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ABSTRACT: The synthesis of heteronuclear vinylidene analogues containing heavier group
14 elements (R2C�E:, E = Si, Ge, Sn) has been a challenging task due to their inherent
instability. In this study, we report the synthesis of dicationic 1-germavinylidene (3Ge) and
1-stannavinylidene (3Sn) by using sym-bis(2-pyridyl)-tetraphenylcarbodiphosphorane
(CDPPy2) as a donor ligand. Both 3Ge and 3Sn have been characterized by single-crystal
X-ray diffraction analysis, NMR spectroscopy, and high-resolution mass spectrometry. The
structural analysis, supported by the results of theoretical calculations, confirms that 3Ge and
3Sn feature a polarized C�E double bond and a lone pair of electrons located at the E atom
(E = Ge and Sn). The reactions of 3Ge with IDippMCl (M = Cu, Ag, Au) give the M−Cl
bond addition products. Mechanistic studies on the activation of the Au−Cl bond by 3Ge
demonstrate its ambiphilicity. This work represents an example of the utilization of a carbone
ligand as both an σ and π donor for the synthesis of heavier heteronuclear vinylidene
analogues.
KEYWORDS: germanium, tin, main group compound, multiple bonds, single-crystal X-ray diffraction

■ INTRODUCTION
Vinylidenes with the general formula of R1R2C�C: (A),
which contain a carbon−carbon double bond, are isomers of
alkynes (Figure 1a).1,2 They represent an important class of
unsaturated carbenes and are recognized as crucial reactive
intermediates in organic reactions, thereby becoming an
integral part of the field of organic chemistry.2 Replacing the
carbon atoms of the double bond of vinylidenes with heavier
group 14 elements such as silicon, germanium, and tin leads to
heavier vinylidene analogues B (R1R2E�E′:, E and E′ = Si,
Ge, Sn, Figure 1a).3 These heavier vinylidene analogues exhibit
unique reactivity, which is attributed to their distinctive
electron configuration featuring a lone pair of electrons, an
empty p-orbital, and an unsaturated E�E′ double bond. In
2013, the Scheschkewitz group reported the isolation of the
first Lewis base-stabilized silagermenylidene, using N-hetero-
cyclic carbene (NHC) as a donor ligand.4 This breakthrough
opens the door to the exploration of Lewis base-stabilized
heavier vinylidene analogues.5 Subsequent work by the
Filippou, Iwamoto, Mo, and Wesemann groups resulted in
the synthesis and isolation of NHC, N-heterocyclic silylene
(NHSi), and phosphine-stabilized heavier vinylidene ana-
logues.6 Notably, Aldridge et al. isolated and characterized a
base-free digermavinylidene with a σ-electron donating boryl
group ([(HCDippN)2B]2Ge�Ge:).7

By substituting one carbon atom in vinylidene with a heavier
group 14 element, their heteronuclear analogues, namely, 2-
sila, 2-germa, and 2-stannavinylidenes C (R1R2E�C:, E = Si,
Ge, Sn) and 1-sila, 1-germa, and 1-stannavinylidenes D

(R1R2C�E′:, E = Si, Ge, Sn) are acquired (Figure 1a).3a,8
For the Lewis base-stabilized heteronuclear analogues C and
D, only few examples have been reported to date.9−11 Two
decades ago, Leung et al. reported the base-stabilized
oligomeric heterovinylidenes.9 So and Sindlinger groups
reported the NHC-stabilized 1-silavinylidene I and II,
respectively (Figure 1b).10,11 Very recently, Das and Filippou
et al. prepared the NHC-stabilized 2-sila and 2-germavinyli-
denes III (Figure 1b).12 However, monomeric 1-germa and 1-
stannavinylidenes have not been synthesized and isolated due
to their inherent instability.
Carbodiphosphoranes (CDPs), also known as carbones,

possess two orthogonal σ and π lone pairs at the center carbon
(C0).13 Latest studies show that CDPs can serve as double-
dative ligands, with the two lone pairs on the central carbon
atom being capable of simultaneously coordinating to the same
metal or main group center, thus forming double-bonded
compounds.14,15 Inspired by this finding, we propose that the
heteronuclear vinylidene analogues can be readily obtained by
combining the CDP ligands with E2+ dications (E = Si, Ge, or
Sn). To further improve the stability of the target compounds,
we selected the tridentate sym-bis(2-pyridyl)-tetraphenylcar-
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bodiphosphorane (CDPPy2) ligand, which features pyridine
groups that can coordinate to the central heavier group 14
elements (Figure 1c).16 Utilizing this approach, we are able to
synthesize and isolate a new class of stable dicationic 1-
germavinylidene and 1-stannavinylidene in a single step
(Figure 1c).

■ RESULTS AND DISCUSSION
The synthesis of CDPPy2 supported chlorogermyliumylidene
2Ge was accomplished through a direct reaction between
equivalent amounts of CDPPy2 and GeCl2·dioxane in Et2O
(Scheme 1a).14b 2Ge was isolated as a yellow solid in 73%
yield on a gram scale. Addition of trimethylsilyl trifluorome-
thanesulfonate (Me3SiOTf) to Et2O solution of 2Ge resulted
in the formation of dication 3Ge as a pale yellow solid in a
yield of 85% (Scheme 1b). A one-pot approach involving the
in situ addition of TMSOTf to a mixture of GeCl2·dioxane and
CDPPy2 could also be used to prepare 3Ge, achieving a yield
of 82% (Scheme 1c). The tin analogue 3Sn could be
synthesized by a similar method. The two-step synthesis of
3Sn resulted in a combined yield of 65% (Scheme 1a,b). The
one-pot synthesis of 3Sn, however, yielded an NMR yield of
only 33%, with the byproduct being challenging to separate
(Scheme 1c). Compounds 2E and 3E (E = Ge, Sn) were
characterized by NMR spectroscopy and high-resolution mass
spectrometry (HRMS) analysis. 2Ge, 3Ge, and 3Sn in the
solid state were further determined by single-crystal X-ray
diffraction (sc-XRD) analysis (Figure 2; for details, see the
Supporting Information).
The 13C NMR chemical shifts of the central C1 atoms of the

CDPPy2 ligand in 2Ge (16.5 ppm) and 2Sn (20.3 ppm) are
shifted downfield compared to that of the CDPPy2 ligand
(δ13C = 12.1 ppm) (Table S4). This is quite common when

Figure 1. (a) Isomerization of alkynes and their heavy group 14 analogues into vinylidenes and heavier group 14 vinylidene analogues (A−D); (b)
selected examples of reported NHC-stabilized heteronuclear vinylidene analogues containing heavier group 14 elements (I−III); (c) dicationic 1-
germanvinylidene and 1-stannavinylidene reported in this work.

Scheme 1. Synthesis of Compounds 3Ge and 3Sna

aReagents and conditions: (a) GeCl2·dioxane or SnCl2 (1 equiv),
Et2O, 12 h, room temperature (rt); (b) Me3SiOTf (2.5 equiv), Et2O,
12 h, −30 °C to rt; (c) GeCl2·dioxane or SnCl2 (1 equiv), then
Me3SiOTf (2.5 equiv), Et2O, 12 h, −30 °C to rt.
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CDPPy2 acts as a σ-donor ligand, as exemplified by the 13C
NMR signal at 11.3 ppm for the identical carbon atom in the
palladium complex [(CDPPy2)PdCl]Cl.

16 The 13C NMR
spectra of dications 3Ge and 3Sn exhibit resonances at 121.7
and 125.6 ppm for the central C1 atoms of the CDPPy2 ligand,
which are significantly shifted downfield compared to the
corresponding starting materials 2Ge and 2Sn (δ13C = 16.5
and 20.3 ppm). However, these values are very close to the
range of the 13C NMR resonances reported for germenes and
stannenes with Ge�C and Sn�C double bonds (δ13C =
130−160 ppm).17 Furthermore, the 119Sn NMR spectrum of
3Sn presents one singlet at −87.9 ppm, which is shifted upfield
by comparison with that observed for 2Sn (−34.2 ppm). The
results of NMR analyses of the dications 3Ge and 3Sn provide
the first evidence for the presence of double-bond character
between the C atom and the E (E = Ge, Sn) atom.
Graphic representations of the structures of 3Ge, 3Sn, and

2Ge in the crystal are shown in Figures 2 and S8−S10. As
expected, the two N and C1 donor sites of the rigid tridentate
CDPPy2 ligand coordinate to the Ge center in 3Ge, resulting
in a T-shaped CDPPy2-Ge complex. The Ge···O distances
(2.247(3) and 2.923(4) Å) between Ge atom and the O atom
of the counteranion OTf− in 3Ge are significantly longer than
the typical length of the Ge−O covalent bond (1.75−1.85 Å)18
and the weak Ge−O bond (2.03 Å) in NHC → [GeClOTf]
(Figure S9).19 This indicates that the interaction between the
Ge atom and the O atom in 3Ge is very weak or even
nonexistent.20 The N−Ge bond distances (2.341(4) and
2.350(4) Å) fall within the range observed for the multidentate
N-ligand stabilized Ge(II) cations (varying from 2.05 to 2.32
Å), suggesting the N → Ge donor−acceptor interaction.21 The
GeCP1N1 and GeCP2N2 five-membered rings in 3Ge are
nearly coplanar. This conformation favors σ and π donation
between the C1 and Ge atoms. The Ge−C1 bond length
(1.977(5) Å) in 3Ge is shortened relative to what were found
for 2Ge (2.018(5) Å) and CDP → GeCl2 (2.063 Å) reported
by the group of Alcarazo14b but is slightly longer than typical
Ge�C double bond (1.78 Å)22 and the reported C�Ge
double bonds (varying from 1.81 to 1.93 Å).17 We noted that
this value is very close to the reported C�Ge double bond in
CDP−[GeCl]+ cation (1.954 Å).14b These data indicate the

presence of multiple bonds between the C1 and Ge atoms in
3Ge. Similar bonding situations were also observed in the tin
analogue 3Sn (Figure 2 and Table 1). The Sn−C1 bond length

in 3Sn is 2.208 Å, which is similar to that found for the dimer
of CDP−[SnCl]+ (2.201 Å), but shorter than the Sn−C bond
observed for the 4-dimethylaminopyridine stabilized CDP−
[SnCl]+ (2.272 Å).14b

To elucidate the electronic structures of 3Ge and 3Sn,
density functional theory (DFT) calculations were performed
at the BP86-D3(BJ)/def2-TZVP level.23 The calculated
structures for 3Ge and 3Sn are very close to the molecular
structures determined by sc-XRD analysis (Table S6). The
highest occupied molecular orbital (HOMO) is a predom-
inantly in-plane σ lone pair orbital located on the Ge atom
(Figure 3). The HOMO−1 consists of an out-of-plane π-
orbital of the C1�Ge bond strongly polarized toward the
carbon atom, while the lowest unoccupied molecular orbital
(LUMO) is a π*-orbital. The HOMO−12 features substantial
contributions from the σ-bonding orbital for the C1−Ge bond.
This unambiguously demonstrates the double-bond character
of the C1�Ge bond in 3Ge, which is consistent with the
discussion of the structural parameters. Additionally, the
HOMO−15 indicates the N → Ge donor−acceptor
interaction. Similar molecular orbitals were also observed in
3Sn (Figure S18). Overall, frontier molecular orbital (FMO)
analysis reveals the double-bond character of the C�E bond
in 3E (E = Ge and Sn) and the presence of ambiphilic E
centers.
The natural bond orbital (NBO) calculations for 3Ge and

3Sn were conducted to further illustrate the bonding
situation.24 According to the NBO analysis, the amount of
C1 → E (E = Ge, Sn) σ-donation is evaluated to be 0.40 e for
3Ge and 0.36 e for 3Sn (for details, see Figures S19 and S21).
Remarkably, the C1�Ge π-bonding orbital in 3Ge is
significantly polarized toward the C1 atom (orbital contribu-
tions: C1: 87%; Ge: 13%) (Figure S19). The amount of the C1
→ Sn π interaction for 3Sn is estimated to be 0.21 e (Figure
S21). The NBO analysis of 3Ge and 3Sn undoubtedly
demonstrates the double-bond character between the C1 atom
and the E (E = Ge and Sn) atom, and the π−electron negative
hyperconjugation analyses are shown in Figures S20 and S22.25

The Ge and Sn atoms in 3Ge and 3Sn contain a nonbonding
in-plane lone pair orbital with mainly s character (s: 89.1%, p:
10.9% (3Ge) and s: 90.9%, p: 9.1% (3Sn)). Furthermore, the
calculated Wiberg bond index (WBI) for the C1−Ge bond in

Figure 2. Molecular structures of 3Ge and 3Sn. Left: Structure of
3Ge in the crystal. Selected bond length (Å) and angle (deg) for 3Ge:
C1−P1: 1.716(4), C1−P2: 1.712(4), C1−Ge: 1.977(5), Ge−N1:
2.341(4), Ge−N2: 2.247(3); P1−C1−P2: 119.4. Right: Structure of
3Sn in the crystal. Selected bond length (Å) and angle (deg) for 3Sn:
C1−P1: 1.697(3), C1−P2: 1.699(2), C1−Sn: 2.208(2), Sn−N1:
2.493(2), Sn−N2: 2.470(2); P1−C1−P2: 119.8. Hydrogen atoms,
solvents, and OTf− anions were omitted for clarity. Thermal ellipsoids
are set at the 50% probability level.

Table 1. Selected Bond Lengths (Å) and Angles (Deg) and
Experimental 13C NMR Chemical Shifts (ppm) of
Compounds 2Ge, 3Ge, 3Sn, and 4

2Ge 3Ge 3Sn 4

C1−Ea 2.018(3) 1.977(5) 2.208(2) 1.933(7)
C1−P1 1.696(3) 1.716(4) 1.699(2) 1.721(11)
C1−P2 1.694(2) 1.712(4) 1.697(3) 1.712(9)
E−O1a 2.247(3) 2.413(2)
E−O2a 2.923(4) 2.828(2)
E−N1 2.497(3) 2.350(4) 2.493(2) 2.216(9)
P1−C1−P2 123.7(2) 119.4(2) 119.8(3) 125.4(6)
N1−E−N2 157.1(8) 163.1(1) 152.3(7) 166.1(3)
δ13C (C1)b 16.2 121.7 125.6 122.2

aE = Ge or Sn. bData were recorded in dichloromethane-d2 (DCM-
d2).
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3Ge is 0.93, and the corresponding value for the C1−Sn bond
in 3Sn is 0.79.26 The calculated WBI values for C1−E (E = Ge
and Sn) in 3Ge and 3Sn are higher than what were reported
for the previously reported CDP−[ECl]+ cation (E = Ge and
Sn) (WBI = 0.84 (Ge) and 0.49 (Sn)).14b This suggests that
the σ- and π-donation in 3Ge and 3Sn is relatively stronger
compared to the CDP−[ECl]+ species. The NPA charges of
the Ge and Sn atoms for 3Ge and 3Sn are +1.10 and +1.22 au
individually, while those of C1 are −1.56 and −1.57 au (Figure
S15). This implies a higher degree of polarization of the C1−E
bonds, which is in agreement with the results of the MO and
NBO analysis.
The extended transition state-natural orbitals for chemical

valence (EST-NOCV) analysis reveals that the dominant
orbital interactions in 3Ge correspond to the C1 → Ge σ/π-
donation (NOCV pairs 1 and 2) and N → Ge σ-donation
(NOCV pair 3) with stabilization energies of −97.14/−29.07

and −32.71 kcal/mol, respectively (Figures 4 and S30).27
Notably, the C1 → Ge σ-donation in 3Ge is substantially

stronger than the corresponding π-donation, which is in line
with the NBO analysis. Similar results were obtained for 3Sn
(Figure S31).
Thereafter, the electron density for 3Ge and 3Sn was

analyzed using the quantum theory of atom in molecules
(QTAIM) method (Figures 5 and S26−S29).28 The results of
QTAIM analysis reveal that the P−C1 bond in 3Ge and 3Sn is
an electron-sharing covalent bond as the bond critical point
(BCP) with a negative ∇2ρ(rc) and negative total energy
density (H(rc)). The C1−E (Ge and Sn) can be regarded as a
polar covalent bond, given that their BCPs are situated in close
proximity to a nodal surface of the Laplacian ∇2ρ(rc) and
exhibit positive ∇2ρ(rc) and negative H(rc) values. The
ellipticity values (ε(rc)) at the BCP of C1−E bonds are 0.20
(E = Ge) and 0.17 (E = Sn), respectively, which are
substantially larger than zero, thereby further supporting the
presence of the double-bond character of C1−E bonds (E =
Ge or Sn). The electron localization function (ELF) analysis
again verifies the presence of a lone pair at Ge and Sn atoms
and covalent bonding between E and C1 atoms in 3Ge and
3Sn (Figure S16).29

We conducted the energy decomposition analysis (sobEDA)
to investigate in depth the bonding nature of the E−C bonds
(E = Ge or Sn) in 3Ge and 3Sn, aiming to determine whether
the double bonds are better described as electron-sharing
double bonds or as σ and π dative bonds.30 The magnitude of
the absolute value of the orbital term |ΔEorb| serves as a
valuable metric for classifying bond types (Tables 2 and S9).
The sobEDA results of 3Ge show that the value of |ΔEorb|
between the triplet fragments (317.80 kcal/mol) is lower than
that between the singlet fragments (370.05 kcal/mol) and
between the doublet fragments (330.22 kcal/mol). Con-
sequently, 3Ge should be described as electron-sharing σ and π
bonds (as depicted in Scheme 1, 3GeA). Conversely, the
calculated |ΔEorb| value for the doublet−doublet combination
for 3Sn (270.95 kcal/mol) is significantly smaller than that of
the singlet−singlet combination (300.93 kcal/mol) and
triplet−triplet combination (327.81 kcal/mol), indicating the
presence of an electron-sharing σ bond and a dative π bond
between the Sn and C atoms in 3Sn (as depicted in Scheme 1,
3SnB).

Figure 3. Selected frontier molecular orbital of 3Ge (calculated at the
BP86-D3(BJ)/def2-TZVP level and isodensity value of 0.04).

Figure 4. ETS-NOCV analysis of 3Ge (calculated at the BP86-
D3(BJ)/def2-TZVP//BP86-D3(BJ)/def2-TZVP level; charge flows
from red to blue).
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The reactivity of 3Ge was further investigated as an
illustrative example, given its parallel electronic configuration
to that of 3Sn. The potential of 3Ge as an ambiphilic species
for bond activation has been studied. We examined the
reactions of 3Ge toward the coinage metal complexes,
IDippMCl (M = Cu, Ag, and Au; IDipp = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene). The reaction of 3Ge
with IDippAuCl in o-dichlorobenzene (o-DCB) at room
temperature gave the Au−Cl addition product 4 in a yield of
80% (Scheme 2). However, for the reactions of 1-Ge with
IDippAgCl and IDippCuCl, the novel di- and tricoordinated
silver and copper complexes 5 and 6 were synthesized in good
yields. Complexes 4−6 are characterized by NMR spectrosco-
py and sc-XRD analysis. The DFT calculations show that the
reaction of 3Ge with IDippAuCl proceeds via a concerted
pathway rather than an electrophilic pathway (for details, see
Figure S32). This indicates the ambiphilic character of 3Ge,
which is in agreement with the FMO analysis.
The solid-state structures of 4−6 are depicted in Figure 5.

The pentacoordinate germanium in 4−6 adopts a trigonal
bipyramidal coordination environment. The Ge−Au−CNHC
bond angle in 4 is 175.80(2)°, indicating a linear arrangement
of the three atoms (Figure 6a). The silver ion in 5 is
coordinated with two CDPPy2GeIICl ligands with a Ge−Ag−
Ge bond angle of 146.7(2)° (Figure 6b). In addition, the two
[TfO]− anions are close to the silver atom (the distance
between the two O atoms and the Ag atom is 2.537(9) Å).
This close proximity causes the Ge−Ag−Ge angle to deviate
from linearity by 33.3°, thus reducing the steric hindrance
between the [TfO]− anion and CDPPy2GeIICl ligands.
Whereas the Cu ion in 6 is bound by three CDPPy2GeIICl
ligands, and the three Ge atoms and the Cu atom are nearly
coplanar (Figure 6c). It is worth pointing out that compound 6
is the first structurally characterized copper complex exclusively

coordinated by three GeII ligands.31 The disparity in the
coordination environment of coinage metals (Au, Ag, and Cu)
may arise from differences in their atomic radius and
electronegativity. The Ge−Au (2.338(1) Å), Ge−Ag
(2.476(1) Å), and Ge−Cu (2.370(1) Å) bonds in 4−5 fall
into the range of what were reported for GeII ligated Au, Ag,
and Cu complexes.31

■ CONCLUSIONS
To conclude, we have reported the synthesis and isolation of
novel dicationic 1-germavinylidene (3Ge) and 1-stannavinyli-
dene (3Sn) by using the CDPPy2 ligand as both σ- and π-
donors. Structural and theoretical analyses have shown that
these compounds feature a polarized double C�E bond with a
lone pair on the E atom (E = Ge or Sn). The analysis also
highlighted the presence of a robust σ bond and a relatively
weaker π component in the C�E bond, which is attributable
to the polarization of the C�E double bond. The reactivity of
3Ge was examined with coinage metal complexes IDippMCl
(M = Cu, Ag, Au), leading to the formation of M−Cl addition
products 4−6. The DFT calculations for the reaction
mechanism indicate the ambiphilic character of 3Ge. Further
studies are underway in our laboratory to explore the reactivity
and catalytic potential of these complexes.

■ MATERIALS AND METHODS

Materials
All reactions were performed under a controlled dry argon or nitrogen
atmosphere using a high-vacuum line, standard Schlenk techniques,
and a Vigor glovebox. The glassware was dried in an oven at 120 °C
and evacuated prior to use. The solvents tetrahydrofuran (THF),
diethyl ether (Et2O), benzene, and n-hexane were dried over sodium/
potassium alloy and distilled under argon prior to use. Toluene was

Figure 5. Left: molecular graph of 3Ge based on QTAIM analysis. Gray lines indicate bond paths, orange circles represent bond critical points, and
yellow circles represent ring critical points. Right: part of the molecular graph of 3Ge was projected on a contour plot of the Laplacian of the
electron density (∇2ρ(rc)) in the GeCP2 plane (calculated at the BP86-D3(BJ)/def2-TZVP level).

Table 2. sobEDA Analysis Results for 3Ge and 3Sn, Calculated at the B3LYP-D3(BJ)/def2-TZVP Levela

3Ge 3Sn

CDPPy2 (S) + Ge2+ (S) CDPPy22+ (T) + Ge (T) CDPPy2+ (D) + Sn+ (D) CDPPy22+ (T) + Sn (T)

ΔEint
b −391.68 −178.47 −116.76 −172.17

ΔExrep
c 250.77 389.35 297.36 340.10

ΔEels
d −246.33 (40.0%) −209.91 (39.8%) −109.12 (28.7%) −145.06 (30.7%)

ΔEorb
d −370.05 (60.0%) −317.80 (60.2%) −270.95 (71.3%) −327.81 (69.3%)

ΔEc
e −26.06 −40.12 −34.05 −39.41

aEnergy values are given in kcal/mol. S = singlet, D = doublet, and T = triplet. bTotal interaction energy. cExchange energy and Pauli repulsion
energy. dPercentage contribution to the total attractive interactions ΔEels + ΔEorb.

eDFT correlation energy and dispersion correction energy.
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dried over sodium and distilled under argon prior to use. ortho-
Dichlorobenzene was dried over a 4 Å molecular sieve. Dichloro-
methane (DCM) was dried over calcium hydride and distilled under
argon prior to use. Deuterated benzene (C6D6) was dried over
sodium/potassium alloy, distilled, and stored over a molecular sieve
(4 Å). Dichloromethane-d2 was dried over CaH2, distilled, and stored
over a molecular sieve (4 Å). All used standard chemicals were
purchased from Energy Chemical, Bidepharm, Keshi, Damas-β, J&K,
TCL, or Sigma-Aldrich and used as delivered if not mentioned
otherwise. Sym-bis(2-pyridyl)-tetraphenylcarbodiphosphorane
(CDPPy2)

16 was prepared according to the procedure described in
the literature.

Analytical Methods

NMR spectra were recorded on Bruker AVANCE III HD 400 NMR
spectrometers. All NMR spectra were acquired at 298 K unless
otherwise specified. Multiplets were assigned as s (singlet), d
(doublet), t (triplet), dd (doublet of doublet), and m (multiplet).
1H NMR spectra were calibrated against the residual proton signal of
the solvent as an internal reference (benzene-d6: δ1H = 7.16;
dichloromethane-d2: δ1H = 5.32) and 13C{1H} NMR spectra by using
the central line of the solvent signal (benzene-d6: δ13C = 128.0;
dichloromethane-d2: δ13C = 53.8). The 31P NMR spectra were
calibrated using an external standard (δ31P (H3PO4) = 0.0) and 19F
NMR spectra against external CFCl3 (δ19F (CFCl3) = 0.0). The
119Sn{1H} NMR spectra were a reference to an external standard
Me4Sn (δ119Sn (Me4Sn) = 0.0).

High-resolution mass spectra (HRMS) analyses were recorded on
the exactive mass spectrometer (Thermo Scientific, USA) equipped
with an electrospray ionization (ESI) ionization source.

X-ray Crystallography
A suitable crystal was detected on a Bruker D8 Venture
diffractometer. The crystal was kept at 150.0 K during data collection.
The solutions and refinements of the structures were performed by
the latest available versions of ShelXT32 and ShelXL.33 Crystallo-
graphic data have been deposited with the Cambridge Crystallo-
graphic Data Centre and correspond to the following codes:
CCDC�2375524 (2Ge), CCDC�2375526 (3Ge), CCDC�
2375525 (3Sn), CCDC�2375527 (4), CCDC�2375529 (5), and
CCDC�2375528 (6).

Computational Methods
All calculations were carried out by using the Gaussian1623 suite of
computational programs. Geometry optimizations of all structures
were achieved using BP86-D3(BJ) functional.34,35 The standard def2-
TZVP and def2-SVP basis sets were applied for all atoms.36

Frequency calculations were also conducted at the same level of
theory to obtain vibrational frequencies to determine the identity of
stationary points as intermediates (no imaginary frequencies) or
transition states (only one imaginary frequency), as well as to obtain
the sum of electronic and thermal free energies (G) at a temperature
of 298 K. The most stabilized conformation was reported herein,
when several different conformations were obtained. The accurate
electronic energy was obtained at the theoretical level of BP86-

Scheme 2. Synthesis of Compounds 4−6a

aReagents and conditions: (a) DippNHC-AuCl (1 equiv), o-DCB, 12 h, rt; (b) DippNHC-AgCl (1 equiv), o-DCB, 12 h, rt; (c) DippNHC-CuCl
(1 equiv), o-DCB, 12 h, rt.
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D3(BJ)/def2-TZVP.36 The mechanism calculations were performed
under the IEFPCM (o-DCB) implicit solvent model.37 The electron
localization function (ELF) analysis and quantum theory of atoms in
molecules (AIM) analysis were completed using the open-source
program Multiwfn.38 The AIM topology analysis diagrams were
visualized using the Visual Molecular Dynamics (VMD) program.39

Optimized structures were visualized by Multifwn and VMD
programs.38,39

The natural bond orbital (NBO) analyses were performed with
version 7.0, which was implemented in the G16 revision at the def2-
TZVP level of theory. A03 version of the Gaussian program.24,40 The
NBO plots were visualized by the Multiwfn and VMD programs.

Moreover, to gain further insight into the chemical bonding of the
compounds, energy decomposition analysis (sobEDA) was performed
at the BP86-D3(BJ)/def2-TZVP level using the Multiwfn program.30

The extended transition state-natural orbitals for chemical valence
(ETS-NOCV) analysis performed by Multifwn and VMD programs
can investigate orbital interactions of chemical bonds between
fragments.27

Synthesis
Compound 2Ge. GeCl2·dioxane (430 mg, 1.86 mmol) was added

to a suspension of CDPPy2 1 (1.00 g, 1.86 mmol) in ethyl ether (20
mL). The resulting mixture was stirred at room temperature for 12 h.
The solution was filtered using a sand core funnel, and the residue
solid was washed with n-hexane (2 × 5 mL). The solid was dried
under vacuum, and the final product 2Ge was obtained as a light
yellow solid (1.05 g, yield: 73%). 1H NMR (400 MHz, dichloro-
methane-d2): δ = 9.05 (d, J = 5.1 Hz, 2H, H6), 8.16 (m, 2H, H4),
7.81 (m, 2H, H5), 7.70 (m, 2H, H3), 7.51 (t, J = 7.3 Hz, 4H, H10),
7.45−7.38 (m, 8H, H9), 7.33 (m, 8H, H8). 13C NMR (101 MHz,
dichloromethane-d2): δ = 151.2−152.6 (m, C2), 148.3 (t, J = 7.1 Hz,
C6), 140.3 (t, J = 4.8 Hz, C4), 133.8 (C10), 133.4 (t, J = 5.5 Hz, C9),
129.7 (t, J = 6.2 Hz, C8), 128.5 (t, J = 11.8 Hz, C3), 128.2 (C5),
125.0−126.2 (m, C7), 16.5 (t, J = 82.2 Hz, C1). 31P NMR (162 MHz,
dichloromethane-d2): δ = 26.9 (s). HRMS (ESI): m/z calcd for
C35H28ClGeN2P2+ [M − Cl]+: 647.0623, found: 647.0625.
Compound 2Sn. SnCl2 (70.3 mg, 0.371 mmol) was added to a

suspension of CDPPy2 1 (200 mg, 0.371 mmol) in ethyl ether (8
mL). The resulting mixture was stirred at room temperature for 12 h.
The solution was filtered using a sand core funnel, and the residue
solid was washed with n-hexane (2 × 5 mL). The collected solid was
dried under vacuum, and the final product 2Sn was obtained as an
orange solid (241 mg, Yield: 89%). 1H NMR (400 MHz,
dichloromethane-d2): δ = 9.08 (d, J = 5.1 Hz, 2H, H6), 8.11 (m,
2H, H4), 7.83 (m, 2H, H5), 7.67 (m, 2H, H3), 7.52 (m, 4H, H10),
7.41 (m, 8H, H9), 7.32 (m, 8H, H8). 13C NMR (101 MHz,
dichloromethane-d2): δ = 152.5−153.9 (m, C2), 148.9 (t, = 7.1 Hz,
C6), 140.2(t, J = 5.0 Hz, C4), 133.4 (C10), 133.3 (t, J = 5.3 Hz, C9),
129.5 (t, J = 6.2 Hz, C8), 129.0 (t, J = 11.7 Hz, C3), 126.6−127.7 (m,
C7), 20.3 (t, J = 81.2 Hz, C1). 31P NMR (162 MHz, dichloro-
methane-d2): δ = 25.3 (s). 119Sn NMR (149 MHz, dichloromethane-
d2): δ = −34.2 (s). HRMS (ESI): m/z calcd for C35H28ClN2P2Sn+
[M−Cl]+: 693.0443, found: 693.0441.
Compound 3Ge. A suspension of CDPPy2 1 (200 mg, 0.371

mmol) in ethyl ether (8 mL) was precooled at −30 °C. GeCl2·
dioxane (85.9 mg, 0.371 mmol) was added to the suspension and
stirred for 15 min, and the color of the mixture turned from bright
yellow to light yellow. Then, TMSOTf (206 mg, 0.928 mmol, 170
μL) was added dropwise to the mixture. The resulting mixture was
stirred at room temperature for another 12 h. The solution was
filtered using a sand core funnel, and the residue solid was washed
with n-hexane (2 × 5 mL). The collected solid was dried under
vacuum, and the final product 3Ge was obtained as a light yellow solid
(277 mg, Yield: 82%). 1H NMR (400 MHz, dichloromethane-d2): δ =
9.19 (d, J = 5.2 Hz, 2H, H6), 8.15 (m, 2H, H4), 7.88 (m, 2H, H5),
7.74 (m, 2H, H3), 7.54 (t, JH−H = 7.0 Hz, 4H, H10), 7.42−7.46 (m,
8H, H9), 7.35 (m, 8H, H8). 13C NMR (101 MHz, dichloromethane-
d2): δ = 150.6−152.2 (m, C2), 148.7 (t, J = 6.9 Hz, C6), 140.5 (t, J =
4.8 Hz, C4), 133.8 (C10), 133.0 (t, J = 5.5 Hz, C9), 129.5 (t, J = 6.3
Hz, C8), 128.4 (t, J = 11.9 Hz, C3), 128.3 (C5), 123.4−124.3 (m,
C7), 121.7 (C1), 118.7 (C11). 31P NMR (162 MHz, dichloro-
methane-d2): δ = 30.4 (s). 19F NMR (376 MHz, dichloromethane-
d2): δ = −78.9 (s). HRMS (ESI): m/z calcd for C35H28GeN2P22+ [M
− 2OTf]2+: 306.0464, found: 306.0469.
Compound 3Sn. A suspension of CDPPy2 1 (150 mg, 0.279

mmol) in ethyl ether (8 mL) was precooled at −30 °C for 2 h. SnCl2
(52.8 mg, 0.279 mmol) was added to the suspension and stirred for
15 min, and the color of the mixture turned from bright yellow to
light yellow. Then, TMSOTf (155 mg, 0.698 mmol, 0.13 mL) was
added dropwise to the mixture. The resulting mixture was stirred at
room temperature for 12 h. The solution was filtered using a sand

Figure 6. Molecular structures of 4−6. (a) Structure of 4 in the
crystal. Selected bond length (Å) and angle (deg) for 4: C1−Ge:
1.933(7), Ge−N1: 2.216(9), Ge−N2: 2.155(9), Ge−Au: 2.338(1),
C2−Au: 2.035(11), P1−C1−P2: 125.4(6), C1−Ge−Au: 133.8(3),
Ge−Au−C2: 177.8(3). (b) Structure of 5 in the crystal. Selected
bond length (Å) and angle (deg) for 5: C1−Ge1: 1.974(7), Ge1−N1:
2.407(7), Ge1−N2: 2.175(7), Ge1−Ag: 2.476(1), Ag−O1: 2.537(1),
Ag−O2: 2.537(1), P1−C1−P2: 125.4(4), C1−Ge1−Ag: 132.7(2),
Ge1−Ag−Ge2: 146.7(2). (c) Structure of 6 in the crystal. Selected
bond length (Å) and angle (deg) for 6: C1−Ge1: 1.972(7), Ge1−N1:
2.230(7), Ge1−N2: 2.230(7), Ge1−Cu: 2.370(1), P1−C1−P2:
122.4(4), Ge1−Cu−Ge2: 120.5(4), Ge2−Cu−Ge3: 117.6(4),
Ge3−Cu−Ge1: 122.0(4), C1−Ge1−Cu: 135.4(2). Hydrogen
atoms, solvents, and OTf− anions were omitted for clarity. Thermal
ellipsoids are set at the 50% probability level.
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core funnel, and the residue solid was washed with n-hexane (2 × 5
mL). The collected solid was dried under vacuum and obtained as a
pale yellow mixture with 3Sn (yield: 33% by NMR analysis). 1H
NMR (400 MHz, dichloromethane-d2): δ = 9.16 (d, J = 5.1 Hz, 2H,
H6), 8.07 (m, 2H, H4), 7.86 (t, J = 6.6 Hz, 2H, H5), 7.65 (m, 2H,
H3), 7.46 (m, 12H, H10 and H9), 7.32 (m, 8H, H8). 13C NMR (101
MHz, dichloromethane-d2): δ = 152.8−154.2 (m, C2), 149.4 (t, J =
6.8 Hz, C6), 140.3 (t, J = 5.0 Hz, C4), 133.6 (s, C10), 133.5 (t, J = 5.4
Hz, C9), 129.7 (t, J = 6.3 Hz, C8), 129.4 (s, C5), 129.3 (t, J = 12.0
Hz, C3), 125.8−126.8 (m, C7), 125.6 (C1), 115.1 (C11). 31P NMR
(162 MHz, dichloromethane-d2): δ = 28.6 (s). 19F NMR (376 MHz,
dichloromethane-d2): δ = −78.8 (s) 119Sn NMR (149 MHz,
dichloromethane-d2): δ = −87.9 (s) HRMS (ESI): m/z calcd for
C35H29N2P2+ [M − SnOTf2 + H]+: 539.1805, found: 539.1759.
Compound 4. NHCDipp → AuCl (68.3 mg, 0.110 mmol) was

added to a solution of 3Ge (100 mg, 0.110 mmol) in
orthodichlorobenzene (6 mL) at room temperature. The resulting
mixture was stirred for 12 h. DCM (10 mL) was then added to the
mixture, and all volatile components were removed under vacuum.
The residue solid was washed twice with n-hexane (2 × 5 mL). The
solid was then dried under vacuum, and the final product 4 was
obtained as a colorless solid (135 mg, yield: 80%). 1H NMR (400
MHz, dichloromethane-d2): δ = 8.40 (td, J = 7.8, 2.5 Hz, 2H, H6),
8.28 (d, J = 5.2 Hz, 2H, H4), 7.99 (m, 2H, H3), 7.74 (t, J = 6.6 Hz,
2H, H5), 7.62 (t, J = 7.7 Hz, 4H, H15), 7.49 (m, 3H, Dipp-H), 7.38
(m, 6H, H10 and H12), 7.31 (m, 10H, Ph-H), 7.22 (m, 5H, Dipp-H
and Ph-H), 2.45 (p, J = 6.9 Hz, 4H, H17), 1.23 (d, J = 6.8 Hz, 12H,
H19/H18), 1.10 (d, J = 6.8 Hz, 12H, H18/H19). 13C NMR (101
MHz, dichloromethane-d2): δ = 190.8 (C20), 146.3 (C4), 143.9−
145.2 (C2), 143.0 (C6), 135.1 (C-Dipp), 133.7 (C10), 133.6 (C9),
132.9 (C-Dipp), 132.7 (C-Dipp), 131.9 (C8), 130.9 (C-Dipp), 130.5
(C5), 130.2 (C3), 128.3 (C-Dipp), 124.8 (C12), 122.7−123.0 (C7),
121.3 (C1), 29.2 (C17), 25.3 (C18/C19), 23.9 (C18/C19). C11 is
not detected or is masked by other peaks. 31P NMR (162 MHz,
dichloromethane-d2): δ = 22.1 (s). 19F NMR (376 MHz, dichloro-
methane-d2): δ = −78.8 (s). HRMS (ESI): m/z calcd for
C62H64AuClGeN4P2 [M − 2OTf]2+: 616.1581, found: 616.1661.
Compound 5. NHCDipp → AgCl (58.6 mg, 0.11 mmol) was

added to a solution of 3Ge (100 mg, 0.11 mmol) in orthodi-
chlorobenzene (5 mL) at room temperature. The resulting mixture
was stirred for 12 h. DCM (10 mL) was then added to the mixture,
and all volatile components were removed under vacuum. The residue
solid was washed twice with n-hexane (2 × 5 mL). The solid was then
dried under vacuum, and the final product 5 was obtained as a yellow
solid (64.1 mg, yield: 63%). 1H NMR (400 MHz, dichloromethane-
d2): δ = 8.48 (d, J = 5.3 Hz, 2H, H6), 8.09 (m, 2H, H4), 7.80 (m, 2H,
H5), 7.65 (2H, H3), 7.35−7.56 (m, 20H, H8, H9, H10). 13C NMR
(101 MHz, dichloromethane-d2): δ = 147.1−148.4 (m, C2), 147.7 (t,
J = 6.9 Hz, C6), 141.6 (t, J = 4.8 Hz, C4), 134.6 (C10), 134.0 (C9),
129.8−130.3 (C8), 129.0 (C5), 128.3 (t, J = 10.9 Hz, C3), 123.3−
124.6 (m, C7), 122.9 (C1), 119.7 (C11). 31P NMR (162 MHz,
dichloromethane-d2): δ = 25.7 (s). 19F NMR (372 MHz, dichloro-
methane-d2): δ = −78.5 (s).
Compound 6. NHCDipp → CuCl (53.6 mg, 0.11 mmol) was

added to a solution of 3Ge (100.0 mg, 0.11 mmol) in ortho-
dichlorobenzene (5 mL) at room temperature. The resulting mixture
was stirred for 12 h. DCM (10 mL) was then added to the mixture,
and all volatile components were removed under vacuum. The residue
solid was washed twice with n-hexane (2 × 5 mL). The solid was then
dried under vacuum, and the final product 6 was obtained as a yellow
solid (61.9 mg, yield: 65%). 1H NMR (400 MHz, dichloromethane-
d2): δ = 8.80 (br, 6H, H6), 8.10 (m, 6H, H4), 7.77 (m, 6H, H5), 7.58
(br, 6H, H3), 7.50 (m, 36H, C10, C9), 7.38 (m, 24H, C8). 13C NMR
(101 MHz, dichloromethane-d2): δ = 146.2−149.7 (m, C2), 148.2 (t,
J = 6.9 Hz, C6), 141.1 (C4), 134.3 (C10), 133.7 (t, J = 5.7 Hz, C9),
129.9 (t, J = 6.4 Hz, C8), 128.7 (C5), 128.6 (t, J = 11.1 Hz, C3),
123.9−125.1 (m, C7), 122.6 (C1), 119.4 (C11). 31P NMR (162 MHz,
dichloromethane-d2): δ = 26.9 (s). 19F NMR (376 MHz, dichloro-
methane-d2): δ = −78.7 (s).
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Baines, K. M.; Frisčǐc,́ T.; Lumb, J.-P. A chlorine-free protocol for
processing germanium. Sci. Adv. 2017, 3, No. e1700149. (b) Ruddy,
A. J.; Rupar, P. A.; Bladek, K. J.; Allan, C. J.; Avery, J. C.; Baines, K. M.
On the Bonding in N-Heterocyclic Carbene Complexes of
Germanium(II). Organometallics 2010, 29, 1362−1367. (c) Henry,
A. T.; Cosby, T. P. L.; Boyle, P. D.; Baines, K. M. Selective
dimerization of α-methylstyrene by tunable bis(catecholato)germane
Lewis acid catalysts. Dalton Trans. 2021, 50, 15906−15913.
(19) (a) Rupar, P. A.; Staroverov, V. N.; Baines, K. M. A Cryptand-
Encapsulated Germanium(II) Dication. Science 2008, 322, 1360−
1363. (b) Rupar, P. A.; Jennings, M. C.; Baines, K. M. Synthesis and
Structure of N-heterocyclic Carbene Complexes of Germanium(II).
Organometallics 2008, 27, 5043−5051.
(20) (a) Majumdar, M.; Raut, R. K.; Sahoo, P.; Kumar, V.
Bis(chlorogermyliumylidene) and its significant role in elusive
reductive cyclization. Chem. Commun. 2018, 54, 10839−10842.
(b) Dias, H. V. R.; Wang, Z. Germanium-containing heterobicyclic
10-π-Electron Ring Systems. Synthesis and Characterization of
Neutral and Cationic Germanium(II) Derivatives of Aminotroponi-
minates. J. Am. Chem. Soc. 1997, 119, 4650−4655.
(21) (a) Stigler, S.; Fujimori, S.; Kostenko, A.; Inoue, S.
Tetryliumylidene ions in synthesis and catalysis. Chem. Sci. 2024,
15, 4275−4291. (b) Jambor, R.; Novák, M. Low Valent N-
Coordinated Cations and Dications of Heavier Group 14 Elements:
Lewis Acids or Bases? Eur. J. Inorg. Chem. 2023, 26, No. e202300505.
(c) Biswas, S.; Patel, N.; Deb, R.; Majumdar, M. Chemistry of the
Bis(imine)-Based Tetradentate Ligand Stabilized Group 14 E(II)
Cations (E = Ge and Sn). Chem. Rec. 2022, 22, No. e202200003.
(22) Pyykkö, P.; Atsumi, M. Molecular Double-Bond Covalent Radii
for Elements Li-E112. Chem.�Eur. J. 2009, 15, 12770−12779.
(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;

Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, revision A.03; Gaussian, Inc.: Wallingford CT, 2016.
(24) Glendening, E. D.; Badenhoop, J. K.; Bohmann, J. A.; Morales,
C. M.; Karafiloglou, P.; Landis, C. R.; Weinhold, F. NBO 7.0;
Theoretical Chemistry Institute, University of Wisconsin: Madison,
WI, 2018.
(25) Hu, C.; Wang, X.-F.; Li, J.; Chang, X.-Y.; Liu, L. L. A stable
rhodium-coordinated carbene with a σ0π2 electronic configuration.
Science 2024, 383, 81−85.
(26) Wiberg, K. B. Application of the pople-santry-segal CNDO
method to the cyclopropylcarbinyl and cyclobutyl cation and to
bicyclobutane. Tetrahedron 1968, 24, 1083−1109.
(27) Mitoraj, M. P.; Michalak, A.; Ziegler, T. A Combined Charge
and Energy Decomposition Scheme for Bond Analysis. J. Chem.
Theory Comput. 2009, 5, 962−975.
(28) Bader, R. F. Atoms in Molecules: A Quantum Theory; Clarendon
Press: Oxford, U.K., 1990.
(29) Savin, A.; Nesper, R.; Wengert, S.; Fässler, T. F. ELF: The
electron localization function. Angew. Chem., Int. Ed. 1997, 36, 1809−
1832.
(30) Lu, T.; Chen, Q. Simple, Efficient, and Universal Energy
Decomposition Analysis Method Based on Dispersion-Corrected
Density Functional Theory. J. Phys. Chem. A 2023, 127, 7023−7035.
(31) Ghosh, M.; Sen, N.; Khan, S. Coinage Metal Complexes of
Germylene and Stannylene. ACS Omega 2022, 7, 6449−6454.
(32) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42, 339−341.
(33) Sheldrick, G. M. SHELXT - Integrated space-group and crystal-
structure determination. Acta Crystallogr., Sect. A: Found. Adv. 2015,
71, 3−8.
(34) Perdew, J. P. Density-functional approximation for the
correlation energy of the inhomogeneous electron gas. Phys. Rev. B
1986, 33, 8822−8824.
(35) Grimme, S. Accurate description of van der Waals complexes
by density functional theory including empirical corrections. J.
Comput. Chem. 2004, 25, 1463−1473.
(36) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(37) Miertus,̌ S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a
solute with a continuum. A direct utilizaion of AB initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, 55,
117−129.
(38) Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction
analyzer. J. Comput. Chem. 2012, 33, 580−592.
(39) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular
dynamics. J. Mol. Graphics 1996, 14, 33−38.
(40) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Intermolecular
interactions from a natural bond orbital, donor-acceptor viewpoint.
Chem. Rev. 1988, 88, 899−926.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c01139
JACS Au 2025, 5, 1289−1298

1298

https://doi.org/10.1021/jacs.1c11861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202014398
https://doi.org/10.1002/anie.202014398
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om040027h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om040027h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om040027h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.1700149
https://doi.org/10.1126/sciadv.1700149
https://doi.org/10.1021/om900977g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900977g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1DT03180E
https://doi.org/10.1039/D1DT03180E
https://doi.org/10.1039/D1DT03180E
https://doi.org/10.1126/science.1163033
https://doi.org/10.1126/science.1163033
https://doi.org/10.1021/om800368d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800368d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC06067C
https://doi.org/10.1039/C8CC06067C
https://doi.org/10.1021/ja970196b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970196b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970196b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970196b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3SC06452B
https://doi.org/10.1002/ejic.202300505
https://doi.org/10.1002/ejic.202300505
https://doi.org/10.1002/ejic.202300505
https://doi.org/10.1002/tcr.202200003
https://doi.org/10.1002/tcr.202200003
https://doi.org/10.1002/tcr.202200003
https://doi.org/10.1002/chem.200901472
https://doi.org/10.1002/chem.200901472
https://doi.org/10.1126/science.adk6533
https://doi.org/10.1126/science.adk6533
https://doi.org/10.1016/0040-4020(68)88057-3
https://doi.org/10.1016/0040-4020(68)88057-3
https://doi.org/10.1016/0040-4020(68)88057-3
https://doi.org/10.1021/ct800503d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800503d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.199718081
https://doi.org/10.1002/anie.199718081
https://doi.org/10.1021/acs.jpca.3c04374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c04374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c04374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1002/jcc.20078
https://doi.org/10.1002/jcc.20078
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1021/cr00088a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00088a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

