W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301273

www.chemeurj.org

o,nt-Conjugated Bis(germylene) Adducts with NHC and

CAACGCs

Anna-Lena Thémmes,” Bernd Morgenstern,”™ Michael Zimmer,” Diego M. Andrada,” and

David Scheschkewitz*

Abstract: Heavier tetrylenes attract attention for their
potential in synthesis, catalysis and small molecule activation.
The coordination by N-heterocyclic carbenes (NHCs) and
cyclic (alkyl)(@amino)carbenes (CAACs) results in substantial
structural and electronic differences although typically only
one of these yields stable derivatives for one and the same
tetrylene. We now report both NHC- and CAAC-coordination
to a bridged bis(germylene) motif. The NHC-coordinated
bis(germylene) exhibits pyramidal germanium centers with

lone pairs of electrons, while with CAAC an unprecedented
stable bis(germene) with two Ge=C bonds is isolated.
Spectroscopic and crystallographic evidence as well as DFT
calculations confirm the effects of o,m-conjugation between
the two germanium centers in both cases. The coordination
of NHC is reversible as the reaction with BPh; liberates the
transient bis(germylene) and thus provides an alternative
low-temperature route towards polymers with Ge=Ge bonds.

J

Introduction

Heavier low-valent group 14 compounds with their exceptional
electronic structures and versatile reactivity continue to be at
the focus for their role in synthesis, catalysis and small molecule
activation.™ In particular, heavier carbene analogues (tetrylenes)
and their dimers have been studied extensively during the past
decades.? The kinetic stabilization of otherwise transient
derivatives is achieved by bulky substituents, often comple-
mented by the additional thermodynamic stability offered by
intra- or intermolecular electron donors.*® N-Heterocyclic
carbenes (NHCs) and cyclic (alkyl)(amino)carbenes (CAACs) have
been employed as strong o-donors in a variety of low-valent
main group compounds.®® The coordination of NHCs vs.
CAACs often leads to drastic differences in (electronic) structure
due to the stronger m-acceptor and o-donor abilities of the
latter. This has been evaluated experimentally and theoretically
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for group 13 and 15 with anionic borafluorenes by the Gilliard
group,'"” the diborene carbene adducts by Engels et al."" or the
carbene phosphinidene adducts by Bertrand etal™ In
group 14, the considerably shorter Si—Ccaac bond distances in
the (CAAC-SiR), adducts (R=Cl, H, Me)" compared to the
corresponding NHC adduct (NHC-SiCl)," underpin these differ-
ences despite the pyramidal coordination environments of both
adjacent tetrel(ll) centers. In case of dihalosilylenes, predom-
inantly NHC adducts have been reported."*'® The correspond-
ing 1:1 adducts with CAAC apparently retain considerable
electrophilicity leading to the addition of a second carbene
equivalent as, for example, during the formation of Roesky’s
(CAAQ),-SiCl, diradical”” or the addition of an NHC to the only
isolated derivative, the equally pyramidal CAAC-Sil,.'8'

As concerns of germanium, after the groundbreaking
isolation of the diiodogermylene-NHC adduct | by Arduengo
etal. in 199327 numerous pyramidal NHC adducts with
germylenes have been reported.”"?” The first diarylgermylene-
NHC adduct Il was obtained by Baines et al. in 2007 by cleavage
of the corresponding digermene by an NHCP® All CAAC-
adducts of halogermylenes exhibit a pyramidal structure
comparable to the corresponding NHC adducts, irrespective of
the nature of the halogen and despite the pronounced m-
accepting ability of CAACs.”>*” With the extremely electron-rich
digermylenylgermene 1II°" (Scheme 1), only one tetrylene-
CAAC adduct with a genuine Ge=C double bond is known.

Neither NHC nor CAAC adducts of bridged bis(tetrylenes)
with organic or inorganic linking units have been reported,
presumably because known bis(tetrylenes) are without excep-
tion stabilized by internal donation of adjacent n-donor
substituents at both tetrel(ll) centers.**” The thus reduced
electron deficiency is obviously detrimental to formation of
adducts with external donors. Recently, we reported the
polymerization of the heavier acyclic diene 1 to give Ge=Ge
containing polymer 2 via the postulated bis(germylene) [3] as

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Selected examples of germylene carbene adducts (Mes=2,4,6-
trimethylphenyl, Dip = 2,6-diisopropylphenyl).

key intermediate of a procedure dubbed as Heavier Acyclic
Diene Metathesis (HADMET; Scheme 2)°®¥ Trapping of the
monogermylene related to [3] by Et;SiH suggested its pro-
nounced electrophilicity at both germanium(ll) centers. We
therefore became curious about the effect of the o,
conjugated linking unit on the interaction of [3] with stable
carbenes.

Results and Discussion

Indeed, the GeTip, moieties of 1 are easily substituted by NHC
as well as by CAAC donors to afford the corresponding
bis(carbene) adducts. As will be shown, the o,7-conjugation
between the germanium(ll) centers is a main factor in
determining the nature of the interaction of the carbene
moieties with the germanium centers.

During the polymerization of the heavier acyclic diene
precursor 1, the dissociation of the Ge=Ge bond is induced
thermally by heating to 65°C"® In order to prove the
intermediacy of bis(silylgermylene) [3], we repeated the reac-
tion in the presence of Et;SiH. The bridged bis(silylgermane)
was indeed obtained as double Si—H insertion product along
with the concomitantly formed silylgermane® (Scheme 3). Two
'H NMR resonances in the characteristic range for Ge—H protons
at 4.22 and 4.19 ppm indicate the formation of the diastereo-
meric mixture of the oxidative addition product. In the *Si/'H
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Scheme 2. Previously reported HADMET polymerization of 1 via transient
bis(germylene) [3] (R=Tip = 2,4,6-triisopropylphenyl, t=N,N,N’,N-tetrameth-
yl-2,5-phenylenediamine).”
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HMBC NMR spectrum, cross peaks of the 'H signals to the *Si
{'H} NMR signals of the Et;Si (4.54, 5.51 ppm) and the Me,Si
moieties (—8.73, —9.08 ppm) confirm the connectivity.

Baines et al. had shown that the dissociation of digermenes
can also be initiated by addition of an NHC.*”*® As a preliminary
test, we therefore added four equivalents of Me,IPr to the
linker-separated tetragermadiene 1 at room temperature, which
indeed resulted in the clean formation of two products in the
1:2 ratio required by the stoichiometry of the reaction. The
bis(germylene)/Me,IPr adduct 4 (Scheme 4) precipitates from
the reaction mixture as a yellow solid in 63% yield. The
concomitantly formed, equally yellow NHC-GeTip, adduct was
isolated from the concentrated mother liquor in 38% yield by
precipitation with pentane.

The presence of stereochemically active lone pairs at both
germanium atoms in 4 is confirmed by the 'H, C{'H} and *Si
{'"H} NMR spectra, which each exhibit two similar sets of signals
suggesting a 1:1 diastereomeric mixture. The *Si{'H} signals of
equal intensity at —11.07 and —11.19 ppm are in the range of
o,m-conjugated silyl groups (20.9 to —21.2 ppm).**¢ The slight
upfield shift compared to the parent tetragermadiene 1
(4.27 ppm)®® and silyldigermenes and -germylenes in general
(13.5 to —2.7 ppm)®#*8'%2 s in line with a certain donation of
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Scheme 3. Silane trapping of bis(germylene) [3] released from
bis(digermene) 1 (R=Tip = 2,4,6-triisopropylphenyl, &t =N,N,N’,N"-tetramethyl-
2,5-phenylenediamine).

R /R
Ge=Ge Me,
R s{m}s” R
Me; Ge=Ge
1 R/ R
iPr
4 eq. Me,lPr 1

N ..
benzene, rt - 2) >3—’Cie
63 % N Tip Tip
iPr

; /R iPre
iPr. iG\e Me, N
Nwr” 5 - ] L

j~ Si\ e N
\N__ Me; Ge: iPr
iPr R/

4

Scheme 4. Synthesis of NHC-stabilized germylene 4 (R=Tip = 2,4,6-triisopro-
pylphenyl, t=N,N,N’,N-tetramethyl-2,5-phenylenediamine).
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the germanium-centered lone pairs of 4 to o*-orbitals at the
SiMe, bridge. The characteristic 'H and ">C{'H} signals of the
Me,IPr methine groups (5.54 ppm) and the carbenic carbons
(177.08, 177.00 ppm) confirm the coordination of Me,IPr to the
germanium centers 2203327286671 Tha  GeTip,/Me,IPr adduct
shows similar '"H NMR septets at 5.64 and 5.34 ppm and a '>C
{'H} resonance at 176.94 ppm for the coordinated Me,|Pr.

As crystallization attempts with bis(germylene) 4 remained
unsuccessful, we also synthesized the mono(germylene)/NHC
adduct 6 from digermene 5 in an analogous manner
(Scheme 5). Similar characteristic resonances as for 4 were
observed at 5.73 ppm in the 'H, at 177.45 ppm in the *C{'H}
and at —11.49 ppm in the *Si{'H} NMR spectrum. The 'H and
BC{'H} spectra exhibit two sets of signals for the diastereotopic
methyl groups at silicon, the Tip group and the NHC,
respectively, in accordance with a pyramidal structure at
germanium. Yellow single crystals of the NHC adduct 6 were
grown from a pentane solution in 77 % yield and analyzed by X-
ray diffraction (Figure 1). The compound crystallized as a two
component twin and was refined accordingly. There are two
very similar molecules of 6 in the asymmetric unit, only one of
which is referred to in the following: The relatively short
Ge1-C16 bond of 2.070(6) A is very close to those of the
dimesitylgermylene-NHC complexes with IMe, (2.067(3) A) and
Me,IPr (2.078(3) A),?® but far longer than typical Ge=C bond
lengths (1.77-1.88 A).2"**% The Ge-Si distance (2.435(2) A) is
somewhat shorter than in an NHC-stabilized cyclic disilylgermy-
lene (2.47, 2.48 A)*! and thus in line with partial interaction of
the lone pair with the o*-orbitals of the SiMe, bridge.

MezN@ NMe,
—t 2.6 eq. Me,IPr \Su/
/Sl /R benzene, rt :Ge:
eslen - R X iPr
R Si’ 7% —N
iPr-N.
NMe2
5 6

Scheme 5. Synthesis of mono(germylene)/NHC adduct 6 (R=Tip =2,4,6-
triisopropylphenyl).
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Figure 1. Molecular structure of NHC-germylene adduct 6 in the solid state
(second molecule in asymmetric unit and hydrogen atoms omitted for

clarity, thermal ellipsoids at 50%).°” Selected bond lengths [A] and angles
[°]: Ge1-C16 2.070(6), Ge1-Si1 2.435(2), Si1—C27 1.891(6), Si1—C28 1.890(7),

Si1—C29 1.900(7), Z°(Ge1) 311.7(6).
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Consequently, the Si—C bonds in 6 (1.89-1.90 A) are slightly
longer than in the disilylgermylenes (1.86-1.89 A).*¥ The
substituents at the germanium center are arranged in a
pyramidal manner (£°(Ge)=311.7(6)°), which further supports
the absence of significant Ge—C double bond character and
instead confirms the existence of a stereochemically active lone
pair at Ge as in similar compounds.?” This is fully in line with
the observation of diastereomers in case of the bis(NHC) adduct
4 in the multinuclear NMR spectra (see above).

The longest wavelength UV/Vis absorptions  of
bis(germylene) 4 are surprisingly intense: the broad band at
Amax=395 Nnm shows an extinction coefficient of €=
10500 Lmol~'cm™', which is more than twice as large as that of
mono(germylene) 6 (A,.,=395 nm, €=4000 Lmol~" cm™). De-
spite the absence of a noticeable red-shift, this intensity
increase is even more pronounced than that of m-conjugated
tetrasiladienes in  comparison with the corresponding
disilenes,”®7¥ strongly suggesting an intramolecular charge
transfer (ICT) process.

In order to shed further light on the electronic structure, we
performed DFT calculations at the BP86/def2-SVP level of
theory. The HOMO of NHC-germylene adduct 6 is best
represented by a lone pair at Ge with dominant s-character and
only minor p-orbital admixture (s*’p°?, Figure 2). The LUMO is
mainly located at the NHCs and the anilinyl substituent
(Figure 2). TD-DFT calculations at the PBEO/def2-TZVP level of
theory indeed support the assignment of the longest wave-
length absorption to the HOMO—LUMO excitation and thus an
n—m* ICT transition from the germanium center to the
surrounding ligands. The postulated o,m-conjugation via the
SiMe, linker is further supported by visual inspection of the
HOMO of 6 (Figure 2), which clearly indicates mixing of the lone
pair n-orbital at Ge with the o*-orbital of the Ge—Si bond. For
bis(germylene) 4, HOMO and HOMO—1 likewise represent one
of the lone pairs at the germanium atoms with partial mutual
contribution (see Supporting Information). They differ in energy
by 0.08 eV, in agreement with a resonance interaction of the
two germylene moieties. The decrease of the HOMO-LUMO
gaps from germylene 6 (2.40 eV) to bis(germylene) 4 (2.27 eV) is
attributed to conjugative destabilization of the HOMO and
stabilization of the LUMO (see Supporting Information for
energy levels of bis(germylene) 4), a well-known effect of
increasing the conjugation path length of m-conjugated
systems”*7% as well as o,7-conjugated compounds.®

Second order perturbation theory determines the interac-
tion energy of the Ge lone pair (NBO 1) with one of the

(G
%a ) T:}k
-(O gy L od
HOMO LUMO
E=-3.55eV E=-1.15eV

Figure 2. HOMO and LUMO of NHC-germylene 6 (contour value 0.052).
Hydrogen atoms omitted for clarity.
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antibonding o*-orbitals of the SiMe, moiety (NBO4) to
7.02 kcalmol™' (Figure 3). The relatively low occupancy of
NBO 1 of 1.81 e, together with the partially occupied (0.08 e)
Si—C o*-orbital (NBO 4) substantiate this further. Additionally,
the Ge—Si bond (NBO 3) donates into NBO 5, another Si—C o*-
orbital, with an interaction energy of 2.04 kcalmol™ and a
reduced occupancy of 1.85e. Consequently, the Ge—Si bond
(NBO 3) is slightly polarized towards silicon (Figure 3) and the
negative charge brought about by the NHC coordination is
distributed across the aromatic substituents (confirmed by
natural population analysis; see Supporting Information).

In line with the pronounced delocalization of the Ge-
centered lone pair, neither NHC-bis(germylene) 4 nor
Tip,Ge—Me,|IPr react as Lewis bases when BH,—thf complex is
added to a mixture of both. This is in sharp contrast to the
reactivity of Baines’ Me,IPr—GeMes,, which has been reported to
form the corresponding BHs;-adduct.”™® While in the case of
GeTip, the higher steric demand of the two Tip compared to
two Mes groups is likely responsible, the bridged germylene 4
features the much less bulky silylene linker. The decreased
nucleophilicity is thus arguably the result of substantial
delocalization of the lone pair across the silicon center and the
aromatic bridge.

Sterically encumbered, yet much more Lewis acidic BPh; on
the other hand readily reacts with mono(germylene) 6 under
NHC abstraction, giving rise to previously reported disilyldiger-
mene 5% the dimerization product of the free germylene,
along with Me,IPr—BPh,"” (Scheme 6). Under the same con-
ditions, bis(germylene) 4 provides an alternative and milder
route towards poly(digermene) 2:*® Reaction of 4 with BPh,
(Scheme 6) results in the immediate consumption of the
starting material and precipitation of an insoluble yellow solid
overnight, identified as polymer 2 by "C{'"H} and *Si{'"H} CP/
MAS NMR spectroscopy.®

In light of the already pronounced delocalization of the Ge
lone pairs in NHC-stabilized 4 into Si-centered o*-orbitals, we

-(o »

NBO 1 NBO 2 NBO 3
Occ=1.81e Occ=1.93e Occ=1.85e
Ge p: 5(70%) p(30%) Ge: 23% s(8%) p(92%) Ge: 46% s(10%) p(90%)
C: 77% s(43%) p(57%) Si: 54% s(30%) p(70%)

NBO 4
Occ=0.08¢e Occ=0.04e

Si: 71% s(26%) p(74%) Si: 72% s(22%) p(78%)

Cue: 29% s(31%) p(69%) Cye: 28% s(32%) p(68%)

NBO 5

Figure 3. Selected NBOs of NHC-germylene 6 (contour value 0.043). Hydro-
gen atoms omitted for clarity.
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became curious about the competing effect of a CAAC as
strong  m-acceptor. In  contrast to Me,lPr, cyclic
(alkyl)(@mino)carbene Me,CAAC turned out to be inert towards
tetragermadiene 1 at room temperature. Heating of 1 to 65°C
in the presence of an excess of Me,CAAC, however, yields
bis(germene) 7 and Tip,Ge=GeTip, as the only detectable
products (Scheme 7). The lower reactivity of Me,CAAC com-
pared to Me,|Pr is plausibly due to the higher steric congestion
brought about by the Dip group at the nitrogen center. This
assumption is underpinned by the fact that Dip-substituted 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene does not react at
all with tetragermadiene 1, even at elevated temperatures.
Bis(germene) 7 is separated from Tip,Ge=GeTip, by precipita-
tion from thf as a yellow solid in 47% yield. Its very low
solubility in all common organic solvents prevents the charac-
terization by multinuclear NMR in solution. The *’Si{'H} CP/
MAS NMR, however, exhibits only one singlet at —5.77 ppm,
upfield shifted compared to the solution resonance found for
the precursor, digermene 1 (4.29 ppm).”” In the C{'H} CP/MAS
spectrum the carbene carbon peak is found at 194.3 ppm,
considerably upfield shifted compared to the solution "C
{'H} NMR resonances of free Me,CAAC (313.6 ppm)”® and of the
CAAC-germene lll reported by Roesky et al. (219.4 ppm).B"

\/ BPh ~dma
dma-Si, . benzene?delrt ASi R
/ e: Ge:GQ
R \ -Me;,IPr-BPhs R si’
Me,IPr dma
6 5
MeslPr
\ R Me,
e BPhs, thf, rt 2| A
MeZSiSiMez —_— Ge=Ge
Ge: -Me,|Pr-BPhg R Si
AN Me, n

2

Scheme 6. NHC abstraction with BPh; (R=Tip = 2,4,6-triisopropylphenyl,
dma = 2-N,N-dimethylanilinyl, t = N,N,N’,N-tetramethyl-2,5-phenylenedi-
amine).

R /R
Ge=Ge Me,
R Si—‘ L ’*SI\ R
Me; Ge=Gé
/ \
1 R R
4 eq. Me4,CAAC
benzene, 65 °C | - R,Ge=GeR,
47 %
/R
C:Ge< Me, Dip
N Si Si, N
Dip Me, Ge=C
7 R

Scheme 7. Synthesis of (Me,CAAC),-bis(germene) 7 (R=Tip = 2,4,6-triisopro-
pylphenyl, t=N,N,N’,N-tetramethyl-2,5-phenylenediamine).
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Yellow crystals suitable for X-ray diffraction were directly
obtained from a benzene solution of the reaction mixture. The
molecular structure in the solid state shows the presence of the
ZZ-isomer of 7 (Figure 4).

The Ge—C distance of 1.825(2) A is in the range of known
Ge—C double bonds (1.77-1.88 A).2"%8% |n fact, it fits partic-
ularly well to the Ge—C distances of the conjugated acetylene
bridged bis(germenes) reported by Weidenbruch (1.819,
1.819 A).7°2% With a sum of the angles of Z°(Ge) =359.7(2)° and
2°(C)=359.6(5)° there is only a slight deviation from planarity
as also shown by the rather small trans-bent angles of ®(Ge)=
5.05(7)° and ©(C)=5.7(1)°, thus confirming the existence of a
o+m double bond between Ge and C. In addition, the
substituents are only slightly twisted (t=5.8(1)°), comparable
with other nearly planar germenes (t=3.6°5" 5.9°81 g°62)
Noticeably, the Ge—C bond in 7 is not coplanar to the
phenylene linker, but rather exhibits a pronounced dihedral
angle of C8-Gel1-Si1-C3=78.03(9)°. This geometry allows for
an optimal interaction of the mt-bond with the antibonding o*-
orbitals of the SiMe, group. Indeed, the Si—C bonds (1.87-
1.90 A) are slightly longer than in trimethylsilylalkyl and -aryl
compounds (1.85-1.89 A)®8 while the Gel1-Si1 distance
(2.3699(9) A) is considerably shorter than in tetragermadiene 1
(2.4007(7) A).®

In the UV/Vis spectrum of bis(germene) 7 a broad
absorption band is observed at A, =404 nm, in between the
longest absorption wavelengths of the disilylgermene of Haas
et al. (368 nm),”* transient germenes (262 to 325 nm)®*¥ and
Weidenbruch’s purely m-conjugated bis(germenes) (500-
595 nm)."?%? The extinction coefficient of bis(germene) 7
(€(404 nm) =34000 Lmol™" cm™) is almost twice as large as for
tetragermadiene 1 (£(426 nm)=17600 Lmol™' cm™")*¥ and
even four times larger than for an acetylene linked m-
conjugated  bis(germene)  (€(500 nm)=8000 Lmol™' cm™).E"
These properties are in accordance with the typical large
absorption cross-section of strongly conjugated systems and

s

)—{c28

"1 \Ge1 ©8 cz yﬁj
éf ¥ce \Lsn c3 T Jm
W \

Figure 4. Molecular structure of bis(germene) 7 in the solid state (H atoms,
co-crystallized benzene and disordered atoms omitted for clarity, thermal
ellipsoids at 50%).”” Selected bond lengths [A] and angles [°]: Ge1-C8
1.825(2), Ge1-Si1 2.3699(9), Si1—C3 1.898(2), Si1—C6 1.879(3), Si1—C7
1.870(3), Z°(Ge1) 359.7(2), Z°(C8) 359.6(5), O(Ge1) 5.05(7), O(C8) 5.7(1), T
5.8(1), Ge1-Si1—C3—C2 1.5(1), C8-Ge1-Si1—C3 78.03(9).
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suggest the relevance of o,m-conjugation in this system. The
experimental results are further underpinned by DFT computa-
tions at the BP86/def2-SVP level of theory. The experimentally
found ZZ-isomer is more stable than the E,Z isomer and the EE
isomer by 2.05 kcalmol™" and 6.61 kcal mol™', respectively, and
was therefore used for further calculations. TD-DFT (BP86/
def2TZVPP) identifies three bands at 437, 427 and 422 nm as
due to the HOMO—LUMO+ 1 and HOMO—1—LUMO +2 tran-
sitions. Transitions from HOMO/HOMO—1 to the m*-orbital of
the para-phenylene linker (LUMO+3) also contribute signifi-
cantly to these bands. Accordingly, HOMO and HOMO-1,
representing the m-orbitals of the C=Ge double bonds, show
considerable contribution of the o*-orbital of the silyl linker as
judged from visual inspection (Figure 5). They are not degener-
ate but separated by 0.08 eV. An identical separation is found
between LUMO+1 and LUMO+ 2, the corresponding orbitals
of m*-symmetry. The LUMO consists mainly of the mw*-orbital of
the para-phenylene linker and visibly shows admixture of the
o*(Si)-orbital. The energy gaps between HOMO—1 and LUMO +
1 and HOMO and LUMO + 2, each amount to only 2.10 eV. The
occupied m-orbitals of the phenylene linker, HOMO—12 and
HOMO-13 display a para-quinoid appearance including the
SiMe, groups (Figure 5). For example, the frontier orbitals of the
para-phenylenediamine radical cation show a similar pattern
with respect to the amino groups as part of the m-system.®
NBO analysis was performed on mono(germene) 8 as a
model compound for comparison with the mono(germylene)/
NHC adduct 6. The optimized structure of 8 exhibits consid-
erable deviation from planarity at the germanium center
(°(Ge)=350.9°), in stark contrast to the bis(germene) 7
(=°(Ge)=359.6°). Consequently, the Ge=C double bond is
substantially stabilized electronically via the SiMe,-phenylene
bridge, confirming the presence of conjugative interaction.
Despite the slight pyramidalization at the germanium center,
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® “ e
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E 4 o @ :
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3 ®
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Figure 5. Selected frontier orbitals of bis(germene) 7 (contour value 0.036).
Hydrogen atoms omitted for clarity.
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the NBOs still confirm significant double bond character
between Ge and C in mono(germene) 8 (NBO 1 and NBO 2;
Figure 6) with a Wiberg bond index of 1.35.

The o,m-conjugation in 7 gains further support from the
NBO analysis of model compound 8, which quantifies the
interaction of the Ge—C m-bond (NBO 2, Figure 6) and the o*-
orbital of the Si—C,, bond (NBO 4) to 3.43 kcalmol™' (Figure 6).
Notably, NBO 2 shows a slightly higher occupation of 1.85e
compared to 1.81 e of the Ge lone pair in the corresponding
germylene-NHC adduct 6. Owing to distinct donation, the o* of
the Si—Cy.,, bond (NBO 4) is occupied by 0.08 e. In line with the
somewhat decreased delocalization in the CAAC adduct 8, the
Ge—Si o-bond is slightly polarized towards germanium (NBO 3;
Figure 6), in contrast to the NHC adduct 6 (NBO 3; Figure 3).

Consistent with distinct backdonation towards the carbene,
monogermene 8 features a negative charge of —0.33 e at the
CAAC substituent (see Supporting Information),®” in stark
contrast to the monogermylene/NHC adduct 6 with a positively
charged NHC ligand (+0.32 e). Thus, unlike the case of the
corresponding NHC adduct, the pronounced m-accepting ability
of the CAAC enables the formation of Ge=C double bonds. The
o,7t-conjugation across the silylphenylene linker provides the
required electronic stabilization although to a lesser extent than
in the bis(germylene)/NHC adduct 4, presumably due to the
stronger and hence more localized binding of the CAAC moiety.

In order to provide experimental evidence for the stronger
bonds of the CAAC to the germylene fragments in comparison
with those of the NHCs, NHC stabilized bis(germylene) 4 was
treated with an excess of Me,CAAC. Indeed, the reaction readily
occurred even at room temperature to give bis(germene) 7
(Scheme 8). The much lower temperature and hence milder
conditions compared to the reaction of 1 with CAAC, resulted
in an increased yield of 57 % (49 % from 1, Scheme 7).

iy
3 Tip t
‘7‘\. ,C:G/e 0‘(\'
50
° Dip °

NBO 1 Me,N NBO 2

Occ=1.95e 8 Occ=1.85e
Ge: 29% s(31%) p(69%) Ge: 48% s(3%) p(97%)

C: 71% s(39%) p(61%) C: 52% s(1%) p(99%)

NBO 3 NBO 4
.)—Q Occ=0.08e

e _‘ Occ=191e \
¥ Ge: 56% $(38%) p(62%) ¥ Cyma: 29% S(31%) p(69%)
Si: 44% $(23%) p(76%) Si: 71% $(39%) p(61%)
< ®

Figure 6. Structure of model germene 8 and selected NBOs (contour value
0.052). Hydrogen atoms omitted for clarity.
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Conclusion

In conclusion, exchange of the GeTip, moiety in a bridged
bis(digermene) provides the first NHC- and CAAC-stabilized
bis(germylenes). While the Me,lPr-germylene adduct exhibits
pyramidal structures with a lone pair and a vacant p-orbital at
the germanium centers, with Me,CAAC the first example of a
CAAC-based bis(germene) - featuring Ge=C double bonds - is
formed. This is in stark contrast to most other known CAAC/
germylene adducts which, despite the pronounced m-accepting
ability of CAACs, have pyramidal structures.”**® The stronger
bond between the germylene moiety and Me,CAAC in compar-
ison to Me,|IPr is demonstrated by the facile exchange reaction
at room temperature. In both cases, for the NHC and the CAAC
adducts with the bis(germylene), significant interaction be-
tween the unsaturated germanium centers through o,7-con-
jugation across the linking unit is confirmed by crystallographic,
spectroscopic and computational evidence. The hence de-
creased nucleophilicity of the lone pair prevents the reaction
with BH;-thf even for the NHC adduct. With the bulkier BPh, on
the other hand, NHC abstraction is readily achieved, offering an
alternative route to the recently reported polymer with Ge=Ge
double bonds.”® In addition, the generation of the transient
bis(germylene) under mild conditions promises the wide
application of such species in small molecule activation and
catalysis.

Experimental Section

General considerations

All manipulations were carried out under a protective atmosphere
of argon applying standard Schlenk or glovebox techniques. The
glassware was pre-dried in oven at 125 °C and heated in vacuo prior
to use. Solvents were dried and degassed by reflux over sodium/
benzophenone under argon (thf, benzene) or taken from a solvent
purification  system (Innovative technology PureSolv MD7;
diethylether, hexane, pentane). C,.D¢ and thf-d; were dried over
potassium mirror and distilled under argon prior to use.
Me,CAAC®Y  Me,IPr,®  1,3-bis(2,6-diisopropylphenyl)imidazol-2-

R iPr.
iPr /!G\e Me, NL A
R R
N__ Me Ge:iPr
iPr R

4

2.5 eq. Me4CAAC

benzene, rt - Me,lPr
57 %
/R
C=Ge Me, Dip
2
Dip Me, /Ge:C
R

Scheme 8. Exchange reaction of NHC-bis(germylene) 4 with Me,CAAC
yielding the bis(germylene)/CAAC adduct 7.
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ylidene® and digermenes 1 and 5% were prepared according to

the published procedures. All other chemicals were obtained
commercially and used as received. The NMR spectra were recorded
on a Bruker Avance Il HD 400 spectrometer (‘H: 400.13 MHz, "*C:
100.61 MHz, *Si: 79.49) or on a Bruker Avance Ill HD 300 at 300 K
("H: 300.13 MHz, “C: 75.56 MHz, *Si: 59.6 MHz). The 'H and "C
{'"H} NMR spectra were referenced to the residual proton and
natural abundance C resonances of the deuterated solvent and
chemical shifts were reported relative to SiMe, (CiDg: O'H=
7.16 ppm and 8"C=128.06 ppm, thf-dg: 8'H=1.78, 3.58 ppm and
8C=67.21, 2531 ppm).2¥ The ?Si NMR chemical shifts were
referenced to external SiMe,. The following abbreviations were
used for the multiplicities: s — singlet, d — doublet, t - triplet, sept -
septet, m — multiplet, brs — broad singlet. Solid state CP/MAS NMR
spectra were recorded on a Bruker Avance Ill 400 WB at 13 kHz ("*C
{'H}: 100.61 MHz, *Si{'H: 79.49 MHz). UV/Vis spectra were recorded
on a Shimdazu UV-2600 spectrometer in quartz cells with a path
length of 0.1 cm. Melting points were determined under argon in
sealed NMR tubes and are uncorrected. The molten samples were
examined by NMR spectroscopy to confirm whether decomposition
had occurred upon melting. Elemental analyses were performed in
triplicate for each sample using Leco CHN900 analyzer and mean
values are given below for each compound. Crystallographic data
was collected using a Bruker D8 Venture diffractometer with a
microfocus sealed tube and a Photon Il detector. Monochromated
Moy, radiation (A=0.71073) was used. Data were collected at
133(2) K and corrected for absorption effects using the multi-scan
method. The structure was solved by direct methods using
SHELXT"® and was refined by full matrix least squares calculations
on F2 (SHELXL2018)®® in the graphical user interface Shelxle.””

Synthesis of bis(germylene)/Me,IPr adduct 4: Bis(digermene) 1
(1.5 g, 803 umol) and Me,IPr (579 mg, 3.21 mmol) are dissolved in
18.5 mL of benzene. Stirring for eight hours at room temperature is
followed by filtration. Washing of the yellow solid with 2 mL of
benzene yields bis(germylene)/Me,IPr adduct 4 (624 mg, 63 %).* All
volatiles are removed from the mother liquor in vacuo and the
residue is dissolved in pentane. The yellow crystalline solid formed
from this solution is separated by filtration and dried in vacuo to
give Tip,Ge-Me,IPr (402 mg, 38%).

* contains 0.6 wt.% of free Me,IPr
NMR data of bis(germylene)/Me,IPr adduct 4:

'"HNMR (400.13 MHz, thf-d;, 300K, TMS): §=7.12, 7.06 (each s,
overall 2H, PhH), 6.79 (s, 4H, TipH), 5.54 (brs, 4H, CH(CH,), of Me,IPr),
3.88 (brs, 4H, CH(CH,), of Tip), 2.73 (sept, 2H, CH(CH,), of Tip), 2.47
(s, 12H, N(CHs),), 2.17 (s, 12H, Me,IPr—CCH;), 1.29 (d, 12H, CH(CHs),
of Me,IPr), 1.17 (d, 12H, CH(CH,), of Me,IPr), 1.03 (d, 12H, CH(CH,),
of Tip), 0.90 (d, 12H, CH(CH,), of Tip), 0.78, 0.76 (each d, overall 12H,
CH(CH,), of Tip), 0.53, 0.52 (d, s, overall 12H, Si(CH,),) ppm. *C
{"H} NMR (100.61 MHz, thf-d,, 300K, TMS): 8=177.08, 177.00
(Me,IPr—C), 155.93 (Ph(). 154.51, 151.67, 146.13, 142.49 (TipC),
129.02, 128.85 (Me,IPr—CCH,), 126.75, 126.73 (Ph(C), 120.72 (TipQ),
53.88 (CH(CHs), of Me,IPr), 47.40 (N(CH,),), 34.94 (CH(CHs), of Tip),
24.56, 24.47, 21.58, 21.55, (CH(CH,), of Tip), 20.58, 20.52 (CH(CH,), of
Me,IPr), 10.19 (Me,IPr—CCHj;), 4.58, 4.48, 3.68, 3.55 (Si(CH;),) ppm.
2Si{'"H} NMR ~ (79.49 MHz, thf-d,, 300K, TMS): &=-11.08,
—11.21 ppm. UV/NVis (n-hexane/thf=80/20): A,.,=332nm (e=
15500 Lmol~'em™), 395 nm (£=10500 Lmol'cm™). Elemental
analysis: Calcd. for (CgHyp,Ge,NgSiu): C, 66.55; H, 9.48; N, 7.06.
Found: C, 66.94; H, 8.76; N, 6.55. Mp.: 162 °C (decomposition).

NMR data of Tip,Ge-Me,IPr:

"H NMR (400.13 MHz, thf-ds, 300 K, TMS): §=7.22 (s, 1H, TipH), 7.17
(s, TH, TipH, overlapping with residual protons from C¢D¢), 5.64
(sept, TH, CH(CH,), of Me,IPr), 5.34 (sept, 1H, CH(CH,), of Me,IPr),
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4.59 (sept, 1H, CH(CH,), of Tip), 4.10 (sept, TH, CH(CH,), of Tip), 4.00
(sept, TH, CH(CH,), of Tip), 3.59 to 3.47 (m, 1H, CH(CH,), of Tip), 2.89
(sept, 2H, CH(CH,), of Tip), 1.76 (dd, 6H, CH(CH,), of Tip), 1.56 (d, 6H,
CH(CH,), of Me,IPr), 1.48, 1.45 (each d, overall 6H, CH(CH,), of Tip),
1.34 to 1.30 (m, 18H, CH(CH,), of Me,IPr and Tip), 1.25 to 1.20 (m,
9H, CH(CH,), of Tip)m 1.15 (d, 3H, CH(CH,), of Tip), 1.02 (d, 6H,
CH(CH;,), of Tip) ppm. *C{'"H} NMR (100.61 MHz, thf-ds, 300 K, TMS):
0=176.94 (Me,lPr—C), 156.76, 156.18, 155.78, 153.81, 151.20,
149.85, 147.44, 146.23 (TipC), 128.18, 127.94 (CCH3 of Me,lPr),
126.22, 125.30, 121.39 (TipC), 120.84 (CCH;of Me,IPr), 120.51 (TipC),
53.01, 52.05 (CH(CH,), of Me,lIPr), 37.70, 35.47, 34.76, 33.76, 33.42
(CH(CH,), of Tip), 26.61, 26.54, 25.99, 25.81, 25.45, 25.30, 24.70 to
2447, 2417, 23.97 (CH(CH,), of Tip), 21.61, 20.86, 20.77, 20.22
(CH(CH;), of Me,lIPr), 10.24, 10.08 (CCH; of Me,IPr) ppm. UV/Vis (n-
hexane): Amax =313 (e=4700 Lmol'cm™), 361 (e=
5900 Lmol™'cm™), 407 (€=5400 Lmol~'cm™). Elemental analysis:
Calcd. for (C4HgGeN,): C, 74.66; H, 10.09; N, 4.25. Found: C, 72.50;
H, 9.25; N, 4.30. Mp.: 136 °C (partial formation of Tip,Ge=GeTip,).

Synthesis of germylene/Me,IPr adduct 6: Digermene 5 (420 mg,
411 umol) and Me,IPr (193 mg, 1.07 mmol) are dissolved in 9 mL of
benzene. The resulting yellow solution is stirred at room temper-
ature for overnight. After addition of another 9 mL of benzene, the
reaction mixture is filtered. All volatile parts are removed in vacuo
and the resulting red oil is dissolved in pentane. Yellow crystals of 6
are obtained from this solution at room temperature (211 mg,
77 %).*

* contains 5 wt.% of free Me,|Pr

'HNMR (400.13 MHz, C¢Ds,, 300K, TMS): 8=7.99 (dd, 1H,
Me,N—PhH) 7.27 to 7.20 (ddd, TH, Me,N—PhH), 7.11 (s, 2H, TipH),
7.09-7.05 (m, 2H, Me,N—PhH), 5.74 (sept, 2H, CH(CH;), of Me,IPr),
4.24 (sept, 2H, CH(CH,), of Tip), 2.90 (sept, TH, CH(CH,), of Tip), 2.63
(s, 6H, N(CH,),), 1.56 (s, 6H, NHC—CH,), 1.33, 1.33, 1.31 (each d,
overall 12H, CH(CH,), of Me,IPr), 1.13 (d, 6H, CH(CH,), of Tip), 1.04
(d, 6H, CH(CH,), of Tip), 0.97, 0.90 (each s, overall 6H, Si(CH,),), 0.80
(d, 6H, CH(CH5), of Tip) ppm. *C{"H} NMR (100.61 MHz, C,D,, 300 K,
TMS): 6=177.45 (Me,IPr—C), 161.27 (PhC), 154.72, 150.83, 146.45,
14291 (TipC), 137.82, 136.03 (Ph(), 128.96 (Me,lPr—CCH,), 125.81,
124.05 (Ph(C), 120.92 (TipC), 53.34 (CH(CH,), of Me,IPr), 47.36
(N(CHs),), 36.67, 34.72 (CH(CH,), of Tip), 25.63, 25.17 (CH(CH,), of
Tip), 21.41, 20.57 (CH(CH,), of Me,IPr), 9.99 (Me,IPr—CCHs), 4.45, 4.06
(Si(CH;),) ppm. ZSi{'H}NMR (79.49 MHz, C,D,, 300K, TMS): &=
—11.49 ppm. UV/Vis (n-hexane/thf=80/20): A,,=329nm (e=
6000 Lmol 'cm™), 395 nm (£ =4000 Lmol'cm'). Elemental anal-
ysis: Calcd. for (C;5HsoGeN;Si): C, 68.14; H, 9.37; N, 6.62. Found: C,
67.96; H, 9.04; N, 6.67. Mp.: 135°C.

Synthesis of bis(germylene)/Me,CAAC adduct 7: Bis(digermene) 1
(1.05 g, 565 pmol) and Me,CAAC (740 mg, 2.59 mmol) are dissolved
in 10 mL of benzene. The red solution is heated to 65 °C overnight.
The solvent is distilled off in vacuo and the residue is stirred in
6 mL of thf at 65°C for a few minutes. The soluble parts are filtered
off and the residue is washed three times with overall 12 mL of thf.
Bis(germene) 7 is obtained as a yellow solid, which is dried in vacuo
(368 mg, 47 %). Single crystals of 7 are obtained directly from the
reaction mixture in C¢Ds.

BC{"H} CP/MAS NMR (100.61 MHz, 300 K, 13 kHz, TMS): 8 =194.31
(Me,CAAC—(), 157.13, 154.17, 148.62, 142.93, 141.52, 139.42, 133.66,
126.05, 123.84, 122.27, 119.60 (PhC, TipC and DipC), 66.32 (N(CH5),),
58.44 (C, of Me,CAAC), 49.82 (CH(CH;,), of Tip and Dip), 47.20 (C, of
Me,CAAC), 37.75, 35.26, 34.18, 33.09 (CH(CH,), of Tip and Dip),
25.51 (CH; of Tip and Dip), 0.81 (Si(CHs),). Si{'H} CP/MAS NMR
(79.49 MHz, 300 K, 13 kHz, TMS): = —5.77 ppm. UV/Vis (n-hexane/
thf=80/20): Ay.x =404 nm (€ =34000 Lmol~'cm™). Elemental anal-
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ysis: Calcd. for (Cg4H,3,Ge,N,Siy): C, 71.99; H, 9.64, N, 4.00. Found: C,
71.68; H, 9.22; N, 4.26. Mp.: 220 °C (decomposition).

Supporting Information

Detailed experimental, analytical and computational data are
contained in the Supporting Information. Additional references
cited within the Supporting Information.®-'%!

Supplementary crystallographic data see Ref. [90].
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