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ABSTRACT: Herein, we depict the detailed computational studies on the
stability and chemical bonding of heteronuclear 1,2-dichloro-silylene-germylenes
[(C1)SiGe(Cl)] supported by homoleptic [L = L' = cAACM¢; NHC™®; and PMe;]
and heterobileptic [L, L' = cAACMe; NHCM; cAACM®, PMe,; NHCM; and
PMe,] donor base ligands with the general formula (L)(Cl)SiGe(Cl)(L’) having
tunable binding energies. The bonding of the corresponding didehalogenated N\
analogue, (L)SiGe(L’) has been also investigated to explore the possibility of au.ulg.%?j%z'?ﬁm.. \t 4 o) LsiCHGe(ChL and LsiGeL
multiple bonding between the two-coordinate heteroatoms, Si and Ge. Our

studies employing density functional theory, atoms in molecules analysis, and
energy decomposition analysis coupled with natural orbitals for chemical valence
(EDA-NOCYV) unveiled the synthetic viability of the hypothetical compounds in —
the presence of phosphines and/or stable singlet carbenes, e.g, cyclic
alkyl(amino) carbenes (cAACs), and N-heterocyclic carbenes (NHCs) as the
suitable ligands. Comparison of the computed bond parameters of the presently hypothesized molecules with those of the relevent
experimentally isolated molecules could rationalize the feasibility of the future isolation of the predicted compounds.

MEP plofs for

H INTRODUCTION (R(CI)E=E’(C)R) and the corresponding two-coordinate
didehalogenated alkene (RE=E'R) analogues with E = Si, E’
= Ge are extremebf rare in the literature. So far, only a very few
of the cyclic''™"* and acyclic'*™"” sila-germenes have been
successfully synthesized, and in most of the cases, the
stabilization of such species has been achieved by introducing
the bulky aryl or other organic substituents at the heavier
group 14 elements and thereby featuring the comparatively
higher coordination number. In 1991, Baines reported the
initial synthesis of tetra-mesityl-germasilene (Figure 1, E) with
multiple bonded three-coordinate Ge and Si atoms by the
photolysis of hexa-mesitylcyclogermadisilane. However, the
compound could not be isolated in the solid state.'®

Over the past few decades, the utilization of donor base
ligands, such as NHCs and cAACs, has significantly increased
in synthetic main group chemistry for stabilizing exotic
molecules with low-coordinate main group elements. A
noteworthy contribution in this field has been made by the
group of Scheschkewitz, who reported the first instance of the
isolation of the monomeric base-stabilized vinylidene analogue,

The synthesis and isolation of homo- and heteronuclear
diatomic heavier group 14 compounds stabilized by bulky aryl
groups or donor base ligands have received great attention over
the past years.'~* In 2013, Roesky and co-workers reported the
first successful solid-state isolation of a cyclic alkyl(amino)
carbene (cAAC)-supported dichloro-1,4-diamino-2,3-disila-
1,3-butadiene derivative (Figure 1, A) with formal C,,c=Si
bonds.” In 2014, the same group had utilized compound A as
the precursor for the isolation of the corresponding cAAC-
supported heavier alkene analogue, disila-dicarbene (Figure 1,
B), featuring the Si=Si bond comprising the two-coordinate
Si atoms with a trans-bent geometry by the reductive
didehalogenation of A.*® The isolation of the N-heterocyclic
carbene (NHC) analogue of compound B had been 4previously
reported by Robinson and co-workers in 2008.”' In this
context, it is notable to mention the earlier groundbreakin%
discoveries of the homonuclear stable digermene by Lappert,s’
and disilene by West,” followed by a wide array of other
heavier alkenes (R,E = ER,, E = Si, Pb) featuring three-
coordinate multiple bonded heavier group 14 elements.'™”
Similarly, isolation of the previously hypothesized® heavier Received: May 2, 2024
alkyne analogues (RE=ER, E = Si, Ge, Sn, and Pb), reported Revised:  December 3, 2024
by the groups of Power (Figure 1, C)” and Sekiguchi (Figure 1, Accepted:  December S, 2024
D) ' featuring heavier two-coordinate group 14 elements with Published:  January 28, 2025
trans-bent geometry are notable. However, the synthetic routes

for stabilizing the heavier heteronuclear dichloro-alkenes
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Figure 1. Representative group 14 homo/heteronuclear dichloro-tetrelenes and tetrylenes isolated in the laboratory.

the NHC-stabilized silagermenylidenes (Figure 1, F)."” The
subsequent low-temperature reduction of F using
{(M*NacNac)Mg}, (NacNac = p-diketiminate) led to the
formation of a chloro-silylene intermediate, resulting in the
formation of a heteronuclear species featuring the sila-
germylene (SiGe) motif."> The first interconnected isolable
heteronuclear silylene-germylene G (Figure 1) was reported by
Wang and co-workers in 2020, which demonstrates a gauche-
bent geometry with the silylene (Si:) and germylene (Ge:)
units connected by a Si—Ge single bond.”” However, there
have been no experimental or computational reports so far on
the existence of donor base-stabilized heteronuclear 1,2-
dichloro-silylene-germylenes, which could further serve as the
potential precursors for the corresponding didehalogenated
species, sila-germene, featuring the possible multiple bonded
two-coordinate Si==Ge moiety. With the discoveries of NHCs
by Arduengo”' and cAACs by Bertrand,” the syntheses of
various exotic multiple-bonded heavier main-group elements
have experienced the landmark success due to their remarkable
o-donation and 7m-acceptance properties over the traditional
phosphine ligands. Based on that evidence, we aimed to
computationally predict the stability of a series of hypothetical
heteronuclear dichloro-tetrelenes featuring low-coordinate Si
and Ge atoms. Herein, we report on the detailed computa-
tional studies on stability and chemical bonding of homo/
heterobileptic donor base ligand-supported 1,2-dichloro-
silylene-germylenes with the general formula (L)Si(Cl)Ge-
(CH(L’) [L, L’ = neutral donor base ligands, e.g, cAAC,
NHC, and phosphines; L, L’ = cAACM® (1); L = cAACM, L' =
NHCM (2); L = cAACM, L’ = PMe; (3); L = PMe,, L' =
cAACMe (37); L = NHCM¢, L’ = cAACM® (4); L, L' = NHCM®
(5); L =NHCM¢, L' = PMe, (6); L = PMe,, L' = NHCM* (6);
and L, L' = PMe; (7)] by using density functional theory (at
BP86/def2-TZVPP level of theory), atoms in molecules
(AIM) analyses (at the BP86/def2-TZVPP level of theory),
and energy decomposition analysis (EDA) coupled with
natural orbitals for chemical valence (EDA-NOCV) at the
BP86-D3(BJ)/def2-TZV2P level of theory. Further, we studied
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the effect of introducing the two chloride ligands replacing
cAAC (L) at the Ge (8) and Si (9) centers on the overall
bonding of the respective molecules. We also studied the
stability and chemical bonding of the corresponding
didehalogenated compound 10 with the general formula
(L)SiGe(L') (L = cAAC) featuring multiple bonded
two-coordinate Si/Ge centers.

B RESULTS AND DISCUSSION

Computational Methods. The geometries of the
predicted compounds 1—7 (Scheme 1) with general formula
L-Si(Cl)Ge(Cl)—L’ (L, L' = cAAC™® (1); L = cAACMe, L' =
NHCM (2); L = cAACM, L' = PMe; (3); L = PMe,, L' =
cAACM (3'); L = NHC™, L' = cAACM® (4); L, L' = NHCM*
(5); L=NHCM® L' = PMe, (6); L = PMe,, L' = NHCM® (6);
and L, L' = PMe, (7)), compounds 8—9 (Scheme 1) with
general formula L,Si—GeL’, (L = cAAC; L’ = Cl (8); and L =
Cl;, cAAC (9)), and the didehalogenated analogue
(L)SiGe(L’) 10 (L =L’ = cAAC) (Scheme 1) are optimized at
BP86/def2-TZVPP*® levels of theory using Gaussian 09.”*

We conducted our calculations with dispersion corrections
considered in all the cases. To analyze the molecular
properties, such as Wiberg bond indices (WBI),”* occupation
numbers (ON), partial charges (gq) on the atoms, and the
natural bond orbitals, we utilized the NBO 6.0 program at
the BP86/def2-TZVPP level of theory. The quantum theory of
atoms in molecule (QTAIM)*’ is employed to assess the
features of the L—Si, Si—Ge, and Ge—L’ bonds. By conducting
a topological analysis of the Laplacian of the electron density,
one can gain valuable insights into the electronic and
conformational properties of the molecules, as well as the
interatomic interactions. The wave functions for the QTAIM
studies were computed at the BP86/def2-TZVPP level of
theory on the optimized geometries of 1—10.

The ADF 2020.102 software package’®* was utilized to
perform the EDA”*"™ coupled with natural orbitals for
chemical valence”®*" computations. All these calculations were
conducted on preoptimized geometries at the BP86-D3(BJ)/

https://doi.org/10.1021/acsomega.4c04196
ACS Omega 2025, 10, 4233—-4247
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Scheme 1. Structures of the Species with General Formula (L)(Cl)SiGe(CI)(L’) (1-7) [L, L’ = cAAC™® (1); L = cAACM, L’ =
NHCMe (2); L = cAACM®, L’ = PMe; (3); L = NHC™, L' = cAAC™® (4); L, L' = NHC™® (5); L = NHC™, L’ = PMe, (6); L =
PMe,, L' = cAACM® (3’); L = PMe;, L’ = NHC™® (6'); and L, L’ = PMe; (7)], 8—9 with General Formula L,Si—GeL’, [L =
cAAC; L' = Cl (8); L = Cl; L’ = cAAC (9)], and 10 [(cAACM*)SiGe(cAACM*)]
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def2-TZV2P level of theory. In the EDA-NOCV ap-
proach,ZSb_f the intrinsic interaction energy (AE,,) between
two fragments is decomposed into four energy components as
follows

AE,, = AE

elstat

+ AEPauli + AEorb + AEclisp (1)

The interaction energy, AE;, corresponds to the energy
change occurring when the geometrically deformed fragments
unite to form the overall complex.”® AE,, represents the
classical electrostatic interaction between the unperturbed
charge distributions of fragments in a given geometry, which
typically exhibits attractive behavior. AEp,; accounts for Pauli
repulsion arising from destabilizing interactions between
occupied orbitals, which contributes to steric repulsion.
AE,, involves orbital interactions between fragments,
encompassing bond pair formation, charge transfer, and
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polarization effects. Finally, the AEgy, term takes into
consideration the attractive dispersion interactions.”**"

For compounds 1—3, the ligand attached to the Si center (L
= cAAC) was kept constant, whereas the ones at the Ge center
were varied (L’ = cAAC, NHC, and PMe;). Similarly, for
compounds 4—6, L is always NHC, and L’ is being varied
(cAAC, NHC, and PMe;, respectively). In compound 7, the
central Si(Cl)Ge(Cl) moiety is flanked by two PMe, ligands.
The choice of the ligands at the central Si(Cl)Ge(Cl) moiety
was made in order to probe the effect of improved o-donation
and 7-acceptance properties of the donor base ligands.

Geometry optimizations in the singlet and triplet states were
performed for compounds 1—10, and the results revealed that
the singlet state is the electronic ground state (Figure 2). The
singlet—triplet energy gaps were found to be in the range of
21.9—36.8 kcal/mol, depicting the stability of the singlet

https://doi.org/10.1021/acsomega.4c04196
ACS Omega 2025, 10, 4233—-4247
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Figure 2. Optimized geometries of compounds 1—7 in the singlet
ground state with L, L’ = cAAC™® (1); L = cAACM, L’ = NHC™*
(2); L = cAACM®, L’ = PMe; (3); L = PMe;, L' = cAACM® (3'); L =
NHCMe, L' = cAACM® (4); L, L’ = NHC™® (5); L = NHC™:, L’
PMe; (6); L = PMe;, L' = NHCM® (6’); and L, L' = PMe, (7); 8—9
with general formula L,Si—GeL’, [L = cAAC; L’ = Cl (8); L = CJ;
and L' = cAAC (9)]; and 10 [(cAACM®)SiGe(cAACM®)] at the
BP86/def2-TZVPP level of theory.

ground state. The minima on the potential energy surfaces are
made certain in each case by the absence of imaginary
frequencies.

The optimized geometries for compounds 1—4, 6—7, and 10
revealed the expected trans-bent geometry around the central
SiGe backbone. However, we observed the unusual cis-
geometry in the case of compound §, presumably due to the
m-stacking interactions between the two five-membered
imidazole rings with a Cyyc—Cyyc bond distance of 3.291
A*® Moreover, we found that the plane of cAAC in 3 is almost
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perpendicular to the plane of the Si—Ge bond (#(NCSiGe) =
80.4°), whereas the plane of NHC in 6 lies in the same plane
of the Si—Ge bond (#(NCSiGe) = 1.7°). We assume that the
twisting in 3 would have come from stronger steric interactions
in the more crowded cAAC ligand at the Si atom.

The computed (at the BP86/def2-TZVPP level of theory)
Ccaac—Si bond lengths observed in the hypothetical molecules
1—3 were found to be 1.881, 1.867, and 1.879 A, respectively,
which are comparable to those of the experimentally isolated
compounds, such as (cAAC)SiCl-SiCI(cAAC) (1.823(3) A/
1.826(3) A)* and (cAAC)SiH-SiH(cAAC) (1.8173(18)
A),*° but slightly shorter when compared to those reported
for (cAAC)SiMe—SiMe(cAAC) (1.8043(12)/1.7977(12)
A).’" When the Si-bonded ligand changes from cAAC to
NHC (4—6), considerable elongation of the bond length is
observed for the Cyyc—Si bond (1.935 (4) A, 1.935 (5) A,
and 1.923 (6) A at BP86/def2-TZVPP). However, no
significant change in the bond length was observed when the
Ge-bonded ligand was varied. The calculated Cyyc—Si bond
lengths are found to be well in agreement with the laboratory-
isolated compounds, such as NHCSi(Cl)=Si(Cl)NHC
(1.939(6) A),*" NHC: — siCl, (1.928(2) A),*! and
NHCSi=SiNHC (1.9271(15) A),* but slightly shorter than
that observed in NHC: — SiCl, (1.985(4) A).** The Me,P—Si
bond length in the hypothetical molecule, calculated at the
BP86/def2-TZVPP level of theory is found to be 2.289 A,
which is comparable to that of the experimentally isolated
phosphasilanes, such as (MesPH),SiPh (2.2749(7)—2.2829(8)
A),>> and the donor-stabilized thiosilanoic phosphane L'Si-
(PH,)=S [(L' = CH[(C = CH,)CMe(NAr),], Ar =
2,6-Pr,C¢H;)] (2.2400(2) A).** When the Ge-bonded ligand
is cAAC (1 and 4), the calculated C4,c—Ge bond lengths are
found to be 2.022 and 2.002 A, respectively, which are
comparable to those of cAAC-stabilized Ge(I) radicals Cy-
cAAC:GeN(SiMe;)Dipp (Dipp = 2,6-Pr,C¢H;) (1.986(2)
A),*® but slightly shorter than those of cAAC: — GeCl,
(2.1321(16) A),* whereas slightly longer than those observed
for cAACGe(Me)—Ge(Me)cAAC (1.9240(17) A),
(1.9069(18) A),”" and the acyclic germylones (Me,-
cAAC),Ge (1.9386(16) A, 1.9417(15) A).*° The calculated
Cnuc—Ge bond lengths found in compounds 2 and § are
found to be 2.077 and 2.064 A, respectively, which are
comparable to the recently reported phosphinidene-chlorote-
trylenes (L)P—GeCI(L’) using cAAC and NHC as the ligands
(L = cAAC; L’ = NHC) (2.0857(16) A)*” and the reported
Ge—C bond lengths in NHC: — GeCl, (2.110(4) A),*
NHCGe = GeNHC (2.030(3) A),*® and NHC-stabilized
silagermenylidene NHC'Pr,Me, — Ge-Si(Tip),
(NHC'Pr,Me, = 1,3—diisopropyl-4,5—dimethgrlimidazol—l—yli—
dene, Tip = 2,4,6-Pr;C4H,) (2.0474(18) A)."” The calculated
Ge—PMe; bond lengths in compounds 3, 6, and 7 are found to
be 2.417, 2.404, and 2.392 A, respectively, which are in good
agreement with the reported diphosphagermylenes
(Dipp),P,Ge (Dipp = 2,6-Pr,C¢H;) (2.3823(12) A)* and
LGeP(H)SiMe, [L = CH{(CMe)(2,6-Pr,C4H;N)},]
(2.426(7) A).* The Si—Ge bond length seen in the central
moiety of the hypothetical molecules 1—7 is in the range of
2.464—2.572 A, which is well comparable to those reported for
the potassium silagermenide ((Xyl)N)CSi,(Tip),Ge—K-
(THF) (Tip = 2,4,6-Pr;C¢H,, Xyl = 2,6-Me,C¢H;)
(2.4295(10) A),"" and the functionalized disilagermirene—
nickel complex (Tip),SiSi(Tip)Ge(PPh,)Ni(NHC), (Tip =
2,4,6-PryC¢H,, NHC = 1,3-di-isopropyl-4,5-dimethylimidazol-
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Table 1. NBO Results of Compounds cAACM*—Si(Cl)Ge(Cl)—cAACM® (1), cAACM*—Si(Cl)Ge(Cl)-NHC™® (2), cAACM—
Si(Cl)Ge(Cl)—PMe;, (3), NHCM*—Si(Cl)Ge(Cl)—cAACM® (4), NHCM*—Si(Cl)Ge(Cl)—NHCM* (5), NHC™*—Si(Cl)Ge(Cl)—
PMe, (6), and PMe;—Si(Cl)Ge(Cl)—PMe, (7) at the BP86-D3(BJ)/def2-TZVPP Level of Theory ON, Polarization, and

Hybridization of the L—Si, Si—Ge, and Ge—L’ bonds”

compound bond ON polarization and hybridization (%) WBI
Si Ge
1 C3-S8is5 152 C: 587 s(21.33); Si: 41.3 5(39.6); p(59.6) 0.99 0511  0.443
p(71.45)
146  C: 34.8 5(21.6); p(67.6)  Si: 65.2 5(3.3); p(67.6)
SiSS—GeS6 1.69  Si: 62.1 s(41.4); p(57.6)  Ge: 37.9 s(4.6); p(94.8) 0.73
GeS6—C24 192 C: 768 s(384); p(61.5)  Ge: 232 5(9.7); p(89.9) 0.88
Ge lone pair 1.84  s(79.7); p(20.2)
2 C10-Si43 193 C:72.0 s(37.6); p(62.2)  Si: 28.0 s(42.4); p(56.9) 1.03 0477 0341
Si43—Ged4 175 Si: 72.2 5(39.6); p(59.6)  Ge: 27.8 s(5.2); p(94.2) 0.76
Ged4—C2 194  C:77.4 s(41.9); p(58.1)  Ge: 22.6 5(7.1); p(92.4) 0.76
Si lone pair 0.86 s(1.6); p(97.8)
Ge lone pair 1.90 s(81.3); p(18.7)
3 C3-Si43 194  C: 759 s(40.2); p(59.6)  Si: 24.1 s(15.7); p(83.4) 1.00 0467  0.185
Si43—Ged4 164 Si: 489 5(83); p(90.7)  Ge: SL.1 5(9.2); p(90.3) 0.84
Ge44—D28 193 P: 733 5(29.0); p(70.9)  Ge: 267 5(5.7); p(93.6) 0.69
Si lone pair 173 s(69.1); p(30.7)
Ge lone pair 192 s(82.5); p(17.4)
4 C11-Si43 195 C:77.0 s(43.3); p(56.5)  Si: 23.0 s(12.0); p(87.0) 0.82 0371 0412
NIS—Si43-Ged4 138 N: 539 5(0.0); p(99.9)  Si: 23.5 5(6.4); p(92.3)  Ge: 22.6 5(6.4); p(93.1)  0.72 (Si—Ge)
Gedd—C4 193 C: 764 s(38.8); p(61.1)  Ge: 23.6 5(11.4); p(88.2) 0.90
Si lone pair 1.85  s(73.8); p(26.0)
Ge lone pair 1.86  s(78.1); p(21.8)
s C10-Si31 1.94 C:77.5 s(44.1); p(55.7)  Si: 22.5 s(11.6); p(87.3) 0.83 0.325 0310
Ge32—C2 194  C:782s(42.8); p(57.2)  Ge: 21.8 5(7.6); p(91.9) 0.75
N26-Si31-Ge32 142 N: 707 s(0.1); p(99.8)  Si: 143 s(8.1); p(90.7)  Ge: 15.0 5(15.0); p(93.4) 077
Si lone pair 1.84  s(71.8); p(28.1)
Ge lone pair 190 s(81.1); p(18.8)
6 C1-Si31 1.95  C:75.6 s(42.9); p(56.9)  Si: 24.4 5(13.7); p(85.2) 1.04 0.247  0.098
Si31-Ge32 185 Si: 513 5(13.5); p(85.8)  Ge: 48.7 5(10.5); p(89.1) 0.81
Ge32-P8 193 P: 728 5(29.3); p(70.5)  Ge: 272 5(5.8); p(93.4) 0.78
Si lone pair 1.75  s(64.0); p(35.8)
Ge lone pair 1.90  s(79.2); p(20.7)
7 P18-Sil6 194 P: 716 5(30.3); p(69.4)  Si: 28.4 5(8.8); p(89.8) 0.85 0076  0.102
Si16-Gel7 185 Si: 50.5 5(10.3); p(88.5)  Ge: 49.5 5(8.6); p(90.9) 0.96
Gel7—P1 193 P: 729 5(294); p(70.5)  Ge: 27.1 5(5.9); p(93.4) 0.79
Si lone pair 1.88  s(72.9); p(27.0)
Ge lone pair 1.92  s(80.4); p(19.5)

“ON, polarization, and hybridization of the L—Si, Si—Ge, and Ge—L’ bonds.

2-ylidene) (2.432(4), 2.380(4) A)."* The Si—Ge bond length
is also found to be very close to that of compound G (Figure
1, 2.4498(9) A), which is the first reported example of the
experimentally isolated silylene-germylene (Figure 1).*° For
compounds 8—9, it is observed that both the cAAC ligands in
L,Si—GeL', have slightly different bond lengths (1.857, 1.875
A (8);1.973,1.982 A (9)). The Si—Ge bond length is found to
be significantly longer than those observed in compounds 1—-7
(2.667 (8) and 2.665 (9) A).

The NBO analysis performed (at the BP86/def2-TZVPP
level of theory on the optimized structures) on compounds 1—
7 provided insight into the electronic structure and bonding
(Table 1). We observed two-bond occupancies for the C.ypc—
Si bond in 1 (1.52 and 1.46), where the first bond was
polarized toward the C atom (58.7%) and the second toward
the Si atom (65.2%). In compounds 2—7, the L—Si bond was
found to have a single occupancy and is polarized toward the
respective ligands (71.6—77.5%). This corresponds to o-

4237

donation from the ligand L to the Si atom. On the other hand,
backdonation from the Ge center to the attached ligand was
not observed in any case, irrespective of the nature of the
ligand L', which in turn supports the presence of a localized
lone pair of electrons majorly of s character (~80%) on Ge
featuring the germylene nature (Figure 3, HOMO — 1). The
Si—Ge bond pair of electrons were found to be polarized
toward the Si atoms in 1 (62.1) and 2 (72.2), whereas the
same was found to be equally shared between the Si and Ge
atoms for compounds 3, 6, and 7. We performed NBO analysis
of the previously isolated molecule ((cAAC)SiCl-SiCl-
(cAAC)), A (Figure 1),"* to compare the results with our
calculations. For A, there was only single bond occupancy
(1.95) observed for the Cac—Si bonds in contrast to
compound 1, and the bond is polarized toward C.yuc.
Whereas for the Si—Si bond, two bond occupancies (1.88
and 1.45) were observed with a WBI of 0.94. The HOMO — 1
of A is denoted as weakly bonding electrons at the silicon
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HOMO-2 (-6.27)

Figure 3. Representative molecular orbitals of hypothetical compounds 1, 5, 3, 6, and the previously isolated compound A, calculated at the BP86/
def2-TZVPP level of theory. The values in the parentheses are the energies of the orbitals in eV. See the Supporting Information for the selected

molecular orbitals of 1-7.

atoms, which is not observed in the case of compounds 1-7
we have chosen for the present study. The existence of the
three-centered two-electron bonds (N—Si—Ge) was observed
in compounds 4 and 5, where N is from the ligand L and L/,
respectively, in compounds 4 and S. In all cases (1-7), the
WBI of the Si—Ge bond is found to be in the range of a single
bond (0.72—0.96). The highest WBI of the Si—Ge bond was
observed when the ligand was PMe, (7), and the lowest was
observed when the ligands were NHC and cAAC (4). The
trend of the above WBI is also in line with the calculated bond
dissociation energies (BDEs) of the Si—Ge bonds (see the
Supporting Information). Varying the ligands at the Ge center
did not affect the WBI of the cAAC—Si bond (~1.0), but a
slightly higher WBI was observed in 6, where the Ge-bonded
ligand is PMe;, and the Si-bonded ligand is NHC. This is also
accounted for by the slightly shorter Si—Ge bond lengths
observed in 6 than in 4 and 5. A WBI of <1 and the localized
lone pair on the Ge centers eliminate the presence of multiple
bonds in these compounds. The nonplanarity of L—Si—Ge—L'
in compounds 1—7 disrupts an effective 7-conjugation over the
C.SiGeCy backbone. For compounds 1—7, HOMO comprises
the Si lone pair (2—6) or the z-type Si—cAAC bond (1). The
HOMO — 1 reveals the o-type lone pair of Ge, which does not
participate in delocalization with the attached ligand (L’). The
Si—Ge o-bond is depicted by the HOMO — 2 (Figure 3).
Representative orbitals for compounds 3’ and 6’ have been
displayed in the Supporting Information.

Next, a different set of ligands have been chosen at Si and
Ge centers to analyze the ligand effect on the bonding nature
of the SiGe backbone of the compounds L,Si—Gel’, (L =

4238

cAAC; L' = Cl (8) and L = Cl; L’ = cAAC (9)) (Figure 2).
The NBO analysis performed on the optimized geometries of
8—9 at the BP86/def2-TZVPP level of theory (Figure 4, see

i

HOMO (-4.20) HOMO-1 (-4.66) HOMO-3 (6.13)

24,98 M

HOMO (-3.87) HOMO-1 (-4.52) HOMO-2 (-6.08)

Figure 4. Representative molecular orbitals of compounds 8 and 9
calculated at the BP86/def2-TZVPP level of theory. The values in the
parentheses are the energies of the orbitals in eV.

the Supporting Information) revealed that the bond between
two cAAC units and the Si/Ge backbone in L,Si—GeL’, are
nonidentical; the first bond has single occupancy and is
polarized toward C_y,c, whereas the other Cy5c-Si/Ge bond
has two bonding occupancy in which the first is polarized
toward C and the other toward E (E = Ge (8) and E = Si (9)).
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This difference is observed in their bonding occupancies,
where the singly occupied bond shows WBI values of 0.97 (8)
and 0.94 (9), and the doubly occupied bond shows slightly
higher values of 1.10 (8) and 1.32 (9). The HOMOs of 8—9
show significant z-delocalization over C.yyc—Si/Ge—C xac
centers. The Si—Ge bond is found to be polarized toward
the atom to which cAAC ligands are bonded, and the presence
of lone pairs is observed on the atom on which Cl atoms are
bonded. From the WBI of the Si—Ge bond, it is clear that the
bond has a single bond character and can be visualized in
HOMO — 3 and HOMO — 2 of 8 and 9, respectively. With
the quest of finding out the possible ligand fields for stabilizing
the multiple bonded silylene-germylene, which might be
synthetically achieved by the reductive didehalogenation of
the corresponding 1,2-dihalides (1—7), we optimized the
geometry of compound [(cAACM®)SiGe(cAAC™®)] (10) at
the BP86/def2-TZVPP level of theory (Figure S). The

B e

HOMO "HOMO-1
(-3.42) (-3.52)
A :
]
hd @
HOMO-2 ~ HOMO-3
(-5.40) (-5.61)

Figure 5. HOMO, HOMO — 1, HOMO — 2, and HOMO — 3 of
compound 10 at the BP86/def2-TZVPP level of theory. The values in
the parentheses are the energies of the orbitals in eV.

calculated Si—Ge bond length in 10 is found to be 2.331 A,
which is significantly shorter than the SiGe backbone present
in parent molecule 1, implying the formation of multiple bonds
between the Si and Ge atoms (Figure 5). The BDEs of the Si—
Ge (64.31 kcal/mol) and cAAC—SiGe—cAAC (137.06 kcal/
mol) bonds in 10 also show the considerable increase
compared to those obtained for 1 (see the Supporting
Information). Moreover, the NBO studies also reveal the
presence of two bond occupancies between Si and Ge atoms,
which can be visualized in HOMO (z-type) and HOMO — 3
(o-type). The WBI of the Si—Ge bond in compound 10 (1—
2Cl) is 1.4, which predicts the partial double bond nature of
the Si—Ge bond and slightly lower than the WBI of cAAC,Si,

(1.53).* The lone pair is present on both Si and Ge atoms,
which is majorly of s-type and slightly overlaps with the
carbene carbon (HOMO — 2, Figure 5).

The NBO results of the heteronuclear compound 10 were
concurrent with the experimentally isolated homonuclear
compound cAAC,Si, (B)* revealing a possible isolation of
10. The presence of the lone pairs on Si atoms and double
bond occupancies present for the Si—Si bond are found to be
the most common features. A slightly higher WBI was
observed in B (1.53) compared to that of 10, probably due
to better orbital overlap of the Si atoms.

Next, we performed the QTAIM analyses to assess the
features of the L—Si, Si—Ge, and Ge—L’ bonds for the
hypothesized molecules 1-10 (Figure 6, (a) for compound 1
and (b) for compound 10; see the Supporting Information for
details). By conducting a topological analysis of the Laplacian
of the electron density, one can gain valuable insight into the
electronic and conformational properties of the molecules as
well as the interatomic interactions. The wave functions for the
QTAIM studies were computed at the BP86/def2-TZVPP
level of theory on the optimized geometries of 1—10. The
electron densities (p(r)) of the L—Si and Ge—L’ bonds in 1—
10 are in the range of 0.124—0.078. The strength of a chemical
bond, indicated by its bond order (BO), is reflected in the
electron density at the bond critical point (BCP) (p(r)). It has
been observed that when PMe; is bonded to Si or Ge atoms,
the electron density (p(r)) decreases. This finding is consistent
with the calculated BDEs (see the Supporting Information) for
the respective bonds, as the presence of PMe; corresponds to a
decrease in BDE. Another parameter that characterizes a bond
is the Laplacian of the electron density (V2p(r)). Regions
exhibiting negative Laplacian of the electron density, V*p < 0,
indicate a local concentration of electron density. When V*p <
0 is observed in the internuclear region, it suggests that the
interatomic interaction is shared. The positive Laplacian
(V2p(r)) at the BCP of the L—Si and Ge—L’ bonds in 1—
10 indicates the closed-shell interactions. It is observed that
the electron densities (p(r)) of the Si—Ge bonds indicate a
weak interaction between the Si and Ge atoms. The highest
electron density (p(r)) is found for 10 (0.079), which is due to
the presence of a double bond. In contrast, the lowest electron
densities (p(r)) are observed for 8 and 9 (0.053), primarily
attributed to the presence of a dative bond, as also suggested
by the EDA-NOCYV analyses. Even though V?p(r) is negative
for 8 and 9, it is found to be the least and very close to zero.
The negative sign of the Laplacian of the electron density,
V2p(r), in the case of Si—Ge bonds, in compounds 1—7 and
10 is a clear indication of the covalent nature of the
corresponding bonds.

(@) —

Figure 6. Contour plot of Laplacian distribution [V?p(r)] in the C3—Si55—GeS56 plane of 1 (a) and 10 (b). Solid blue lines indicate the areas of
charge concentration (V?p(r) < 0), while dotted purple lines denote charge depletion (V?p(r) > 0). Solid lines connecting atomic nuclei (black)
are the bond paths, and green spheres on bond path indicates the BCP. See the Supporting Information for compounds 2—9.
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Scheme 2. Left: Possible Bonding Scenarios of Compounds 1—7 (Also See Table S7); (a) Interaction of Neutral Singlet
Fragments, Creating a Dative Bond between [L L'] and [Si(Cl)Ge(Cl)]; (b) Interaction of Singly Charged ([L L']* and
[Si(C1)Ge(Cl)]") Doublet Fragments Forming Electron-Sharing 6-Bonds, Dative 6-Bonds, and z-Dative Bonds; (c)
Interaction between [L L']** and [Si(Cl)Ge(Cl)]*~ Fragments in Doubly Charged Triplet States, Forming Electron-Sharing o-
Bonds and z-Dative Bonds; Right: Splitting of Si—Ge Bonds of Compounds 1—7 (d—f); (d) Electron Sharing between Two
Doublet Fragments; and (e,f) Charged Fragments in Their Singlet States

T

(a) Dative (D)
S = singlet

N ©

(b) Dative & Electron r/\H
sharing (o) T { T
D = doublet o (e}
f \ N
S~
(c) Dative (D) + Electron - “ “
(E) Sharing (o, 1) —

T = Triplet R

L: == CISi—GeCl ==L’
h ° N

Best bonding scenario

L == CISi—GeCl=—=

i

(d) Electron sharing L(CI)Si =—Ge(CI)L'

i Doublet (D)

i Best bonding scenario
i (e) Dative “7 +

| Singlet (S) L(CI)Si —=Ge(CIL'

| Dati + _

| (f)Si?\g“I’:t (S) L(CI)Si~— Ge(CI)L'

si—§—Ge

Table 2. EDA-NOCV Analyses of L—Si(Cl)Ge(Cl)—L’ Bonds of Compounds 1—7 (L—Si(Cl)Ge(Cl)—L’) Using [L L’] and
[Si(Cl)Ge(Cl)] in the Electronic Singlet (S) States as Interacting Fragments at the BP86-D3(BJ)/TZ2P Level of Theory”

energy interaction 1 2
AE,, ~152.9 —142.9
AEpgu; 501.7 484.1
AE,, -3309 3172

(50.5%) (50.6%)
AEg, —324 (5.0%) —29.6 (4.7%)
AE,, -2913 —2802
(44.5%) (44.7%)
AE, L = Si(CGe(Cl) < L's ~109.7 —1153
donation (37.64%) (41.1%)
AE, L = Si(CDGe(Cl) « L'o —95.5 (32.8%) —85.3
donation (30.4%)
AE,; L < Si(CDGe(Cl) » L'z —39.9 (13.7%) —36.9
backdonation (13.1%)
AE ) L « Si(Cl)Ge(Cl) —» L'z
backdonation
AE st —46.3 (159%) —42.9

(15.4%)

3 4 5 6 7
—131.7 —139.0 —1144 —118.1 -99.6
470.6 462.6 415.5 382.7 494.8
—303.8 —309.5 —279.0 —254.1 —306.8
(50.4%) (51.4%) (52.6%) (50.7%) (51.6%)
—30.1 (5.0%) —29.4 (4.9%) —20.65 —23.9 (48%) —26.3 (4.4%)
(3.9%)
—268.4 —262.7 -230.3 -222.9 —261.3
(44.6%) (43.7%) (43.5%) (44.5%) (44.0%)
—104.2 103.6 —85.3 —102.4 —126.1
(38.8%) (39.4%) (37.1%) (45.9%) (48.3%)
-92.4 —74.6 —74.0 —67.0 —81.0
(34.5%) (28.4%) (32.1%) (30.2%) (31.0%)
-31.1 —41.4 —-35.8 —18.8 (8.4%) —17.0 (6.5%)
(11.6%) (15.7%) (15.6%)
-9.6 (3.7%) 9.4 (41%) —9.6 (4.3%)
—40.6 -33.4 -25.1 -37.2
(15.1%) (12.8%) (11.2%) (14.2%)

“Energies are in kcal/mol. The values in the parentheses show the contribution to the total attractive interaction AEy, + AEq, + AE,y,. The

values in parentheses show the contribution to the total orbital interaction AE,

orb*

The ellipticity, €, measures the 7 character of a bond. The
degree of ¢ is influenced by the symmetrical or asymmetrical
distribution of the electron density in a bond. When a bond
has cylindrical symmetry, such as in single and triple bonds, the
value of € is almost zero due to the uniform distribution of
electron density along the bond axis. On the other hand, for a
double bond, € is greater than zero because of the uneven
distribution of electron density perpendicular to the bond path.
The greater value of & observed for L—Si bonds compared to
those for the Ge—L’ bonds suggests the stronger double bond
character of the L—Si bonds due to the smaller size of the Si
atom and, thus, efficient overlap of orbitals compared to that in
the presence of the Ge atom. Conversely, the lower value of €
for the Si—Ge (0.103 to +0.033) indicates the single bond
nature for compounds 1—7. Notably, the € value of the Si—Ge
bond increased significantly to 0.324 in 10 (Figure 6, (b)),
indicating the double bond nature. This finding is consistent
with the results obtained from NBO analysis, which revealed
that the Si—Ge bond had two bonding occupancies and a WBI
of 1.4.

To have a more accurate picture of the chemical bonding,
we further performed the EDA coupled with natural orbitals
for chemical valence (EDA-NOCV) at the BP86-D3(BJ)/
TZ2P level of theory of the hypothetical compounds 1-10. By
using the fragments in the appropriate electronic states, the
EDA approach can be used to recommend the optimum
bonding description in accordance with the electronic
structures. Initially, compounds 1-7 (L-Si(Cl)Ge(Cl)-L’)
were fragmented into two parts: the ligands [L L'], and the
central backbone [Si(Cl)Ge(Cl)]. By changing the charge, and
spin states of these fragments, we attempted three bonding
possibilities and performed the EDA-NOCYV studies. The first
bonding possibility was the interaction of neutral singlet
fragments, creating a dative bond between [L L'] and
[Si(Cl)Ge(Cl)]. The second bonding possibility was the
interaction of singly charged ([L L']* and [Si(Cl)Ge(Cl)]")
doublet fragments, forming electron-sharing o-bonds, dative o-
bonds, and #-dative bonds. The third was the interaction
between [L L']*" and [Si(Cl)Ge(CI)]*~ fragments in doubly
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Figure 7. Shape of the deformation densities Ap;y_(3 that correspond to AE,,1)—(3) and the associated MOs of cAAC—Si(Cl)Ge(Cl)—cAAC (1)
and the fragment orbitals of [(cAAC) (cAAC)] and [Si(CI)Ge(Cl)] in the singlet state (S) at the BP86-D3(BJ)/TZ2P level. The isosurface values
are 0.003 au for Ap(;_,y and 0.001 au for Ap3). The eigenvalues lv,| give the size of the charge migration in e. The direction of the charge flow of
the deformation densities is red — blue.

cAACSI(CD)-Ge(Cl)cAAC cAACSI(CI) (D) cAACGe(Cl) (D)
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Figure 8. Shape of the deformation densities Ap(;)_;) that correspond to AE,;)—(3) and the associated MOs of cAACSi(Cl)—Ge(Cl)cAAC (1)
and the fragments orbitals of [cAAC—Si(Cl)] and [cAAC—Ge(Cl)] in the doublet state (D) at the BP86-D3(BJ)/TZ2P level. Isosurface values are
0.003 au for Ap(;y and 0.0005 au for Ap(,_3). The eigenvalues lv,| give the size of the charge migration in e. The direction of the charge flow of the
deformation densities is red — blue. See the Supporting Information for compounds 2—7.
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Table 3. EDA-NOCYV Analyses of the LSi(Cl)-Ge(Cl)L’ Bond of L—Si(Cl)Ge(Cl)—L’ (1—5) Using [LSi(Cl)] and [L'Ge(Cl)]
in the Electronic Doublet (D) States as Interacting Fragments at the BP86-D3(BJ)/TZ2P Level of Theory”

energy interaction 1 2
AE;y -53.0 -55.6
ABp; 1413 142.1
AE g0 —86.4 (44.4%)  —90.3 (45%)
AEy," ~199 (10.3%) —18.4 (9.3%)
AE,,"” —88.1 (45.3%)  —88.5 (44.9%)
AE ) LSiCl—GeClL'c electron sharing  —66.5 (75.5%)  —69.2 (78.2%)
AE °  LSi(Cl) = Ge(Cl)L'c donation ~ —6.7 (7.7%) —6.4 (7.2%)
AE(3)° LSi(Cl) « Ge(Cl)L'c donation ~ —5.4 (6.1%)
AE i (rest) -9.5 (10.7%)  14.5%

3 3

—56.3

150.6

—99.64 (48.1%)
—18.1 (8.7%)
—89.2 (43.1%)
—68.6 (76.9%)

4 N

-50.1
144.9

—91.2 (46.8%)
—17.5 (9.0%)
—86.2 (44.2%)
—68.4 (79.4%)

553

199.6

—126.4 (49.6%)
—18.8 (7.4%)
—109.7 (43.0%)
—81.8 (74.6%)

—53.6
136.3
—87.3 (45.9%)
—19.2 (10.1%)
—83.5 (44.0%)
—65.7 (78.8%)

—9.5 (8.7%) —5.6 (6.2%) —-5.1 (6.1%)
—5.9 (6.7%) —4.5 (5.4%)
16.7% 10.2% 9.8% 20.6%

“Energies are in kcal/mol. “The values in the parentheses show the contribution to the total attractive interaction AEg, + AEq,, + AEy. “The
values in the parentheses show the contribution to the total orbital interaction AE,.

Table 4. EDA-NOCYV Analyses of the LSi(Cl)—Ge(Cl)L’ Bond of L—Si(Cl)Ge(Cl)—L’ (6—7) Using [LSi(Cl)] and [L'Ge(Cl)]
in the Electronic Doublet (D) States as Interacting Fragments and the cAACSi—GecAAC Bond of cAAC—SiGe—cAAC (10)
Using [cAACSi] and [cAACGe] in the Electronic Triplet (T) States as Interacting Fragments at the BP86-D3(BJ)/TZ2P Level

—117.6 (51.2%)

of Theory”
energy interaction 6 6’

AE;y —54.7 —54.7

AEp, 177.8 174.8

AE " —118.8 (51.1%)

AEg," —12.8 (5.5%)  —13.3 (5.8%)
AE" —100.9 (43.4%) —98.6 (43.0%)
AE,41)°  LSiCl-GeCIL'c electron —79.8 (79.1%) —77.9 (79.0%)

sharing

AE,,°  LSi(Cl) — Ge(Cl)L'c donation  —8.5 (8.4%) —7.1 (7.1%)
AE 3" LSi(Cl) < Ge(Cl)L’c donation
AE i (rest) 12.5% —13.8%

10

—70.0
178.3

—116.0 (46.7%)
—11.3 (4.6%)
—120.9 (48.7%)
—64.7 (53.5%)

7 Interaction

-56.3

162.5

—111.2 (50.8%)
—14.5 (6.5%)
—93.1 (42.5%)

—76.7 (82.4%)  cAACSi—GecAAC o electron

sharing

—5.9 (6.3%) cAACSi—GecAAC o electron —41.6 (34.4%)
sharing

11.3%

“Energies are in kcal/mol. ®The values in the parentheses show the contribution to the total attractive interaction AEg, + AEqy + AE,. “The
values in the parentheses show the contribution to the total orbital interaction AE_,.

charged triplet states, forming electron-sharing o-bonds and 7-
dative bonds (Scheme 2, left).

The numerical results of the EDA-NOCV calculations are
listed in the Supporting Information. While the BDE values are
affected by the geometrical and perhaps the electronic
relaxation of the fragments, the absolute value of the
interaction energy, AE;,, is a reliable term for the intrinsic
bond strength. Table 2 shows that the highest AE;, was
observed when both of the ligands were cAAC (1), and the
lowest was observed when both of the ligands were PMe; (7).
The interaction energy AE, can be further divided into four
terms: AEp,;, AL, AEgy, and AE, (Table 2). The Pauli
energy term, AEp,;;, in EDA-NOCYV corresponds to the energy
required to redistribute the electrons in the interacting
fragments to remove the electronic overlap caused by the
interaction. The highest AEp,;; was observed for 1, where L
and L" were cAAC ligands, the bulkiest among the ligands used
in this study. The electrostatic interaction (AE,,) contributed
approximately 50% of the total attractive forces. The remaining
half was contributed by AE,,;, (~44%) and AEg,, (~5%). The
smallest absolute value of the orbital term AE,, is useful for
determining the best bonding description. The EDA-NOCV
results show that the best bonding description for compounds
1-7 is dative, where the bonding is described by o- and 7-
electron-donating dative bonds. AE_, can be further divided
into the pairwise contributions of the interacting fragments.
AE () (37.1—48.3%) corresponds to the -donation from [L
L'] to [Si(Cl)Ge(CD)]. Similar to AE,y ), AEu@m) corre-
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sponds to o-donation from [L L’] to [Si(Cl)Ge(Cl)]. The
contribution of AE,; ;) (28.4—34.5%) to the total AE,,, is
slightly less than that of AE; ;). The z backdonation from
[Si(Cl)Ge(Cl)] to [L L'] is depicted in AE1,(3), which is less
than the overall o-donation contribution to AE_;. A minor
contribution of AE,,4) was found in the 4 (3.7%), 5 (4.1%),
and 6 (4.3%) cases (Table 2). The results of EDA-NOCV
analyses for the compounds 3’ and 6 are found to be very
similar to those of 3 and 6, respectively (see the Supporting
Information for details).

Figure 7 represents the deformation density plots of
compound 1 in which Apqy and Ap(,) represent the in-
phase (++) and out-of-phase (+—) o-electron donation,
respectively, from [cAAC cAAC] to [Si(C)Ge(CD)]. Ap(s,
represents the backdonation from [Si(Cl)Ge(Cl)] to [cAAC
cAAC] which contributes 13.7% to the AE_,;. Similar
deformation density plots of compounds 2—7 are included in
the Supporting Information.

In order to reveal the nature of the bonding interactions
between the Si and Ge atoms more accurately, next we
performed the EDA-NOCV analysis by cleaving the Si—Ge
bonds for 1—7 (Figure 8 for 1, see the Supporting Information
for 2—7), generating LSi(Cl) and L'Ge(Cl) fragments (Tables
3 and 4). By changing the charge and spin states of these
fragments, we attempted three bonding possibilities. The first
possibility involves electron sharing neutral and doublet
fragments, whereas the second and third possibilities involve
the interaction of singly charged singlet fragments forming
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dative bonds (Scheme 2, right). In compounds 1-7, the AE,,
(44.4—51.2%) contribution to the total attractive forces is
slightly higher than the AE,, (43.0—45.3%). The remaining
contribution is from the dispersive forces, which contribute
5.5—10.3% of the total attractive forces. AE_; can be further
divided into the pairwise interactions of the fragments. The
major contribution to the total AE,, comes from the
interaction of the unpaired electrons residing in the SOMO
of both fragments, which is represented in AE, 4,y (74.6—
82.4%). AE 4 (y) corresponds to the o-electron donation from
the HOMO of the LSi(Cl) fragment to the vacant orbital of
fragment L'Ge(Cl). In some cases, we could observe AE ;)
corresponding to the o-electron donation from the HOMO of
cAACGe(Cl) fragment to the vacant orbital of fragment
cAACSi(Cl). The contribution of AE,4 is significantly
higher compared to AE4,;) and AE ;) toward AE . To
compare our results with the experimentally isolated
homonuclear compound A,* the EDA-NOCV calculations
have been performed on compound A cleaving the bond
between the two Si atoms. Our study revealed similar results as
of compound 1, where the best bonding observed between
both Si atoms is when the fragments interacted in a neutral
doublet state, forming an electron-sharing bond. The major
contribution to AE_, arises from the interaction of the
unpaired electrons in the SOMO of the fragments. It is noticed
that the contribution from AE,;;) and AE 3 in A (20.5%)
is slightly higher than that of 1 (15.8%).

To study the nature of the Si—Ge bonds in compounds 8
and 9, EDA-NOCYV analysis was performed at the BP86/def2-
TZV2P level of theory. The bond between Si—Ge of L,Si—
Gel’, (L = cAAC; L' =Cl (8),and L = Cl; L' = cAAC (9))
was fragmented creating the fragments [L,Si] and [GeLl’,].
Three different bonding possibilities were tried by changing
the charge and spin states of the fragments. The first possibility
considered the electron donation from a neutral singlet
fragment of [L,Si] to [GeL’,] in 8 and [GeL’,] to [L,Si] in
9. In the second case, singly charged doublet fragments were
involved creating an electron-sharing bond. The last possibility
considered doubly charged singlet fragments involved in
electron donation from [GeL’,] to [L,Si] in 8 and from
[L,Si] to [GeL’,] in 9. Among the three bonding possibilities
we have studied, the best bonding was observed when the
neutral singlet fragments were involved in the electron
donation from the neutral singlet fragment of [L,Si] to
[GeL',] in 8 and [GeL',] to [L,Si] in 9, creating a dative bond
(Scheme 3, see the Supporting Information for details).

Scheme 3. Possible Bonding Scenarios Studied for
Compounds 8—9

i

a) Dative L,Si — Gel',

Singlet (S)
o

L28| > GeL'2

J

L,Si2*<—2Gel',

b) Electron sharing
Doublet (D)

c) Dative (charged)
Singlet (S)
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The EDA-NOCYV studies were also performed to shed light
on the best bonding description of compound 10, which
directed the interaction of the neutral singlet fragments [cAAC
cAAC] and [SiGe] to form o-electron-donating and 7-
backdonating dative bonds between the Si and Ge atoms
(Figure 9). The prior research conducted by Frenking et
al.>®" extensively examined the bonding and stability of
(L,),E, [L = NHC, cAAC; E = Si, Ge] through EDA-NOCV
analyses by cleaving the bonds between the ligands and the
central EE backbone. The (cAAC), fragment was found to
establish two robust dative o-bonds with the E, unit, denoted
as [cAAC — E, « cAAC]. Furthermore, there exist two 7-
bonds (attributed to m-backdonation) between E, and
(cAAC),, denoted as [cAAC « E, — cAAC; E = Si, Ge].
The cumulative intrinsic interaction energy is found to be
approximately —140 kcal/mol for E = Si and —100 kcal/mol
for E = Ge. In the current study, we have observed slightly
higher intrinsic interaction energy (—150.31 kcal/mol), which
indicates the better stability of the heterodiatomic species, 10.
The major contribution to the orbital interaction is found to be
the o-donation (63.7%) from cAAC ligands to the SiGe moiety
(AE 1y and AE,u(2)) (Figure 9, see the Supporting
Information). The strongest interaction comes from the
AE, (1), which represents the ¢ electron donation in an out-
of-phase (+—) combination from HOMO — 1 of [cAAC
cAAC] to LUMO of [SiGe]. Slightly weaker ¢ electron
donation in-phase (++) combination is represented in AE 2y
which is from the HOMO of [cAAC cAAC] to LUMO+1 of
[SiGe]. The contribution of z-backdonation is 27.8%,
comparatively less than the contribution of o-donation to the
overall AE_;. The bond between Si and Ge atoms was cleaved,
generating cAACSi and cAACGe fragments (Figure 10, see the
Supporting Information). By changing the charge and spin
states of these fragments, we attempted two possibilities. The
first bonding possibility corresponds to the electron-sharing
bond forming from the unpaired electrons from both
fragments. The second possibility arises from the interaction
of neutral and singlet fragments forming a dative bond. The
EDA-NOCV calculations performed on all the bonding
possibilities predict that the bonding between Si and Ge is
best explained when it is electron-sharing. In compound 10,
AE,,, (48.7%) contributes slightly greater than AE,, (46.7%)
to the total attractive forces. Compared to compound 1, the
contribution of AEy,, decreases to 4.6% in compound 10.
AE,;, can be divided into AE ;) and AE, ;) corresponding
to the pairwise interaction of fragments. AE ;) and AE, (2
show the o-electron sharing of cAACSi and cAACGe
fragments. The contribution of the former is greater compared
to that of the latter one (see the Supporting Information). In
contrast to 10, AE .1y and AE,(,) contributed equally to the
AE,,, (42.9% each) in compound B (cAAC,Si,).* Along with
the o-electron-sharing interaction of cAACSi fragments, we
also observed a significant amount of o-donation from the
filled orbital to the vacant orbitals of Si (AE ;) and AE 4 4;
each contributing 6.2%) in B. The bonding interactions
between Si and Ge atoms are moderately strong (AE;,, = —53
to —70 kcal/mol).

The BDEs of the ligand pair [L, L] and (Cl)SiGe(Cl) unit
Si—Ge of 1—7 are in the range of 62—106 kcal/mol following a
trend 1 >2>4 >3 >5>3">6>6" >7 (Table S3). The
lowest binding energy was computed when the ligand pair is
2PMe; in 7, while it is maximum for the cAAC analogue (1),
suggesting that the stronger s-accepting ability of a pair of
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Figure 9. Shape of the deformation densities Ap(;)_4) that correspond to AE,;)—(4) and the associated MOs of cAAC—SiGe—cAAC (10) and the
fragments orbitals of [(cAAC) (cAAC)] and [SiGe] in the singlet state (S) at the BP86-D3(BJ)/TZ2P level. The isosurface values are 0.003 au for
Ap13), 0.002 au for Apy), and 0.001 au for Ap,). The eigenvalues l,| give the size of the charge migration in e. The direction of the charge flow of

the deformation densities is red — blue.

cAACSI-GecAAC

cAACSI (T)

¢AACGe (T)

Apay
M\)rb(])= -64.7; |V1.,/V1[s| =0.53/.70
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Figure 10. Shape of the deformation densities Ap;)_(,) that correspond to AE (;)_(;) and the associated MOs of cAACSi—GecAAC (10) and the
fragments orbitals of [cCAAC—Si] and [cAAC—Ge] in the triplet state (T) at the BP86-D3(BJ)/TZ2P level. The isosurface values are 0.0015 au for
Ap(i_y). The eigenvalues lv,| give the size of the charge migration in e. The direction of the charge flow of the deformation densities is red — blue.

cAAC ligands significantly stabilizes [62 (7) vs 106 (1) kcal/
mol] the (CI)SiGe(Cl) unit in 1. The trends of BDEs in
(cAAC)(CI)SiGe(Cl)(L'), (NHC)(Cl)SiGe(Cl)(L’), and
(Me;P)(CI)SiGe(CI)(L') are 1 > 2>3,4 > 5§ > 6, and 3’ >
6’ > 7, respectively. The cAAC ligand binding to Si (1)
provides a slightly higher (9 kcal/mol) stabilization energy
than the NHC of Si (4). The binding in (cAAC)(Cl)SiGe-
(CD(cAAC) (1) is more stable by 20 kcal/mol than
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(NHC)(C1)SiGe(Cl)(NHC) (5), which is even more stable
than (Me;P)(Cl1)SiGe(Cl)(Me;P) (7) [1 > 5 > 7]. The BDEs
of Si—Ge bonds of compounds 1-7 and 3'—6 have been
given in Table S4, which varies in the range of 48—54 kcal/mol
computed with the BP86 functional, suggesting that the central
Si—Ge bond is strong enough to be stable at the ambient
condition. Hence, it can be predicted that the synthesis of the
two cAAC analogue species (1) is the most viable among all
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(1=7). Scheme 4 illustrates the comprehensive predicted
bonding scenarios for all the hypothesized compounds (17,

Scheme 4. Overall Bonding Scenarios of Compounds 1-7
and 10

cl
\

L:=—=:si _Ge:—=:L'

L:=—=:Si7

10

__Ge=—o:L

1.7 CI

10) assessed through various computational methods. A dative
bond exists between [L L'] and [Si(Cl)Ge(Cl)]/fragments,
which is formed by the major contribution of c-electron
donation and minor contribution of z-backdonation. It is
observed that in compound 10 that the contribution of 7-
backdonation from [cAAC cAAC] to [SiGe] is greater than the
corresponding dihalogenated parent molecule 1.

B CONCLUSIONS

In conclusion, we have studied the stability and chemical
bonding of the heteronuclear 1,2-dichloro-silylene-germylenes
1-7 (L)(C1)SiGe(Cl)(L') with singly bonded three-coordi-
nate Si and Ge atoms (L, L’ = cAACM® (1); L = cAACMe, L' =
NHCM® (2); L = cAACM®, L’ = PMe; (3); L = PMe,, L' =
cAACM® (37); L = NHCM¢, L’ = cAACM® (4); L, L’ = NHCM®
(8); L=NHCM® L' = PMe, (6); L = PMe,, L' = NHC™® (6);
and L, L’ = PMe; (7)) along with compounds 8—9 with
general formula L,Si—GeL’, [L = cAAC; L' = Cl (8); and L =
Cl; L' = cAAC (9)] and the didehalogenated heteronuclear
sila-germene [(cAACM*)Si=Ge(cAACM*)] (10) with multiple
bonded two-coordinate Si and Ge atoms in the presence of
homo- [L = L' = cAACM; NHCM% and PMe;] and
heterobileptic [L, L' = cAACM, NHCM; cAACM®, PMe;;
and NHC™, PMe;] donor base ligands employing NBO, AIM,
and EDA-NOCYV analyses. The ligand pair [L, L'] is found to
be efficiently bound to the central SiGe backbone for 1-6
[106—73 kcal/mol]. However, the lowest binding energy (62
keal/mol) was computed when the ligand pair is two PMe,
groups (7). Among the various ligands probed, cAAC was
found to be the most efficient ligand due to its stronger 7-
accepting ability [106 (1) vs 62 (7) kcal/mol]. NBO analysis
revealed that compound 1 exhibits two bonding occupancies
(1.52 and 1.46), and the lone pair of electrons on the Si atom
is largely involved in the delocalization over the C 4 ,Si atoms
in contrast to compounds 2—7, contributing significantly
higher stabilization energy in 1. The larger size and diffused
orbitals on Ge permit only the o-donation from the ligand (L")
to the Ge atom, reflecting the presence of the localized lone
pair on it (1-7). This is also reflected in the single-bond
occupancies of the respective bonds and slightly lower WBI
compared to the L—Si bond. The EDA-NOCV analyses
revealed a deeper understanding of the nature of bonding
between the ligand fragments and the central Si(Cl)Ge(Cl)
moiety, which is characterized by the dative interaction
involving neutral singlet fragments. Further, the division of
AE_, into the pairwise contributions of the interacting
fragments reveal the major contribution to AE_, in the form
of the o-donation of ligand fragment to the central Si(Cl)Ge-
(Cl) moiety. The nature of the Si—Ge bonds in compounds
1-7 is found to be electron sharing by the interaction of
neutral doublet-state fragments L(Cl)Si and L(Cl)Ge. The
major contribution to AE_y is found to be the interaction of
the unpaired electron residing in SOMOs of L(CI)Si and
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L(Cl)Ge fragments. This contribution marks approximately
80% of the AE ;. The remaining contribution comes from the
6 donation from Si to Ge (6.1—8.7%) and Ge to Si (5.4—6.7%)
fragments. However, the latter is observed only in fewer
molecules, e.g., 1 (6.1%), 3" (6.7%), and § (5.4%). The EDA-
NOCYV and NBO analyses align well with the observation that
the extent of z-backdonation from the central Si(Cl)Ge(Cl)
backbone to the ligand fragments is minimal (6.5—19.7%).
The Si—Ge bond in 8—9 is characterized as dative, where
electron donation occurs from the atom bonded to the cAAC
ligands to the atom bonded to the Cl ligands. The strong
electron-donating properties of the cAAC ligands increase the
electron density on the atom to which they are attached. This
contribution marks 77.0 and 78.1%, respectively, for 8 and 9 to
the AE 4. The nature of the Si—Ge bond in compound 10 is
electron sharing between the neutral triplet-state fragments
cAACSi and cAACGe. In this compound, two AE,, values are
observed (AE,;;) (53.5%) and AE.) (344%)). Both
interactions arise from the sharing of electrons residing in
the singly occupied orbitals of the fragments in their triplet
states. The best bonding scenario of compound 10 is
represented by the interaction of neutral singlet fragments
[cAAC cAAC] and [SiGe] to form o-electron-donating and 7-
backdonating dative bonds.
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