)–2.872(1) Å].30,75,90,91

One hydride ligand is transferred to the tin atom as a terminal
coordinating hydride. The hydride atoms inside the six
membered ring were found in the nal difference Fourier map
and the [–Zr–H–Sn–H–Zr–H–] ring shows an almost planar
structural motif. This type of dimeric zirconium–hydride
complex chelating a main group element fragment was also
described by Bulychev et al. for [(Cp2ZrH)2H(AlCl2)].92,93 In the
1H NMR spectrum the Sn–H hydride ligand exhibits a signal at
9.06 ppm (1JSn–H ¼ 1344 Hz), which can be compared with
values observed for Ar*SnH coordination at group 4 metal-
locene fragments.30 The signals for the bridging hydride ligands
were observed at lower frequencies Zr–H–Sn (�0.06 ppm) and
Zr–H–Zr (�6.24 ppm), lying in the region typical for zirconium
hydrides.92 The 119Sn-NMR signal was observed at relatively low
frequency (440 ppm) for low valent tin but can be explained with
the high coordination number at the tin atom. The electronic
situation was investigated using DFT calculations together with
NBO analysis. The lone pair of the tin atom is shared between
the two Zr (24, 23%) and the Sn (48%) atoms featuring a three
centre two electron bond (see Fig. 4 for NLMO). Both Zr–H units
(H2, H3) donate roughly 10% of the two electrons of the bond
into the empty p-orbital of tin (see ESI for NLMO†). We interpret
compound 10 as a low valent aryl tin hydride Ar*SnH chelated
by the cation [(Cp2ZrH)2H]+ via two hydride bridges.
Chem. Sci., 2022, 13, 3999–4009 | 4005
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Scheme 14 Dynamic interplay of hydride substituents.

Fig. 5 Molecular structures of 11 and 13. Thermal ellipsoids are shown
at 50% probability level. Hydrogen atoms except the Zr–H and Sn–H
units andmethyl groups of 11 have been omitted. Selected interatomic
distances [Å] and angles [�]: 11, Zr1–Sn 2.8597(5), Zr2–Sn 3.2228(6),
Zr1–Cp 2.478(2)–2.551(2), Zr2–Cp 2.494(2)–2.520(2), Sn–C1
2.2257(18), Sn–H1 1.67(3), Sn–H2 2.14(4), Zr1–H3 2.05(3), Zr2–H2
1.77(4), Zr2–H3 1.96(3), Zr1–Sn–C1 152.19(5), Zr1–Sn–H1 109.9(12),
Zr1–Sn–H2 99.8(12), H2–Zr2–H3 118.4(16), H3–Zr1–Sn 88.9(9); 13,
Sn1–Zr1 2.9813(4), Sn2–Zr2 2.9794(4), Sn1–C1 2.211(3), Sn2–C2
2.216(3), Zr1–Zr2 3.4468(4), Zr1–Cp 2.480(4)–2.538(4), Zr2–Cp
2.475(4)–2.526(4), Sn1–H1 1.65(4), Sn2–H3 1.66(5), Sn2–H4 1.72(6),
Zr1–H5 2.04(4), Zr1–H6 1.97(4), Zr2–H5 1.95(4), Zr2–H6 2.01(4), C1–
Sn1–Zr1 139.9(1), C2–Sn2–Zr2 137.8(1).

Scheme 16 Reductive elimination hydrogen and formation of the
bis(hydridostannylene) complex 14.
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Deprotonation of the cationic hydride 10 was successful with
the strong base benzyl potassium to give the trinuclear hydride
[(Cp2Zr)2H2SnHAr*] 11, which was crystallized from hexane
solution at �40 �C (Scheme 13, Fig. 5 and ESI† for molecular
structure and NLMOs of 11). The deprotonation reduced the
zirconium atoms to oxidation state III. Reprotonation of 11 was
achieved at�40 �C with [H(Et2O)2][BAr

F] in 1,2-diuorobenzene
as solvent (Scheme 13). Hydride 11 features a Zr–Sn bond of
2.8597(5) Å, which can be compared with stannylene coordi-
nation at zirconocene fragments [2.79–2.87 Å].75,90,91 Complex 11
was also investigated using DFT calculations and NLMOs rep-
resenting the Zr–Sn s-bond and the three centre Zr–Sn–Zr two
electron bond are presented in ESI.† In the 1H NMR spectrum
recorded at rt only broad signals were observed. At �20 �C
however for each Cp–ligand and the hydride substituents sharp
signals were found [Sn–H: 7.19 ppm 1JSn–H z 860 Hz, Zr–H–Zr
�12.90 ppm, Zr–H–Sn �3.08 ppm]. Via 1H–1H-EXSY-NMR an
exchange between the terminal Sn–H and the bridging Zr–H–Sn
hydride ligands was detected. The exchange of these hydride
ligands (Scheme 14) should be responsible for the broadening
of the signals in the rt NMR spectrum.

An alternative synthetic pathway for the formation of complex
11 was found with the reaction of Power's low valent tin hydride
12 with zirconocene dihydride in toluene at room temperature
(Scheme 15, ratio Sn/Zr: 1/2).47 Aer a spontaneous liberation of
dihydrogen, product complex 11 was isolated in high yield (92%)
and, based on NMR spectroscopy, in high purity. Crystallization
from hexane affords 11 as black/brown crystals. Interestingly, the
stepwise formation of 11 was found by stirring a pentane
suspension of the zirconium hydride [Cp2ZrH2]2 and low valent
tin hydride 12 (ratio Sn/Zr: 1/1) at rt for 2 h. Double insertion of
the tin moieties into the terminal Zr–H units was found and the
Scheme 15 Alternative route for the synthesis of 11.

4006 | Chem. Sci., 2022, 13, 3999–4009
bis(aryldihydridostannyl) complex 13 (Scheme 15, Fig. 5 for
molecular structure) was isolated in a yield of 82%. Aer addition
of a further equivalent of zirconocene dihydride to a toluene
solution of 13, liberation of dihydrogen together with formation
of 11 was found (Scheme 15).

Complex 13 was also formed in reaction of Ar*SnH3 and 0.5
[Cp2ZrH2]2. Addition of further equivalents of Ar*SnH3 yields
together with liberation of hydrogen the hydridostannylene
complex [Cp2Zr(SnHAr*)2] (14) (Scheme 16).30 The formation of the
Zr–Sn bonds in 13 and 14 is an example for dehydrocoupling
reactions between Zr–Hand Sn–H species via as-bondmetathesis.
This type of M–Sn bond formation was discussed as part of the
mechanism in dehydropolymerizations of secondary stannanes
catalyzed by zirconocene and hafnocene derivatives.94–96

Conclusions

To conclude, hydridotetrylene formation was found reacting the
low valent tin cation [Ar*Sn]+ with tantalocene trihydride,
tungstenocene dihydride and the dimeric zirconocene dihy-
dride. In the tantalum and tungsten case, coordination of the
low valent hydride [Ar*SnH] at the metal was found and, in the
zirconium compound, the tin hydride moiety is chelated by two
Zr–H units. The homologous lead cation forms with tung-
stenocene dihydride an adduct [Cp2WH2PbAr*]

+ (3b). Aer
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a sequence of deprotonation and reprotonation of this lead
adduct, rst indications for hydridoplumbylene coordination at
a transition metal were observed by low temperature 1H NMR
spectroscopy. The cationic hydridostannylene complex of
tungstenocenehydride [Cp2W(H)Sn(H)Ar*]+ (4a) shows reac-
tivity at the tin atom: deprotonation results in formation of the
hydrido-tungstenostannylene complex [Cp2W(H)SnAr*] (5a),
hydride addition gives a dihydridostannyl complex and in
reaction with styrene hydrostannylation was observed.

Metallotetrylene complexes of tungstenocene [Cp2W(H)
EAr*] (E ¼ Ge, Sn, Pb) were also synthesized in reaction of the
deprotonation product [Cp2W(H)Li]4 with aryltetrylene halides
of germanium, tin, and lead. Only in the case of germanium
a reversible transformation of the hydrido-tungstenogermylene
[Cp2W(H)GeAr*] (5c) to the hydridogermylene [Cp2W]GeHAr*]
(9) was observed. In comparison to the 1,2-H shi at 40 �C (14
d), aer addition of AIBN product formation (40 �C) was
completely nished aer 5 days. Likely, this 1,2-H shi from the
tungsten to the germanium atom is catalyzed by radical species.
Under the inuence of light, a 1,2-H transfer back to the tung-
sten atom was found. Therefore, interconversion between
metallogermylene (5c) and hydridogermylene (9) represents
a system that exhibits a directly observable and reversible 1,2-H-
migration. Corroborated by DFT calculations the 1,2-H shi
between 5c and 9 is almost an isenthalpic reaction.

Dimeric zirconocene dihydride [Cp2ZrH2]2 was reacted with
the low valent tin cation [Ar*Sn]+ and the low valent tin hydride
[Ar*SnH]2. Whereas the cationic product was deprotonated to
give the dimeric Zr(III) complex [({Cp2Zr}2{m-H})(m-H)Sn(H)Ar*]
(11), this complex together with hydrogen resulted directly from
the reaction with [ArSnH]2. Aryltintrihydride Ar*SnH3 reacts
with dimeric zirconium dihydride to give, as a product of
dehydrocoupling reactions via s-bond metathesis, the bis(hy-
dridostannylene) complex of zirconocene [Cp2Zr(SnHAr*)2].
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