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The synthesis of heteronuclear vinylidene analogues containing heavier group ~ |2
14 elements (R,C=E:, E = Si, Ge, Sn) has been a challenging task due to their inherent P“\ . Dicationic
instability. In this study, we report the synthesis of dicationic 1-germavinylidene (3Ge) and ph\P\ '\" 1-germa/stannavinylidenes
C=FE:

1-stannavinylidene (3Sn) by using sym-bis(2-pyridyl)-tetraphenylcarbodiphosphorane - Synthesis
(CDPPy,) 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 ¢ and 7 donor for the synthesis of heavier heteronuclear vinylidene

analogues.

- Characterization

- Reactivity

germanium, tin, main group compound, multiple bonds, single-crystal X-ray diffraction

(R'R*C=E";, E = Si, Ge, Sn) are acquired (Figure la).”**
For the Lewis base-stabilized heteronuclear analogues C and
D, only few examples have been reported to date.””'" Two
decades ago, Leung et al. reported the base-stabilized
oligomeric heterovinylidenes.” So and Sindlinger groups
reported the NHC-stabilized 1-silavinylidene I and II,
respectively (Figure 1b).'”'" Very recently, Das and Filippou
et al. prepared the NHC-stabilized 2-sila and 2-germavinyli-
denes III (Figure 1b)."”” 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 ¢ and 7 lone pairs at the center carbon
(C°)." 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.'*"* Inspired by this finding, we propose that the
heteronuclear vinylidene analogues can be readily obtained by
combining the CDP ligands with E>* dications (E = Si, Ge, or
Sn). To further improve the stability of the target compounds,
we selected the tridentate sym-bis(2-pyridyl)-tetraphenylcar-

Vinylidenes with the general formula of R'R*C=C: (A),
which contain a carbon—carbon double bond, are isomers of
alkynes (Figure 1a)."” 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.” 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 (R'R?’E=E’;, E and E’ = §j,
Ge, Sn, Figure 1a).” 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 ligancl.4 This breakthrough
opens the door to the exploration of Lewis base-stabilized
heavier vinylidene analogues.” 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.® Notably, Aldridge et al. isolated and characterized a
base-free digermavinylidene with a o-electron donating boryl November 25, 2024
group ([(HCDippN),B],Ge=Ge:).” February 13, 2025
By substituting one carbon atom in vinylidene with a heavier February 13, 2025
group 14 element, their heteronuclear analogues, namely, 2- February 19, 2025
sila, 2-germa, and 2-stannavinylidenes C (R'R’E=C;, E = §j,
Ge, Sn) and 1-sila, l-germa, and 1-stannavinylidenes D
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(a) Isomerization of alkynes into vinylidenes A and heavier group 14 vinylidene

analogues B-D (E and E' = Si, Ge, Sn)
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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.

bodiphosphorane (CDPPy,) ligand, which features pyridine
groups that can coordlnate to the central heavier group 14

Scheme 1. Synthesis of Compounds 3Ge and 3Sn”

.o
elements (Figure 1c).'® Utilizing this approach, we are able to _| cl
synthesize and isolate a new class of stable dicationic 1- | N /@
germavinylidene and 1-stannavinylidene in a single step @\ N @\P N2
(Figure 1c). R a. e
C_ _ > )C_E
N, co I
o P._N

®/ | N Sn or Ge Q | N
The synthesis of CDPPy, supported chlorogermyliumylidene @ = @ =
2Ge was accomplished through a direct reaction between
equivalent amounts of CDPPy, and GeCl,-dioxane in Et,O 1 2E
(Scheme 1a)."*" 2Ge was isolated as a yellow solid in 73% =
yield on a gram scale. Addition of trimethylsilyl trifluorome- Sn or Ge b.
thanesulfonate (Me;SiOTf) to Et,O solution of 2Ge resulted
in the formation of dication 3Ge as a pale yellow solid in a _|2+ 2Tio _|2+ 2T
yield of 85% (Scheme 1b). A one-pot approach involving the | [
in situ addition of TMSOTT to a mixture of GeCl,-dioxane and ©\P NG ©\P N
CDPPy, could also be used to prepare 3Ge, achieving a yield \C—I|E - . _\—_[|E+_
of 82% (Scheme 1c). The tin analogue 3Sn could be S 7T
synthesized by a similar method. The two-step synthesis of ®/ P Ns @’ PNy
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 3EA 3EB

(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 *C NMR chemical shifts of the central C1 atoms of the
CDPPy, ligand in 2Ge (16.5 ppm) and 2Sn (20.3 ppm) are

1290

“Reagents and conditions: (a) GeCl,-dioxane or SnCl, (1 equiv),
Et,0, 12 h, room temperature (rt); (b) Me;SiOTf (2.5 equiv), Et,O,
12 h, =30 °C to rt; (c) GeCl,-dioxane or SnCl, (1 equiv), then
Me,SiOTf (2.5 equiv), Et,0, 12 h, =30 °C to rt.

shifted downfield compared to that of the CDPPy, ligand
(6"C = 12.1 ppm) (Table S4). This is quite common when

https://doi.org/10.1021/jacsau.4c01139
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Figure 2. Molecular structures of 3Ge and 3Sn. Left: Structure of
3Ge in the crystal. Selected bond length (A) 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 (A) and angle (deg) for 3Sn:
C1-P1: 1.697(3), C1-P2: 1.699(2), C1—Sn: 2.208(2), Sn—NI1:
2493(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.

CDPPy, acts as a o-donor ligand, as exemplified by the *C
NMR signal at 11.3 ppm for the identical carbon atom in the
palladium complex [(CDPPy,)PdCI]CL'® The 'C NMR
spectra of dications 3Ge and 3Sn exhibit resonances at 121.7
and 125.6 ppm for the central C1 atoms of the CDPPy, ligand,
which are significantly shifted downfield compared to the
corresponding starting materials 2Ge and 28n (§"°C = 16.5
and 20.3 ppm). However, these values are very close to the
range of the *C NMR resonances reported for germenes and
stannenes with Ge=C and Sn=C double bonds (6C =
130—160 ppm).'” Furthermore, the '”Sn 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
CDPPy, ligand coordinate to the Ge center in 3Ge, resulting
in a T-shaped CDPPy,-Ge complex. The Ge:-O distances
(2.247(3) and 2.923(4) A) 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 A)'S
and the weak Ge—O bond (2.03 A) in NHC — [GeCIOTf]
(Figure $9)."” This indicates that the interaction between the
Ge atom and the O atom in 3Ge is very weak or even
nonexistent.”” The N—Ge bond distances (2.341(4) and
2.350(4) A) fall within the range observed for the multidentate
N-ligand stabilized Ge(II) cations (varying from 2.05 to 2.32
A), suggesting the N — Ge donor—acceptor interaction.”' The
GeCPIN1 and GeCP2N2 five-membered rings in 3Ge are
nearly coplanar. This conformation favors ¢ and 7 donation
between the C1 and Ge atoms. The Ge—Cl1l bond length
(1.977(5) A) in 3Ge is shortened relative to what were found
for 2Ge (2.018(5) A) and CDP — GeCl, (2.063 A) reported
by the group of Alcarazo'*" but is slightly longer than typical
Ge=C double bond (1.78 A)** and the reported C=Ge
double bonds (varying from 1.81 to 1.93 A)."” We noted that
this value is very close to the reported C=Ge double bond in
CDP—[GeCl]* cation (1.954 A).'*" These data indicate the
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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

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

2Ge 3Ge 3Sn 4
C1-E* 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-O1° 2.247(3) 2.413(2)
E-027 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)
5c (c1)? 162 121.7 125.6 122.2

9E = Ge or Sn. "Data were recorded in dichloromethane-d, (DCM-
d,).

in 3Sn is 2.208 A, which is similar to that found for the dimer
of CDP—[SnCl]* (2.201 A), but shorter than the Sn—C bond
observed for the 4-dimethylaminopyridine stabilized CDP—
[SnCI]* (2.272 A).'*

To elucidate the electronic structures of 3Ge and 3Sn,
density functional theory (DFT) calculations were performed
at the BP86-D3(BJ)/def2-TZVP level.”> 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 ¢ lone pair orbital located on the Ge atom
(Figure 3). The HOMO-1 consists of an out-of-plane 7-
orbital of the C1=Ge bond strongly polarized toward the
carbon atom, while the lowest unoccupied molecular orbital
(LUMO) is a #*-orbital. The HOMO—12 features substantial
contributions from the o-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.”* According to the NBO analysis, the amount of
C1 — E (E = Ge, Sn) o-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 Cl=Ge =-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 7 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 7—electron negative
hyperconjugation analyses are shown in Figures $20 and $22.*
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

https://doi.org/10.1021/jacsau.4c01139
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HOMO-15 (-13.45 eV)

HOMO-24 (-14.13 eV)

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

3Ge is 0.93, and the corresponding value for the C1—Sn bond
in 3Sn is 0.79.%° 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—[ECI]" cation (E = Ge and
Sn) (WBI = 0.84 (Ge) and 0.49 (Sn))."*" This suggests that
the o- and #-donation in 3Ge and 3Sn is relatively stronger
compared to the CDP—[ECI]* 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 o/7-
donation (NOCV pairs 1 and 2) and N — Ge o-donation
(NOCYV pair 3) with stabilization energies of —97.14/—29.07
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and —32.71 kcal/mol, respectively (Figures 4 and $30).”
Notably, the C1 — Ge o-donation in 3Ge is substantially

NOCY pair 1
-97.14 kcal/mol

NOCY pair 2
-29.07 kcal/mol

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).

stronger than the corresponding 7-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 $26—529).”" 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 V?p(r.) and negative total energy
density (H(r.)). 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 V?p(r.) and
exhibit positive V?p(r.) and negative H(r.) values. The
ellipticity values (&(r.)) 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 $16).”

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 ¢ and 7 dative bonds.”” The magnitude of
the absolute value of the orbital term |AE_ 4| serves as a
valuable metric for classifying bond types (Tables 2 and S9).
The sobEDA results of 3Ge show that the value of |IAE .|
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 o and &
bonds (as depicted in Scheme 1, 3GeA). Conversely, the
calculated |AE_,| 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 ¢ bond and a dative 7 bond
between the Sn and C atoms in 3Sn (as depicted in Scheme 1,
3SnB).

https://doi.org/10.1021/jacsau.4c01139
JACS Au 2025, 5, 1289-1298
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Figure S. 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 (V2p(r.)) 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 Level”

3Ge

3Sn

CDPPy, (S) + Ge** (S)

CDPPy,** (T) + Ge (T)

AEintb —391.68 —178.47

AE" 250.77 389.35

AEy? —246.33 (40.0%) ~209.91 (39.8%)
AE,,? —370.05 (60.0%) —317.80 (60.2%)
AES* —26.06 —40.12

c

CDPPy," (D) + Sn* (D)
—116.76
297.36
—109.12 (28.7%)
—270.95 (71.3%)
—34.05

CDPPy,** (T) + Sn (T)
—172.17
340.10
—145.06 (30.7%)
—327.81 (69.3%)
—39.41

“Energy values are given in kcal/mol. S = singlet, D = doublet, and T = triplet. bTotal interaction energy. “Exchange energy and Pauli repulsion

energy. “Percentage contribution to the total attractive interactions AE,

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 (0-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—CN"¢
bond angle in 4 is 175.80(2)°, indicating a linear arrangement
of the three atoms (Figure 6a). The silver ion in § is
coordinated with two CDPPy,Ge"'Cl 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) A).
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 CDPPy,Ge"'Cl ligands.
Whereas the Cu ion in 6 is bound by three CDPPy,Ge"Cl
ligands, and the three Ge atoms and the Cu atom are nearly
coplanar (Figure 6¢). It is worth pointing out that compound 6
is the first structurally characterized copper complex exclusively

els
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+ AE_. °DFT correlation energy and dispersion correction energy.

coordinated by three Ge" ligands.”’ 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) A), Ge—Ag
(2.476(1) A), and Ge—Cu (2.370(1) A) bonds in 4—5 fall
into the range of what were reported for Ge!l ligated Au, Ag,
and Cu complexes.”'

To conclude, we have reported the synthesis and isolation of
novel dicationic 1-germavinylidene (3Ge) and 1-stannavinyli-
dene (3Sn) by using the CDPPy, ligand as both o- and 7-
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 ¢ bond and a relatively
weaker 7 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.

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 (Et,0), benzene, and n-hexane were dried over sodium/
potassium alloy and distilled under argon prior to use. Toluene was
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Scheme 2. Synthesis of Compounds 4—6“
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“Reagents and conditions: (a) DippNHC-AuCl (1 equiv), 0-DCB, 12 h, rt; (b) DippNHC-AgCl (1 equiv), 0-DCB, 12 h, rt; (c) DippNHC-CuCl

(1 equiv), 0-DCB, 12 h, rt.

dried over sodium and distilled under argon prior to use. ortho-
Dichlorobenzene was dried over a 4 A molecular sieve. Dichloro-
methane (DCM) was dried over calcium hydride and distilled under
argon prior to use. Deuterated benzene (CyDy) was dried over
sodium/potassium alloy, distilled, and stored over a molecular sieve
(4 A). Dichloromethane-d, was dried over CaH,, distilled, and stored
over a molecular sieve (4 A). All used standard chemicals were
purchased from Energy Chemical, Bidepharm, Keshi, Damas-$, J&K,
TCL, or Sigma-Aldrich and used as delivered if not mentioned
otherwise. Sym-bis(2-pyridyl)-tetraphenylcarbodiphosphorane
(CDPPy,)"® was prepared according to the procedure described in
the literature.

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).
"H NMR spectra were calibrated against the residual proton signal of
the solvent as an internal reference (benzene-dg: 5'H 7.16;
dichloromethane-d,: §'H = 5.32) and *C{'H} NMR spectra by using
the central line of the solvent signal (benzene-ds: §"°C = 128.0;
dichloromethane-d,: §*C = 53.8). The 3P NMR spectra were
calibrated using an external standard (6*'P (H;PO,) = 0.0) and °F
NMR spectra against external CFCly (6'°F (CFCly) = 0.0). The
9Sn{'"H} NMR spectra were a reference to an external standard
Me4Sn (6'°Sn (Me,Sn) = 0.0).
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High-resolution mass spectra (HRMS) analyses were recorded on
the exactive mass spectrometer (Thermo Scientific, USA) equipped
with an electrospray ionization (ESI) ionization source.

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 ShelXT** and ShelXL.** 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).

All calculations were carried out by using the Gaussian16> suite of
computational programs. Geometry optimizations of all structures
were achieved using BP86-D3(BJ) functional.>*** The standard def2-
TZVP and def2-SVP basis sets were applied for all atoms.*
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-
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Figure 6. Molecular structures of 4—6. (a) Structure of 4 in the
crystal. Selected bond length (A) 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 § in the crystal. Selected
bond length (A) and angle (deg) for 5: C1—Gel: 1.974(7), Gel—NI:
2.407(7), Gel—N2: 2.175(7), Gel—Ag: 2.476(1), Ag—O1: 2.537(1),
Ag—02: 2.537(1), P1-C1-P2: 125.4(4), C1—Gel—Ag: 132.7(2),
Gel—Ag—Ge2: 146.7(2). (c) Structure of 6 in the crystal. Selected
bond length (A) and angle (deg) for 6: C1—Gel: 1.972(7), Gel—-N1:
2.230(7), Gel—N2: 2.230(7), Gel—Cu: 2.370(1), P1-C1—P2:
122.4(4), Gel—Cu—Ge2: 120.5(4), Ge2—Cu—Ge3: 117.6(4),
Ge3—Cu—Gel: 122.0(4), C1—Gel—Cu: 135.4(2). Hydrogen
atoms, solvents, and OTf" anions were omitted for clarity. Thermal
ellipsoids are set at the 50% probability level.

D3(BJ)/def2-TZVP.* The mechanism calculations were performed
under the IEFPCM (0-DCB) implicit solvent model.*” The electron
localization function (ELF) analysis and quantum theory of atoms in
molecules (AIM) analysis were completed using the open-source
program Multiwfn.** The AIM topology analysis diagrams were
visualized using the Visual Molecular Dynamics (VMD) program.*”
Optimized structures were visualized by Multifwn and VMD
programs.‘%’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. A3 version of the Gaussian program.”*** The
NBO plots were visualized by the Multiwfn and VMD programs.
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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.*
The extended transition state-natural orbitals for chemical valence
(ETS-NOCYV) analysis performed by Multifwn and VMD programs
can investi_;;ate orbital interactions of chemical bonds between
fragments.2

Compound 2Ge. GeCl,-dioxane (430 mg, 1.86 mmol) was added
to a suspension of CDPPy, 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 X S mL). The solid was dried
under vacuum, and the final product 2Ge was obtained as a light
yellow solid (1.05 g, yield: 73%). '"H NMR (400 MHz, dichloro-
methane-d,): § = 9.05 (d, ] = 5.1 Hz, 2H, H6), 8.16 (m, 2H, H4),
7.81 (m, 2H, HS), 7.70 (m, 2H, H3), 7.51 (t, ] = 7.3 Hz, 4H, HI10),
7.45—7.38 (m, 8H, H9), 7.33 (m, 8H, H8). 3*C NMR (101 MHz,
dichloromethane-d,): § = 151.2—152.6 (m, C2), 148.3 (t, ] = 7.1 Hz,
C6), 140.3 (t, ] = 4.8 Hz, C4), 133.8 (C10), 133.4 (t, ] = 5.5 Hz, C9),
129.7 (t, ] = 6.2 Hz, C8), 128.5 (t, ] = 11.8 Hz, C3), 128.2 (CS),
125.0—126.2 (m, C7), 16.5 (t, ] = 82.2 Hz, C1). 3'P NMR (162 MHz,
dichloromethane-d,): § = 26.9 (s). HRMS (ESI): m/z calcd for
CysHy5ClGeN,P,* [M — CIJ*: 647.0623, found: 647.0625.

Compound 2Sn. SnCl, (70.3 mg, 0.371 mmol) was added to a
suspension of CDPPy, 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 X 5§ mL). The collected solid was
dried under vacuum, and the final product 2Sn was obtained as an
orange solid (241 mg, Yield: 89%). 'H NMR (400 MHz,
dichloromethane-d,): § = 9.08 (d, J = 5.1 Hz, 2H, H6), 8.11 (m,
2H, H4), 7.83 (m, 2H, HS), 7.67 (m, 2H, H3), 7.52 (m, 4H, H10),
741 (m, 8H, HY9), 7.32 (m, 8H, H8). 3C NMR (101 MHz,
dichloromethane-d,): § = 152.5—153.9 (m, C2), 148.9 (t, = 7.1 Hg,
C6), 140.2(t, ] = 5.0 Hz, C4), 133.4 (C10), 133.3 (t, ] = 5.3 Hz, C9),
129.5 (t, ] = 6.2 Hz, C8), 129.0 (t, ] = 11.7 Hz, C3), 126.6—127.7 (m,
C7), 20.3 (t, J = 81.2 Hz, CI). P NMR (162 MHz, dichloro-
methane-d,): § = 25.3 (s). '°Sn NMR (149 MHz, dichloromethane-
dy): 6 = =342 (s). HRMS (ESI): m/z caled for C33H,3CIN,P,Sn*
[M—CI]*: 693.0443, found: 693.0441.

Compound 3Ge. A suspension of CDPPy, 1 (200 mg, 0.371
mmol) in ethyl ether (8 mL) was precooled at —30 °C. GeCl,-
dioxane (85.9 mg, 0.371 mmol) was added to the suspension and
stirred for 1S min, and the color of the mixture turned from bright
yellow to light yellow. Then, TMSOTf (206 mg, 0.928 mmol, 170
uL) 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 X S mL). The collected solid was dried under
vacuum, and the final product 3Ge was obtained as a light yellow solid
(277 mg, Yield: 82%). "H NMR (400 MHz, dichloromethane-d,): § =
9.19 (d, J = 5.2 Hz, 2H, H6), 8.15 (m, 2H, H4), 7.88 (m, 2H, HS),
7.74 (m, 2H, H3), 7.54 (t, Ju_yy = 7.0 Hz, 4H, HI0), 7.42—7.46 (m,
8H, H9), 7.35 (m, 8H, H8). 3*C NMR (101 MHz, dichloromethane-
d,): 6 = 150.6—-152.2 (m, C2), 148.7 (t, ] = 6.9 Hz, C6), 140.5 (t, ] =
4.8 Hz, C4), 133.8 (C10), 133.0 (t, J = 5.5 Hz, C9), 129.5 (t, ] = 6.3
Hz, C8), 1284 (t, ] = 11.9 Hz, C3), 128.3 (CS), 123.4—124.3 (m,
C7), 121.7 (C1), 118.7 (CI1). 3P NMR (162 MHz, dichloro-
methane-d,): § = 30.4 (s). ’F NMR (376 MHz, dichloromethane-
dy): 6 = —78.9 (s). HRMS (ESI): m/z calcd for C3sH,3GeN,P,>" [M
— 20Tf]*": 306.0464, found: 306.0469.

Compound 3Sn. A suspension of CDPPy, 1 (150 mg, 0.279
mmol) in ethyl ether (8 mL) was precooled at —30 °C for 2 h. SnCl,
(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
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core funnel, and the residue solid was washed with n-hexane (2 X 5
mL). The collected solid was dried under vacuum and obtained as a
pale yellow mixture with 3Sn (yield: 33% by NMR analysis). 'H
NMR (400 MHz, dichloromethane-d,): § = 9.16 (d, ] = 5.1 Hz, 2H,
H6), 8.07 (m, 2H, H4), 7.86 (t, ] = 6.6 Hz, 2H, HS), 7.65 (m, 2H,
H3),7.46 (m, 12H, HI10 and HY), 7.32 (m, 8H, H8). *C NMR (101
MHz, dichloromethane-d,): § = 152.8—154.2 (m, C2), 149.4 (t, ] =
6.8 Hz, C6), 140.3 (t, ] = 5.0 Hz, C4), 133.6 (s, C10), 133.5 (t, ] = 5.4
Hz, C9), 129.7 (t, ] = 6.3 Hz, C8), 129.4 (s, CS), 129.3 (t, ] = 12.0
Hz, C3), 125.8—126.8 (m, C7), 125.6 (C1), 115.1 (C11). 3'P NMR
(162 MHz, dichloromethane-d,): 6 = 28.6 (s). '’F NMR (376 MHz,
dichloromethane-d,): & —-78.8 (s) 'YSn NMR (149 MHz,
dichloromethane-d,): § = —87.9 (s) HRMS (ESI): m/z calcd for
CysHyoN,P,* [M — SnOTH, + H]*: 539.1805, found: 539.1759.

Compound 4. NHCP* — 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 X 5 mL). The
solid was then dried under vacuum, and the final product 4 was
obtained as a colorless solid (135 mg, yield: 80%). '"H NMR (400
MHz, dichloromethane-d,): § = 8.40 (td, J = 7.8, 2.5 Hz, 2H, H6),
8.28 (d, ] = 5.2 Hz, 2H, H4), 7.99 (m, 2H, H3), 7.74 (t, ] = 6.6 Hz,
2H, HS), 7.62 (t, ] = 7.7 Hz, 4H, H1S), 7.49 (m, 3H, Dipp-H), 7.38
(m, 6H, H10 and H12), 7.31 (m, 10H, Ph-H), 7.22 (m, SH, Dipp-H
and Ph-H), 245 (p, ] = 6.9 Hz, 4H, H17), 1.23 (d, ] = 6.8 Hz, 12H,
HI19/H18), 1.10 (d, ] = 6.8 Hz, 12H, HI8/HI9). *C NMR (101
MHz, dichloromethane-d,): § = 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
(Cs), 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). CI1 is
not detected or is masked by other peaks. 3P NMR (162 MHz,
dichloromethane-d,): § = 22.1 (s). ’F NMR (376 MHz, dichloro-
methane-d,): & —78.8 (s). HRMS (ESI): m/z calcd for
Ce,Hg,AuClGeN,P, [M — 20Tf]**: 616.1581, found: 616.1661.

Compound 5. NHCP*" — AgCl (58.6 mg, 0.11 mmol) was
added to a solution of 3Ge (100 mg, 0.11 mmol) in orthodi-
chlorobenzene (S 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 X S mL). The solid was then
dried under vacuum, and the final product $ was obtained as a yellow
solid (64.1 mg, yield: 63%). '"H NMR (400 MHz, dichloromethane-
d,): 6 =848 (d, ] = 5.3 Hz, 2H, H6), 8.09 (m, 2H, H4), 7.80 (m, 2H,
HS), 7.65 (2H, H3), 7.35—7.56 (m, 20H, H8, H9, H10). *C NMR
(101 MHz, dichloromethane-d,): § = 147.1—148.4 (m, C2), 147.7 (4,
] = 6.9 Hz, C6), 141.6 (t, ] = 4.8 Hz, C4), 134.6 (C10), 134.0 (C9),
129.8—130.3 (C8), 129.0 (CS), 128.3 (t, J = 10.9 Hz, C3), 123.3—
124.6 (m, C7), 122.9 (CI), 119.7 (CI11). *'P NMR (162 MHz,
dichloromethane-d,): § = 25.7 (s). ’F NMR (372 MHz, dichloro-
methane-d,): § = —78.5 (s).

Compound 6. NHCP* — CuCl (53.6 mg, 0.11 mmol) was
added to a solution of 3Ge (100.0 mg, 0.11 mmol) in ortho-
dichlorobenzene (S 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 X S mL). The solid was then
dried under vacuum, and the final product 6 was obtained as a yellow
solid (61.9 mg, yield: 65%). "H NMR (400 MHz, dichloromethane-
d,): 8 = 8.80 (br, 6H, H6), 8.10 (m, 6H, H4), 7.77 (m, 6H, HS), 7.58
(br, 6H, H3), 7.50 (m, 36H, C10, C9), 7.38 (m, 24H, C8). 3C NMR
(101 MHz, dichloromethane-d,): § = 146.2—149.7 (m, C2), 148.2 (t,
J = 6.9 Hz, C6), 141.1 (C4), 134.3 (CI0), 133.7 (t, ] = 5.7 Hz, C9),
129.9 (t, J = 6.4 Hz, C8), 128.7 (CS), 128.6 (t, ] = 11.1 Hz, C3),
123.9—125.1 (m, C7), 122.6 (C1), 119.4 (C11). P NMR (162 MHz,
dichloromethane-d,): § = 26.9 (s). '’F NMR (376 MHz, dichloro-
methane-d,): § = —78.7 (s).
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