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Cumulative 2c–2e vs. 3c–2e π-back donations:
conformation preferences in germylene gold(I)
complexes†
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The first homoleptic and heteroleptic cationic germylene-gold(I) complexes 3, 4, and 7 have been syn-

thesized and structurally characterized, accompanied by the discovery of novel types of π-back donations.

These complexes exhibit distinct conformation preferences (vertical vs. quasi-planar) modulated by the

π-acceptor capacity of germylene and NHC ligands. Our bonding analyses further indicated that the

homoleptic complex 3 exhibits marvellous cumulative two-center–two-electron (2c–2e) π-back
donations, whereas the heteroleptic complexes 4 and 7 demonstrate extraordinary three-center–two-

electron (3c–2e) π-back donations. These findings offer a comprehensive explanation for the atypical dis-

ruption of extensive π-systems, along with the transition from quasi-planar to vertical conformations.

Introduction

Molecular structures are fundamentally governed by the nature
of chemical bonds between atoms and the electronic distri-
bution within the molecule. A comprehensive understanding
of molecular reactivity and catalytic activity necessitates a
thorough elucidation of its structural properties, which can be
comprehensively characterized through both experimental and
theoretical investigations.1,2 As an illustrative example,
N-heterocyclic carbenes (NHCs) have become prevalent neutral
ligands in coordination chemistry over recent decades.3–8

Since Arduengo’s pioneering work on the first isolation of
NHC in 1991,9 numerous homoleptic NHC metal complexes
have been synthesized and characterized,10–15 primarily
motivated by their applications in various
transformations,16–19 providing access to crucial building
blocks for organic synthesis and catalysis,20,21 as well as antitu-
mor and antimicrobial agents.22–24

Regarding the conformations of these complexes, the
majority (Fig. 1a, I) display a quasi-planar arrangement of
carbene ligands within their crystal structures,25–30 whereas a
minority adopt a vertical configuration, driven by the necessity
of minimizing steric repulsion between the coordinated
ligands.31–36 The leaning for taking quasi-planar geometries is

Fig. 1 Representative examples of structurally characterized dicoordi-
nated metal complexes exhibiting vertical and quasi-planar geometries
include: (a) dicoordinated NHC and dialkylsilylene metal complexes; and
(b) this work: the homoleptic and heteroleptic dicoordinated germylene
gold(I) complexes, where these conformation preferences are tuned by
ligand’s π-acceptor capacity and types of π-back donations.
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again pronounced in cyclic(alkyl)(amino)carbene (CAAC) metal
complexes,37–46 and cyclic (alkyl)(amino)germylene (CAAGe)
metal complexes.47 The tendency to adopt a quasi-planar geo-
metry in these complexes should arise from the enhanced
stability provided by the extensive π-systems formed in such
conformation.

While this inclination is generally considered reasonable,
dialkylsilylene, one of the strongest π-acceptor silylene
ligands,48 constitutes an exception. Three dicoordinated metal
complexes (Fig. 1a, II) of dialkylsilylene have been isolated and
characterized by Iwamoto and coworkers,49–51 all exhibiting
vertical geometry. These complexes engender a different con-
formation preference from the aforementioned NHC examples.
The atypical breaking of extensive π-systems evokes our inter-
ests. To date, the essential determinants of such phenomena
remain elusive. Furthermore, despite the burgeoning interest
in gold(I)-main group chemistry,52–55 the conformational pre-
ferences are underexplored.

Herein, we report the synthesis and structural characteriz-
ation of both homoleptic and heteroleptic cationic germylene
gold(I) complexes derived from dialkyl- and acyclic diamino-
germylene (Fig. 1b), which exhibit vertical and quasi-planar
geometry respectively. The selection of ligands is driven by the
versatile bonding capacity of germylenes in the formation of
transition metal complexes.56–65 Additionally, the choice of
gold(I) metal centers leverages the advantage of d10 shell, facili-
tating the construction of stable dicoordinated metal com-
plexes, whether in a vertical or quasi-planar arrangement.
Investigation of these homoleptic and heteroleptic complexes
with varying conformations helps to uncover the intrinsic
factors that determine conformation preferences (vertical vs.
quasi-planar). Our bonding analyses further discovered two
novel types of π-back donations, the unique cumulative two-
center–two-electron (2c–2e) π-back donations among homolep-
tic complexes as well as the unprecedented three-center–two-
electron (3c–2e) π-back donation among heteroleptic com-
plexes. These findings afford a profound bonding insight into
the impressive phenomenon of conformation preference, pro-
viding explanations for the unusual disruption of vast
π-systems.

Results and discussion

As reported previously,64,65 dialkylgermylene66 (R2Ge:) 1 is
smoothly inserted into the Au–Cl bond of chlorotrimethyl-
phosphinegold(I) (Me3PAuCl) and chloro[1,3-bis(2,6-diiso-
propylphenyl)imidazoline-2-ylidene] gold(I) (NHCAuCl),
respectively, in toluene at ambient temperature, yielding ger-
mylgolds 2a (L = PMe3) and 2b (L = NHC) as off-white powders
in high yields (Scheme 1). Germylgold 2a subsequently reacts
with Ag[Al(OC(CF3)3)4] at room temperature for 30 minutes,
resulting in the formation of the first homoleptic cationic
digermylene gold(I) complex 3 in 31% isolated yield as a white
solid (Scheme 1). We propose that the formation of 3 involves
the generation of a transient heteroleptic cationic gold(I)

complex coordinated by both R2Ge 1 and PMe3, which sub-
sequently decomposes to generate the more stable homoleptic
cationic gold(I) complex 3. The heteroleptic cationic germylene
gold(I) complex 4 is obtained in 87% yield from germylgold 2b
via a similar process (Scheme 1).

Alternative chloride abstraction reagents, including AgOTf,
AgBF4, and AgPF6, were explored under identical conditions;
however, these attempts proved unsuccessful in isolating homo-
leptic or heteroleptic cationic germylene gold(I) complexes. The
difference in reactivity between 2a and 2b can be attributed to the
stronger σ-donating character of NHCs compared to even elec-
tron-rich phosphines such as tBu3P.

67 This enhanced carbene-
gold interaction, further strengthened by the involvement of the
empty p-orbital of NHC in bonding within heteroleptic gold(I)
complexes 4, contributes to their increased resistance to dis-
sociation. Experimental details are provided in the ESI.†

Both 2b, 3 and 4 are isolated as pure materials and charac-
terized by multinuclear NMR spectroscopy and single-crystal
X-ray diffraction analysis (Fig. 2 and S1†).68 The Ge1–Au1 bond

Scheme 1 Synthesis of homoleptic and heteroleptic cationic germy-
lene gold(I) complexes 3 and 4.

Fig. 2 Solid structures of 3 (a) and 4 (b). Thermal ellipsoids are shown
at 30% probability level. Hydrogen atoms and Al(OC(CF3)3)4 anion are
omitted in 3 and 4 for clarity.
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lengths of 3 (2.3798(4) Å) are remarkably shorter than those of
2a (2.4159(5) Å), 2b (2.4055(8) Å) and 4 (2.3848(11) Å), which
suggests that 3 exhibits a stronger π-back donation compared
to 4. The observed Ge1–Au1–Ge2 angles of 178.169(16)° in 3
indicate a linear coordination geometry, consistent with the
expected structure for two-coordinate gold(I) species. The Ge1–
Au1–C17 angles of 177.4(2)° in 4 suggest a linear coordination
geometry, consistent with that of II (176.62(15)°).47 The di-
hedral angle of 3 between the C–Ge–C plane of dialkylgermy-
lene moieties is 83.643°, indicating that these two planes are
almost perpendicular to each other. Moreover, this dihedral
angle of 4 (39.766°) is comparable to that of II (31.335°),47

suggesting quasi-planar geometries.
The 1H, 13C, and 29Si NMR spectra of 3 and 4, acquired at

ambient temperature, align with the structural assignments of
X-ray crystallography. In 1H NMR spectrum of 3, the trimethyl-
silyl protons exhibit a singlet resonance at 0.31 ppm
(Fig. S11†). In contrast, these protons are observed as two sing-
lets at 0.51 ppm and 0.60 ppm for 2a.64 The CH2 protons of
the five-membered ring are observed at 2.55 ppm in 3 and at
2.20 ppm in 4 (Fig. S15†). The 1H NMR spectrum of 4 exhibits
a multiplet at 2.61–2.54 ppm, assignable to the CH protons of
the isopropyl groups in the NHC ligand. This signal is shifted
downfield relative to the corresponding signal in II, which
appears at 2.45–2.28 ppm.47

To further investigate the effects of different germylene
ligands on the structural properties of heteroleptic cationic
germylene gold(I) complexes, acyclic diaminogermylene 5 was
employed to synthesize the germylgold complexes 6a and 6b
through a comparable process (Scheme 2).69 Upon treatment
of germylgold 6a with Ag[Al(OC(CF3)3)4] at room temperature,

decomposition was observed. We propose a mechanism invol-
ving the initial formation of a transient heteroleptic gold(I)
complex coordinated by both germylene 5 and PMe3. However,
this intermediate species is not stable enough, preventing its
isolation. The heteroleptic cationic germylene gold(I) complex
7 is obtained in 78% yield from germylgold 6b via a similar
process. Under identical conditions, the reaction of 6b with
AgBF4 unexpectedly yielded germylgold 8 via B–F bond acti-
vation, rather than the expected analogue of 7 (Scheme 2).
This result suggests that the heteroleptic cationic germylene
gold(I) complex acts as a Lewis acid, facilitating B–F bond
activation.

6a, 6b, 7, and 8 were also isolated and fully characterized by
multinuclear NMR spectroscopy and single-crystal X-ray diffr-
action (Fig. 3, S2 and S3†).64 The Ge1–Au1 bond lengths of 7
(2.3780(8) Å) are remarkably shorter than those of 6a (2.4127
(3) Å) and 6b (2.4064(4) Å), but comparable to are comparable
to those in 4 (2.3848(11) Å) and 8 (2.3668(27) Å). The nearly
linear coordination geometry of 7 and 8, with angles of Ge1–
Au1–C2 angle of 177.7° and 168.0° respectively, is comparable
to that of 4 (177.4°). The germylene and NHC moieties of 7
exhibit quasi-planar geometries, with a dihedral angle of
14.608°.

Bonding analysis

To elucidate the nature of π-back donation in complexes 3, 4,
and 7, comprehensive bonding analyses were performed. The
gold centers in these complexes can be formally assigned an
oxidation state of +1, resulting in a 5d10 electron configuration.
Consequently, the sp2 lone pairs of the carbene and germylene
ligands are expected to donate into the sp orbitals of the gold
centers, forming cumulative σ-bonds (Fig. 4a–c). However, the
nature of the π-back donation differs significantly among these
complexes, concomitant with conformational variations. In
complex 3, a pair of cumulative two-center–two-electron (2c–
2e) π-back donation interactions are proposed. This involves
donation from the dxz (Au) lone pair into the pz (Ge) orbital of
one germylene ligand, and concurrently, donation from the dxy
(Au) lone pair into the py (Ge) orbital of the opposing germy-

Scheme 2 Synthesis and reactivity studies of germylgolds 6 toward
different silver salts.

Fig. 3 Solid structures of 7 (a) and 8 (b). Thermal ellipsoids are shown
at 30% probability level. Hydrogen atoms are omitted in 7 and 8; while
the Al(OC(CF3)3)4 anion is omitted in 7 for clarity.
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lene ligand (Fig. 4d). In contrast, complexes 4 and 7 exhibit a
three-center–two-electron (3c–2e) π-back donation. Specifically,
the dxz (Au) lone pair is delocalized over the pz (Ge) orbitals of
both germylene ligands (Fig. 4e). These observed differences
in π-back donation could be attributed to the varying
π-acceptor capabilities of the carbene and germylene ligands.
Dialkylgermylene ligand, owing to greater electronegativity,
generally exhibits stronger π-acceptor properties compared to
NHC ligands. As the π-electron acceptor capacity of ligand
increases, the stabilization afforded by cumulative 2c–2e
π-back donation is enhanced, thereby promoting a deviation
from quasi-planar geometry in two-coordinate gold(I) com-
plexes and disrupting extended π-conjugation.

We further conducted the principal interacting orbital (PIO)
analysis to generate chemically interpretable orbital plots and
to assess bonding strength using PIO-based bond indices
(PBI).70,71 As illustrated in Fig. 5a and b, the two PIO pairs rep-
resent the cumulative 2c–2e π-back donations among complex
3, aligning with the preceding bonding analyses. Additionally,
Fig. 5c and d displays the π interactions between Au centers
and coordinating ligands within complexes 4 (Fig. 5c) and 7
(Fig. 5d), further certifying the presence of 3c–2e π-back
donations. The PBI for each PIO pair corresponding to 2c–2e
π-back donation in complex 3 is 0.065 (cumulative PBI =
0.130), while in complexes 4 and 7, the PBI for each PIO pair

pertaining to 3c–2e π-back donation is 0.119. This analysis
suggests that complex 3 would exhibit enhanced stability
derived from π-back donation interactions compared to com-
plexes 4 and 7. Additionally, to investigate whether the chloro-
form solvent would influence the strength of π-back donations,
we further performed the PIO analysis in the presence of SMD
solvation model (Fig. S10†).72 Remarkably, the PBI for each
PIO pair associated with 2c–2e π-back donation in complex 3 is
0.067 (cumulative PBI = 0.134), whereas the PBI for each PIO
pair related to 3c–2e π-back donation is 0.123. The relatively
larger PBI confirms that the presence of polar solvent would
facilitate the π-back donations.

Fig. 4 Orbital interactions between Au centers and coordinating
atoms. σ dative bonds in complexes 3 (a), 4 (b), and 7 (c), along with
their contributing orbitals. Cumulative 2c–2e π-back donations in
complex 3 (d) and 3c–2e π-back donations in complexes 4 and 7 (e),
along with their contributing orbitals.

Fig. 5 Selected principal interacting with orbital (PIO) plots (isovalue =
0.05). PIO pairs representing cumulative 2c–2e π-back donations in
complex 3 (a and b), with corresponding populations (Pop) and PIO-
based bond indices (PBI). PIO pairs representing 3c–2e π-back
donations in complexes 4 (c) and 7 (d), with corresponding populations
(Pop) and PIO-based bond indices (PBI).
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Conclusions

In summary, we report the synthesis and characterization of the
first homoleptic and heteroleptic cationic germylene-gold(I)
complexes (3, 4, and 7), characterized by distinct conformation
conformations (vertical vs. quasi-planar). By investigating these
complexes, we have revealed that the conformation preferences
in such dicoordinated metal complexes are tuned by the
π-acceptor capabilities of enveloping ligands. Our bonding ana-
lyses have further revealed two extraordinary types of π-back
donations, cumulative 2c–2e π-back donations in homoleptic
complexes, as well as 3c–2e π-back donations in heteroleptic
complexes. These findings offer intrinsic bonding insights into
why the established trend of forming extensive π-systems
through quasi-planar geometry can be broken to afford a vertical
conformation. Moreover, the germylene-gold(I) complexes
demonstrated the B–F bond activation, highlighting their poten-
tial in the field of catalysis and coordination chemistry.
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