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An acyclic zincagermylene: rapid activation of
dihydrogen at sub-ambient temperature†

Martin M. Juckel,a Jamie Hicks,a Dandan Jiang,b Lili Zhao,*bc

Gernot Frenking *bcd and Cameron Jones*a

The first example of a stable zincagermylene, :Ge(TBoN)(ZnL*)

(TBoN = N(SiMe3){B(DipNCH)2}, Dip = C6H3Pri
2-2,6; L* = –N{C6H2-

[C(H)Ph2]2Me-2,6,4}(SiPri
3)) is prepared and shown to have

unprecedented reactivity for a germylene, with respect to the

activation of dihydrogen. Computational analyses point towards

this being partially derived from the electron releasing nature of the

amido–zinc fragment, which leads to a narrowing of the HOMO–

LUMO gap in the compound.

The activation of small molecule E–H bonds (E = H, B, Si, N etc.)
by molecular p-block compounds is of growing interest, as such
processes hold potential for incorporation into catalytic cycles
normally associated with toxic and expensive late transition
metal complexes.1 Dihydrogen is one of the more difficult small
molecules to activate, due to its strong (BDE = 108 kcal mol�1)
and non-polar bond. Despite this, numerous main group
compounds are now known to activate dihydrogen via both
single and dual site mechanisms. These include heavier alkyne
analogues,2 Frustrated Lewis Pairs (FLPs),3 carbenes4 and their
heavier group 14 analogues (tetrelylenes).5 Single site activations
involving the latter compound class are thought to proceed via
interaction of the H2 s-bond with the tetrelylene p-orbital
(LUMO), with concomitant donation of the tetrelylene lone pair
(HOMO) into the H2 s* orbital. Accordingly, the narrower the
HOMO–LUMO gap of a tetrelylene, the more reactive towards H2

it typically is.

In the specific case of germylenes, :GeR2, small molecule
activation reactivity is well known,6 though the relatively wide
HOMO–LUMO gaps of these compounds has meant that only a
handful of H2 activations have been effected by such systems.
Enhancing germylene reactivity by steric means can, however,
lead to facile H2 activation. That is, bulky germylene substituents
can be employed to enforce a wider angle at Ge (e.g. 114.41 in
:GeAr#

2 Ar# = C6H6(Mes)2-2,6; Mes = mesityl; activates H2 at
65 1C 7), thereby raising the energy of the Ge lone pair HOMO
by increasing its p-character. Alternatively, electronic means can
be employed. For example, incorporating electropositive (i.e.
electron releasing) substituents at Ge also raises the energy of
the germylene HOMO.8 This latter effect has recently been
exploited by Aldridge and co-workers with silyl and boryl
substituted germylenes, an example of the former of which,
:Ge{Si(SiMe3)3}(Ar#), oxidatively adds H2 at room temperature
over 3 hours (4 atm. H2).8 Similarly, Tobita and co-workers
prepared a cationic tungstagermylene, [Cp*W(CO)3Ge{C(N-
DipCH)2}]+ (Dip = C6H3Pri

2-2,6) which activates H2 at 60 1C over
24 hours.9,10

It occurred to us that incorporating even more electropositive
substituents at the Ge centres of germylenes might further
increase their reactivity towards H2 through a narrowing of their
HOMO–LUMO gaps. We were particularly interested in accessing
zincagermylenes due to the relatively low Pauling electronegativity
of zinc (1.65, cf. Ge 2.0111), and the fact that we have recently
reported on the unusual zinc–magnesium bonded compound,
L*Zn�Mg(MesNacnac) 1 (L* = –N{C6H2[C(H)Ph2]2Me-2,6,4}(SiPri

3),
MesNacnac = [(MesNCMe)2CH]�),12 which we saw as a potential
precursor to zincagermylenes. Here we show that this is the case,
and describe the synthesis of the first zincagermylene and its high
reactivity towards dihydrogen.

Compound 1 was utilised as a reagent for the transfer of its
amido–zinc fragment in its reaction with the chloro-germylene,
:Ge(TBoN)Cl,13 (TBoN = –N(SiMe3){B(DipNCH)2}). This afforded
a good isolated yield of zincagermylene, 2, as a deep blue
crystalline solid (Scheme 1).14 The compound is very thermally
stable (m.p. 182–184 1C), and its solution state NMR spectra are
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consistent with its proposed structure. The UV/vis spectrum of
the compound, which is green in solution, revealed it to have an
absorption band centred at lmax = 590 nm, which lies between the
bands associated with n - p transitions in reactive :GeAr#

2 (lmax =
578 nm7) and [Cp*W(CO)3Ge{C(NDipCH)2}]+ (lmax = 671 nm9).
This suggested that the HOMO–LUMO separation for 2 is similarly
narrow to those of the two previously reported germylenes,
and that the compound may activate dihydrogen under mild
conditions.

This was tested by exposing C6D6 solutions or hexane
suspensions of 2 to an atmosphere of dihydrogen at ambient
temperature. In the former case the reaction is complete within
5 s, leading to the formation of the germanium(IV) hydride
complex, 3, in near quantitative yield (Scheme 1). In the latter
case the reaction was complete within 2 min and afforded a
good isolated yield (67%) of colourless crystalline 3 upon work-up.
To the best of our knowledge, compound 2, is by some margin, the
most reactive known germylene, with respect to H2 activation.
Indeed, D8-toluene solutions of 2 react with dihydrogen at
temperatures as low as �10 1C (reaction complete in 20 min).
The spectroscopic data for 3 reflect its solid state structure (see
below), in that the 1H NMR spectrum exhibits a singlet for its
hydride ligands (d 3.88 ppm, cf. 3.78 ppm for [Cp*W(CO)3-
Ge(H)2{C(NDipCH)2}]+ 9), while two Ge–H stretching bands were
observed in its FTIR spectrum (n = 2054, 1995 cm�1, cf. 2113,
1731 cm�1 for H2GeAr#

2
7).

The di-deuteride analogue of 3, viz. D2Ge(TBoN)(ZnL*) 3-D,
was synthesized in quantitative yield by exposing C6D6 solutions
of 2 to an atmosphere of D2 at ambient temperature. The
2H NMR spectrum of the complex exhibits a broad singlet
resonance at d 3.86 ppm. It is noteworthy that placing solutions
of 3-D under an atmosphere of H2 did not lead to any formation
of 3 over 24 hours at 20 1C. This implies that there is negligible
scrambling of the H/D ligands of 3/3-D with D2/H2 gas, once
those germane complexes are formed.

A comparison of the molecular structures of 2 and 3 is made
in Fig. 1. These possess very similar core geometries and metrical
parameters, except for the NGeZn angle, which is much more
open for hydride complex 3 (119.04(9)1, cf. HGeH angle: 108(3)1)
than in germylene 2 (107.8(1)1). This observation is consistent
with widening of the angle at Ge for previously reported
germylenes, upon hydrogenation.7–9 The zinc centres of the

compounds are close to linear (NZnGe/Zn–Ge = 160.4(1)1/
2.4767(7) Å, for 2; 172.20(8)1/2.400(1) Å for 3) and essentially
two-coordinate, in that neither exhibits a Zn� � �Cphenyl inter-
action that is o3.0 Å in length. Moreover, it is worthy of
mention that in both 2 and 3 the bulky boryl heterocycle is
essentially orthogonal to the BNGe least squares plane, and
cannot, therefore, act as a p-acid with respect to the amido
p-orbital lone pair (cf. the related silylene, :Si(TBoN)2

13).
In consideration of the unprecedented reactivity of germylene

2, a computational examination of its frontier orbital energies
was undertaken. The gas phase geometry of the full molecule, 20,
optimised (BP86-D3(BJ)/def2-TZVPP) to be very close to that of the
compound in the solid state, but with a slightly narrower angle at
Ge (103.71). The energy separation between the HOMO, which
has significant Ge lone pair character (see Fig. 2), and the
LUMO, which has predominantly Ge p-orbital character, is
narrow (40.8 kcal mol�1; cf. DES–T = 24.8 kcal mol�1), and
comparable to the HOMO–LUMO gaps calculated for :GeAr#

2

(66.6 kcal mol�1),7 [Cp*W(CO)3Ge{C(NDipCH)2}]+ 9 (64.1 kcal mol�1)
and :Ge{Si(SiMe3)3}(Ar#) (31.9 kcal mol�1).8 The very narrow HOMO–
LUMO gap for 20 is consistent with its high reactivity, and is
remarkable considering that it incorporates a p-basic amide
ligand, which are known to raise the LUMO of germylenes
considerably.8

In order to compare the relative HOMO destabilising effect
of the amido–zinc fragment of 2, energies of the frontier orbitals of
‘‘cut-down’’, and fully geometry optimised, germylene models,
Me2NGeX (X = H, Cl, NMe2, ZnNMe2, B(MeNCH)2) were calculated.
The results, displayed in Table 1, reveal that the HOMO–LUMO
(and singlet–triplet) gap in Me2NGeZnNMe2 is considerably
narrower than those in any of the other germylenes, which is
in line with the likely higher electron releasing nature of the
ZnNMe2 substituent, compared to the other groups (X).

Scheme 1 Preparation of compounds 2 and 3; (i) L*ZnMg(MesNacnac) 1,
-{(MesNacnac)MgCl}2; (ii) H2 (1 atm.), 20 1C (seconds).

Fig. 1 Molecular structures of 2 (left) and 3 (right) (20% ellipsoids; non-hydride
hydrogen atoms omitted).

Fig. 2 HOMO (left) and LUMO (right) calculated for 20.
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A bonding analysis of 20, 30, and the model systems Me2N-
GeZnNMe2 (2M) and Me2NGe(H2)ZnNMe2 (3M) (see ESI† for the
calculated geometries), suggests that the molecules have polar
covalent Ge–Zn single bonds where the negative end is at the
more electronegative atom, Ge. The Wiberg bond orders P
for the Ge–Zn bonds in the full molecules are P = 0.77 (20)
and P = 0.68 (30), while the model compounds have slightly
higher values of P = 0.81 (2M) and P = 0.69 (3M) (Table S2 in
ESI†). The R2NGe fragments of 20 and 2M, and the R2NGe(H2)
moieties of 30 and 3M, have partial negative charges. Note that
the metal atoms Ge and Zn both carry positive charges. This
does not indicate Coulombic repulsion, because the electronic
charge is (a) delocalized and (b) unisotropically distributed
between the atoms.15 An energy decomposition analysis of 20

and 30 indicates that the largest contribution to the Ge–Zn
attraction comes from the Coulombic attraction between the
metal fragments (Table S3 in the ESI†). Note also that nearly
half of the total interaction energy comes from dispersion
forces. The Laplacian distribution of the electronic charge
r2r(r) of 2M and 3M nicely reveals accumulation of charge
in the Ge–Zn bonding region slightly toward the Ge atom
(Fig. S8, ESI†), which agrees with the polarity of the bond.

The calculated bond dissociation energies for the Ge–Zn bonds
are De = 52.1 kcal mol�1 for 2M and De = 72.8 kcal mol�1 for 20. The
results for the hydrogenated products are De = 59.6 kcal mol�1 for
3M and De = 80.7 kcal mol�1 for 30 (Table S4, ESI†). The larger
values for the real systems can be explained by the dispersion
forces, which arise from the bulky substituents. The calculations
show that the Ge–Zn bonds in 20 and 2M become shorter and
stronger upon hydrogenation (Fig. S4 and Table S4, ESI†).

So as to shed light on the mechanism of the facile experi-
mental hydrogenation of 2, calculations were carried out on the
hydrogenation of 20 (yielding 30), which was found to be exergonic
by DG298 = �4.9 kcal mol�1. In addition to the experimentally
observed germanium(IV) hydride product, a number of other
isomers could be envisaged as resulting from the hydrogenation.
However, the energies of the most obvious of these, (TBoN)-
Ge(H)Zn(H)L*, (TBoN)Ge(m-H)2ZnL* and (TBoN)Ge(H) + L*ZnH,
were found to be significantly higher than that for 30 (see Fig. S7,
ESI†). The reaction profile for the hydrogenation of 20 is
depicted in Fig. 3, and this shows that it does not proceed via
an exclusively single site mechanism, as has been proposed for
other germylene hydrogenations. Instead, the electron deficient
Zn centre of 20 also interacts, to some extent, with the H2 in the
first transition state (TS1) of the reaction. This is additionally
apparent from an EDA/NOCV analysis of the charge flow occur-
ring between the frontier orbitals (HOMO and LUMO) of the
two interacting fragments, 20 and H2, within TS1 (see Table S8,
Fig. S10, ESI†). Interestingly, the first intermediate in the reaction,
IM1,16 is one of the aforementioned higher energy isomers of 20

(viz. (TBoN)Ge(H)Zn(H)L*), which relaxes to the final product
through a Zn to Ge hydrogen migration process, involving TS2.

In summary, the first example of a stable zincagermylene has
been reported. This has been shown to have unprecedented reac-
tivity for a germylene, with respect to the activation of dihydrogen.

Table 1 HOMO–LUMO and singlet–triplet (S–T) energy separations
(kcal mol�1) for model germylenes Me2NGe–X (X = H, Cl, Me, NMe2,
ZnNMe2, and B(MeNCH)2) at the BP86-D3(BJ)/def2-TZVPP level

Me2NGe–X DE(HOMO–LUMO) DE(S–T)

X = H 69.6 40.1
X = Cl 77.0 53.7
X = Me 69.4 41.3
X = NMe2 68.3 47.7
X = ZnNMe2 36.9 24.0
X = B(MeNCH)2 51.2 28.6

Fig. 3 Computed energy profile for the reaction of 20 with H2 at the RI-BP86 + (D3BJ)/def2-TZVPP level of theory. Key bond distances are given in Å.
Bulky substituents and non-hydride hydrogen atoms have been omitted for clarity. Color code: B, pink; N, blue; Ge, light blue; Zn, green; Si, light green;
C, gray; H, white; Dip, yellow; C6H2{C(H)Ph2}2Me-2,6,4, red (see also Fig. S6 in the ESI†).
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Computational analyses point towards this reactivity being partially
derived from the electron releasing nature of the amido–zinc
fragment, which leads to a narrowing of the germanium centred
HOMO–LUMO energy gap in the compound, relative to those in
other germylenes. We continue to explore the enhancement of
reactivity of metallogermylenes, and the exploitation of this in
small molecule activations, and related catalytic processes.
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