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A base-stabilized germavinylidene

Bin Li 1,3 , Jiancheng Li 2,3, Yanling Zhu1, Jicheng Wang1, Yuanyuan Wang1,
Manbo Zhang1 & Liu Leo Liu 2

Germavinylidenes (R2C=Ge), the heavier congeners of vinylidenes, have long
remained elusive, both as free species and in Lewis base-stabilized forms.
Herein, we report the isolationof a base-stabilized germavinylidene employing
an imine-functionalized cyclic (alkyl)(amino)carbene (imino-CAAC) ligand.
Comprehensive structural characterization, supported by theoretical calcula-
tions, confirms the presence of a Ge=C double bond, with the divalent ger-
manium center coordinated by the imine donor. Preliminary reactivity studies
reveal a rich chemical profile: the complex undergoes selective methylation at
the germanium center, forms a π-dominated coordination complex with iron
carbonyl, and acts as a germanium atom transfer reagent to generate a rare
tetraazagermylene. Furthermore, a [2 + 2] cycloaddition with isocyanate pro-
vides compelling evidence for the Ge=C double bond character. These results
underscore the previously unexplored potential of imino-CAAC ligands in
stabilizing reactive and uncharted p-block main group species.

For decades, the synthesis of heavier element-element multiple
bonds was regarded as an elusive goal, thereby solidifying the
foundational ‘double-bond rule’1. This stipulated that p-block ele-
ments with a principal quantum number greater than two, starting
with aluminum, were intrinsically unable to form multiple bonds,
either among themselves or with other elements. This long-standing
paradigm was decisively challenged around the 1980s through a
series of landmark discoveries: Lappert’s pioneering synthesis of a
Sn = Sn bond2, West’s isolation of a Si = Si species3, Yoshifuji’s struc-
turally authenticated P = P bond4, and Brook’s report on a Si = C
linkage5. These breakthroughs ignited a renaissance in the study of
heavier multiple bonds, enabling the generation of heavier con-
geners of classical organic molecules. In contrast to their lighter
counterparts, these heavier analogs manifest fundamentally distinct
features in terms of stability, bonding, and reactivity6–9. As a result,
they have evolved into powerful platforms for the synthesis of main
group species and the development of unconventional catalytic
transformations10–12.

Vinylidenes (R2C =C) are compounds featuring a terminal diva-
lent carbon atom with six electrons in its valence shell, establishing
them as pivotal reactive intermediates in various organic transforma-
tions (Fig. 1a)13. Difluorovinylidene, F2C =C, stands as the sole vinyli-
dene variant capable of spectroscopic analysis, sustainable at

temperatures up to 15 K14. Despite this extreme instability, coordina-
tion with transition metals has proven to be a viable method for sta-
bilizing these elusive vinylidene species15. While acetylene is well-
known for its stability as a bench chemical, its vinylidene isomer,
H2C =C, remains elusive, existing only transiently with an extremely
brief lifetime of approximately 10−10 s under severe conditions16–19.
Substituting the carbon atoms in H2C =C with heavier group 14 ele-
ments facilitates access to their corresponding heavier analogs, H2E = E
(E = Si, Ge, Sn, Pb). Theoretical investigations indicate that H2E = E
achieve their most stable configurations compared to their heavier
acetylene counterparts, H–E ≡ E–H20–24. However, the incorporation of
sterically demanding substituents in R2E = E compromises the stability
of vinylidene, predisposing the molecular structure towards acetylene
forms due to intense steric repulsion among adjacent bulky
groups25–28. This has been experimentally validated through the isola-
tion of heavier acetylenes, R–E ≡ E–R,which exhibit a formal E ≡ E triple
bondanda trans-bent geometry29–32. Thepioneering efforts in isolating
these compounds have opened new avenues for further
exploration33–36. Despite these advances, the stabilization of heavier
vinylidenes remains a rare achievement and a formidable challenge,
predominantly due to the lack of sufficient steric protection around
the terminal E atom in its low oxidation state and the absence of effi-
cient synthetic methodologies37,38.
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Specifically, in the context of germanium-containing vinylidenes,
Scheschkewitz and colleagues introduced silagermenylidene I with
bulky substituents and N-heterocyclic carbene (NHC) coordination
(Fig. 1b)39,40. Wesemann et al. synthesized a phosphine-stabilized
digermavinylidene II41, and Aldridge’s group reported a free diger-
mavinylidene III42. Mo and co-workers described the isomerization of
stannagermenylidene IV to germastannenylidene V via double 1,2-
migration43. Computational insights indicate that the simplest
1-germavinylidene H2C =Ge is thermodynamicallymore stable than its
germyne counterpart (H–C ≡Ge–H) by approximately 160 kJ/mol44,45, a
conclusion supported by its detection through laser spectroscopy46,47.
Leung and co-workers synthesized the stable bis(germavinylidene)
VI48, which serves as a precursor for reactive monomeric base-ligated
germavinylidene38. In 2013, this group reported an oligomeric ger-
manvinylidene consisting of the germavinylidene moiety
[(Ph)2P =NSiMe3)(Ph2P)C=Ge], where theGe atom is coordinatedwith
two PPh2 groups

49. Apeloig et al. synthesized genuine germenyl anions
featuring a Ge =C double bond via the germavinylidene
intermediate50.More recently, the group of Dong reported a dicationic
monomeric 1-germavinylidene51, where the incorporation of positive
charges suppresses oligomerization of the highly reactive C =Ge
moiety via Coulombic repulsion. In a related study, Kinjo and co-
workers disclosed a unique hybrid species exhibiting dual resonance
character between an imino-NHC-stabilized germylone and a mesoio-
nic germylene (Fig. 1c)52, characterized by π-electron delocalization

across theGeC2N2five-membered ring. Despite these, the isolation of a
neutral monomeric germavinylidene species remains a formidable
challenge.

While the imine-functionalized cyclic (alkyl)(amino)carbene
ligand 1 (imino-CAAC)53 has emerged as a superior ligand
framework54–56—exhibiting enhanced σ-donor strength and π-
accepting capability relative to NHCs—its utility in the chemistry of
p-block main group elements has remained largely unexplored.
Herein, we report the isolation of a crystalline, monomeric, base-
stabilized germavinylidene species supported by ligand 1. Compre-
hensive experimental and theoretical investigations confirm the pre-
sence of a bona fide Ge =C double bond. Moreover, the coordination
behavior of this germavinylidene toward iron carbonyl complexes, its
reactivity with electrophiles and isocyanates, and its potential utility as
a germanium transfer reagent are elucidated.

Results and discussion
Aiming to investigate its potential, we treated 1with two equivalents of
GeCl2·dioxane, resulting in the formation of 2with a 64% yield (Fig. 2).
In the proton-decoupled 13C NMR spectrum of 2, the resonance
attributed to the germanium-bound carbon is observed at 233.1 ppm,
which is significantly low-frequency-shifted compared to that of 1
(307.5 ppm). The resonance of the imine carbon manifests at
197.3 ppm, exhibiting a high-frequency shift relative to that of 1
(179.4 ppm).
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In the solid state of 2, Ge(1) manifests a three-coordinate config-
uration, adopting a distorted trigonal pyramidal geometry, while C(1)
resides in a nearly planar environment with the sum of bond angles
amounting to 359.2° (Fig. 3a). The Ge(1)–C(1) bond length
(2.0398(16) Å) is consistent with those observed in carbene-ligated
germyliumylidene ions, which range from 2.011(5) to 2.0588(19) Å52,57,58.
The Ge(1)–N(2) bond length at 2.1231(14) Å is longer than that recorded
for Kinjo’s germyliumylidene cation supported by an imino-NHC ligand
(2.0560(16) Å)52. Additionally, the C(1)–N(1) bond length at 1.286(2) Å
closely parallels the imine N(2)–C(5) double bond length of 1.289(2) Å.
These observations collectively suggest that 2 can be aptly described as
a hybrid entity, integrating characteristics of both a base-stabilized
germyliumylidene ion and an imine-stabilized germylene (Fig. 2).

ATHF solutionof2was treatedwith four equivalents of potassium
graphite (KC8) and stirred at room temperature overnight (Fig. 2).
Following workup, compound 3 was isolated as a dark blue solid,
yielding 82%. This species demonstrated exceptional thermal stability;
no decomposition was observed even when its THF solution was
boiled for an hour. In the proton-decoupled 13C NMR spectrum, the
resonance of the germanium-bound carbon in 3 shifted to a lower
frequency at 223.2 ppm from 233.1 ppm in 2, while the imine carbon
showed a decrease to 179.5 ppm from 197.3 ppm. Additionally, the UV-
visible spectroscopy of 3 revealed absorption bands at 352nm and
649 nm, which are attributable to the π-π* transitions of the Ge–C
bond (Supplementary Fig. 38).

Compound 3 crystallizes in the monoclinic space group P21/c
(Fig. 3b), with Ge(1) adopting a di-coordinated configuration, bonding
with both a carbon atom and an imine nitrogen atom. The
N(1)–Ge(1)–C(1) bond angle of 78.9(3)° is slightly smaller than the
80.59(6)° observed in the imino-NHC coordinated Ge(0) complex52.
TheGe(1)–C(1) bonddistance at 1.835(6) Å is considerably shorter than
those in dimeric (VI) (1.905(8) and 1.908(7) Å)48 and oligomeric (VII)
germanvinylidene forms (1.975(5) Å)49 and the dicationic germanviny-
lidene (1.977(5) Å)51, yet it is similar to the authenticated Ge =C double
bond (1.825(2) Å) in CAAC-derived bis(digermene)s59. Additionally, the
Ge(1)–N(2)distanceof 2.2150(49) Å ismuch longer than those in imino-
NHC and diimino-NHC coordinated Ge(0) complexes52,58, but it aligns
closely with dative N→Ge bonds in diimino-phenyl germylenes60. This
length is also greater than that in 2 (2.1231(14) Å), contrasting with the
reductions observed in germylone complexes, where Ge–N distances
typically decrease52,58. Collectively, these observations indicate a pro-
nounced localized Ge =C double bond character in 3, designating it as
a base-stabilized germavinylidene.

Quantum chemical calculations were performed to elucidate the
electronic structure of 3. Intrinsic bond orbital (IBO)61,62 analysis fur-
ther delineates that 3 possesses two σ-bonding orbitals at Ge(1): the
Ge(1)–C(1) and Ge(1)–N(2) bonds (Fig. 4a, b). Notably, the latter exhi-
bits substantial polarization towards N(2), with an electron density
distribution of 80.3% atN(2) and 15.4% at Ge(1), indicative of significant
lone pair character at N(2) and a pronounced dative bond character
between Ge(1) and N(2). Moreover, an out-of-plane π-bonding orbital
exists between C(1) (46.4%) and Ge(1) (47.7%) (Fig. 4c), alongside a
dominant nonbonding lone pair orbital at Ge(1) (98.6%) (Fig. 4d).
These orbital features correspond with electron localization function
(ELF)63,64 calculations, highlighting pronounced π-type electron den-
sity in the valence region between Ge(1) and C(1), and localized elec-
tron density around Ge(1) (Supplementary Fig. 42). In addition,
conceptual DFT calculations revealed that the dual descriptor (DD)65

value of Ge(1) (−0.35) is most negative, indicating its predominant
nucleophilic behavior (Fig. 4h).

The highest occupied molecular orbital (HOMO) at −4.65 eV pri-
marily features the Ge(1)–C(1) π-bonding orbital, exhibiting
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antibonding interactionswith the lonepair onN(1) (Fig. 4e). The lowest
unoccupied molecular orbital (LUMO) at −0.06 eV corresponds to the
π*-antibonding orbital of the C(5)–N(2) bond in the imine group
(Supplementary Fig. 39), while the LUMO+ 5 at 1.19 eV corresponds to
the π*-antibonding orbital of the Ge(1)–C(1) bond (Fig. 4f). The σ-type
lone pair onGe(1) significantly contributes to theHOMO − 1 at −6.95 eV
(Fig. 4g). Additionally, the high ellipticity (ϵ =0.34) of the Ge(1)–C(1)
bond, calculated using the quantum theory of atoms in molecules
(QTAIM)66,67, underscores the double bond character of this interac-
tion. Taken as a whole, these computational insights strongly support
the characterization of 3 as a base-stabilized germanvinylidene.

Delving into the orbital interactions of the Ge(1)–C(1) and
Ge(1)–N(2) bonds, principal interacting orbital (PIO)68,69 analysis pro-
vided deep insights into the bonding between Ge(1) and the imino-
CAAC fragment (Fig. 5). Two PIO pairs characterize the Ge(1)–C(1)
bond: the unique, aπ-bond, emerges from the interaction of 4p orbital
of Ge(1) with 2p orbital of C(1) (or the π*-antibonding orbital of the
C(1)–N(2) double bond), contributing 0.90e and 1.10e respectively,
yielding a PIO-based bond index (PBI) of 0.99. The second, a σ-bond,

involves the sp2 hybrid orbital of C(1) (1.56e) interacting with the 4p
orbital of Ge(1) (0.44e), resulting in a slightly lower PBI of 0.69. An
overall PBI of 1.68 distinctly indicates the formal double bond char-
acter of Ge(1) = C(1), corroborated by a Wiberg bond index of 1.33 for
the Ge(1)–C(1) bond based on natural bond orbital analysis, which is
comparable with that of 1.35 for the Ge–C bond in CAAC=Ge(Tip)
SiMe2(2-NMe2-Ph) (Tip = 2,4,6-iPr3-C6H2)

54. In contrast, the interaction
between Ge(1) and N(2), involving a donation of 0.18e from the lone
pair electrons of N(2) to the 4p orbital of Ge(1), is considerably weaker,
reflected in a modest PBI of 0.32. Notably, a similar bonding scenario
between Ge(1)–C(1) and Ge(1)–N(2) was observed in an additional
model species where the nitrogen in the CAAC is replaced by a qua-
ternary carbon (Supplementary Figs. 46, 47). These findings under-
score the general representation of the electronic structure of 3 as
R2C =Ge stabilized by an imine ligand.

Aligned with computational results, 3 displays nucleophilicity.
The treatment of 3 with Me-OTf leads to the formation of 4 in an 85%
yield (Fig. 6), regardless of the amount of Me-OTf used. This reaction
contrasts with prior observations on the imino-NHC chelated

Fig. 4 | Selected intrinsic bond orbitals (IBOs), frontier molecular orbitals (FMOs) and condensed values of the dual descriptor (DD) of 3. a Ge(1) −C(1) σ-bonding
orbital. b Ge(1) −N(2) σ-bonding orbital. c Ge(1) −C(1) π-bonding orbital. d Ge(1) lone-pair orbital. e HOMO. f LUMO+ 5. g HOMO − 1. h DD value.
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germylone, where increasing the amount of Me-OTf induce a double
methylation at Ge52. In the solid state of 4 (Fig. 7a), both the N(1)–C(1)
and N(2)–C(5) bonds measure 1.292(5) Å, indicative of typical N = C
double bonds, reminiscent of the bonding scenario observed in
2 (Fig. 6).

The coordination of 3 with a half equivalent of Fe2(CO)9 in THF
yielded complex 5 in a 54% yield, accompanied by the release of CO
(Fig. 6). Unlike previously reported germylone complexes, which
typically provide two lone pairs for coordination70, only the monoiron
species 5 was obtained, even in the presence of excess Fe2(CO)9,
underscoring the distinct property of this complex.

Themolecular structureof 5was confirmedvia single crystalX-ray
diffraction (Fig. 7b). Notably, the structure reveals the coordination of
the Fe(CO)4 unit to the germavinylidene moiety, oriented out of the
N(1)–C(1)–Ge(1) plane, in stark contrast to the trigonalplanargeometry
characteristic of imino-NHC stabilized Ge–M(CO)5 adducts (M=Cr,
Mo, W)71. Moreover, the Ge atom in 5 adopts a distorted pyramidal

geometry, diverging from the trigonal planar geometry observed in
similar germavinylidene coordinated metal carbonyls72,73. The
Ge(1)–C(1) bond of 1.917(10) Å is elongated relative to that in 3
(1.835(6) Å). The Ge(1)–Fe(1) distance is 2.3988(18) Å, comparable with
that of the silagermenylidene Fe(CO)4 complex (2.3780(6) Å)37, and the
C(1)–Ge(1)–Fe(1) bond angle is 119.2(3)°. These structural features in 5
suggest a predominant π-coordination interaction between the ger-
mavinylidene and the Fe(CO)4 unit. This specific orientation results
from the concerted coordination of the Ge(1)–C(1) π-bond (HOMO)
and the Ge(1) lone pair (HOMO-9) to the Fe(1) center (Supplementary
Fig. 49). IBO analysis further delineates a π-type C(1)–Ge(1)–Fe(1)
three-center-two-electron bonding orbital, with contributions of 17.1%
from C(1), 45.4% from Ge(1), and 23% from Fe(1), while the lone pair is
primarily localized at the Ge(1) center (Ge(1), 84.7%; C(1), 5.6%; Fe(1),
4.0%) (Supplementary Fig. 50). Indeed, the observed reaction selec-
tivity aligns perfectly with the orbital-weighted dual descriptor
calculations74 for 3, indicating a stronger nucleophilicity for the π-
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orbital of the Ge(1) = C(1) bond compared to the lone pair orbital of
Ge(1) towards electrophiles (Supplementary Fig. 43).

In a striking reaction, the treatment of 3 with two equivalents of
sterically bulky terphenyl azide (MesTerN3, where MesTer = 2,6-Mes2-
C6H3 andMes = 2,4,6-Me3C6H2) resulted in the immediate liberation of
N2. Subsequent workup yielded light yellow crystals of 6, which X-ray
diffraction identified as a tetraazagermylene with a divalent Ge atom
(Fig. 6). An in-situ NMR study verified the quantitative synthesis of 6,
alongside the concurrent liberation of the free ligand 1 (Supplemen-
tary Fig. 30).

Within the structure of 6, a coplanar five-membered GeN4 ring
manifests, with the sum of its inner angles reaching 540° (Supple-
mentary Fig. 36). The N–Ge–N angle is determined at 85.247(86)°.
Notably, theGe–NandGe–Nbond lengths,measuring 1.7856(18) Å and
1.7092(19) Å respectively, are substantially shorter than those
observed in tetraazagermoles, which range from 1.8399(16) to
1.889(11) Å75. This reduction in bond length is attributed to the robust
π-donation from the nitrogen atoms to the Ge(II) center. Additionally,
the N(1)–N(2), N(3)–N(4), and N(2)–N(3) bonds at 1.4810(39) Å,
1.5474(70) Å, and 1.3281(80) Å, respectively, are markedly longer than
the bond lengths typically recorded in tetraazagermoles (N–N, avg.
1.39 Å; N =N, avg. 1.27 Å)75. Remarkably, compound 6 is the solely
documented example of a tetraazagermylene, underscoring the syn-
thetic versatility of 3 in generating unique germanium species. The
NICS(1)-zz values calculated for the N4Ge ring are –14.3 and –17.3 ppm,
reflecting significantly weaker aromaticity relative to benzene
(–30.3 ppm, –30.3 ppm), consistent with suboptimal π-overlap
between Ge and N.

The germavinylidene character of 3 was further corroborated by
its reactivity toward 4-tolyl isocyanate, which undergoes a formal
[2 + 2] cycloaddition to furnish carboxamido germylene 7 (Fig. 6)76.
Compound 7 exhibits excellent thermal stability, with no detectable
changes observed when a C6D6 solution of 7 was refluxed for 12 h
(Supplementary Fig. 31). The molecular structure of 7 features the
nitrogen atom of the NCO moiety coordinated to the Ge center
(Fig. 7c), while the carbonyl group is connected to the former carbene
carbon via a C–C bond measuring 1.558(4) Å. The Ge atom adopts a
pyramidal coordination geometry. Notably, the Ge(1)–C(1) bond
elongates to 2.020(3) Å, substantially longer than that in 3 (1.835(6) Å),
indicative of a classical Ge–C single bond. In contrast, the Ge(1)–N(3)
bond measures 1.956(2) Å—significantly shorter than the dative
Ge(1)–N(2) interaction (2.294(2) Å)—supporting the formation of a
covalent Ge–N linkage.

To gain mechanistic insight into this transformation, theoretical
studies were performed (Fig. 8). The proposed pathway begins with a
nucleophilic attack of the Ge = C π-bond on the electrophilic carbon
of the NCO moiety, proceeding via transition state TS1 and

surmounting an energy barrier of 22.8 kcal/mol. This step yields a
zwitterionic intermediate (Int1), which lies 13.4 kcal/mol above the
energy of the separated reactants. A subsequent C-migration event,
accompanied by [2 + 2] cycloaddition, results in the concerted for-
mation of Ge–N and C–C bonds to generate the final product 7. This
step is both thermodynamically favorable (ΔG= –29.4 kcal/mol) and
kinetically accessible, with a relatively low activation barrier of
6.5 kcal/mol. Collectively, these findings underscore the unique
germavinylidene character of 3 and its propensity for nucleophilic
cycloaddition reactivity.

More than two decades since the initial reports of dimeric
1-germavinylidene structures48, this work establishes that monomeric
germavinylidene can be synthetically realized through ligation with a
bulky imino-CAAC ligand that provides crucial kinetic stabilization to
the low-valent germanium center. This germavinylidene is character-
ized by a Ge =C double bond, with the germanium atom further sta-
bilized by the proximal imine ligand. This Ge = C double bond exhibits
[2 + 2] cycloaddition reactivity with an isocyanate. Notably, the higher-
energy Ge =C π bond takes precedence over the Ge lone pair during
coordination processes, leading predominantly to the formation of an
iron π complex rather than the typical σ complex. Additionally, our
work delineates the capacity of germavinylidene to drive the synthesis
of previously unexplored tetraazagermylenes. Given the successful use
of imino-NHC ligands in isolating diverse, unique main group species,
it is anticipated that the introduction of the imino-CAAC ligand into
main group chemistry will inspire further interest and exploration in
this domain.

Methods
All manipulations were carried out under a dry argon atmosphere
using Schlenk line and glovebox techniques. Toluene, benzene, THF
and n-hexane were dried by stirring with sodium. Deuterated benzene
and deuterated THF were dried by refluxing with sodium/potassium
under argon prior to use, and deuterated chloroform was dried by
stirring with CaH2. The NMR (1H, 13C, 19F and 2D) spectrawere recorded
on Bruker Avance II 500MHz and 700MHz spectrometers. High-
resolutionmass spectrometry (HRMS) was conducted using a Thermo
Fisher Scientific Q-Exactive MS System. Commercial reagents were
purchased and used as received.

Synthetic method of 3 is as follows. More experimental and cal-
culational details can be found in the Supplementary Information file.

3: To the mixture of 2 (150mg, 0.19mmol) and KC8 (103mg,
0.76mmol) was added THF (50mL) at room temperature. After stir-
ring for 30min, a dark blue solution formed. Then the mixture was
kept stirring overnight. After filtration, the filtrate was evaporated
under vacuum, and the residue was washed with n-hexane (3mL) to
yield dark green solid in 82% yield (90mg). Crystals suitable for X-ray
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diffraction were obtained from the toluene solution at room
temperature.

Data availability
Additional synthetic, spectroscopic, crystallographic, and computa-
tional data generated in this study are provided in the Supplementary
Information file. Crystallographic data for the structures reported in
this Article have been deposited at the Cambridge Crystallographic
Data Center, under deposition numbers CCDC 2402153 (2), 2402154
(3), 2402156 (4), 2402155 (5), 2402158 (6) and 2425191 (7). Copies of
the data can be obtained free of charge via https://www.ccdc.cam.ac.
uk/structures/. Source data are provided in this article. All data are
available from the corresponding author upon request. Source data
are provided with this paper.
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