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Single-Electron Oxidation, Chloride Abstraction, and Hydride-
Induced Decomposition of a Dichloro-Bis(Germylene)

Yiyi He,[®l Caué P. Souza,! Jonas Weiser, Maximilian Dietz,[%¢! lvo Krummenacher,®¢l Rian D.
Dewhurst,!®¢l Holger Braunschweig,*!*¢l Felipe Fantuzzi,*®! and Jingjing Cui*[l

Abstract: In this work we explore the reactivity of a dichloro-
bis(germylene) compound that features a naphthyridine diimine (NDI)
ligand, denoted NDI-Ge,Cl,. Upon reaction with the oxidant
[Cp2Fe][BArf,] (Cp = CsHs, BArT, = [{3,5-(CF3),CsH3}4B]), we observed
the formation of the radical species [NDI-Ge,Cly]*[BArf,]".
Furthermore, the introduction of Na[BArf,] induced a single chloride
anion abstraction process, resulting in the formation of [NDI-
Ge,CI][BAr",]. The addition of Li[HB(*Bu)s] to NDI-Ge,Cl, led to the
generation of NDI-Ge, presumably via a Cl/H exchange pathway
followed by a decomposition process.

Introduction

Germylenes, heavier analogs of carbenes, exhibit diverse
reactivities, including oxidation, reduction, coordination to Lewis
acids or bases, and activation of small molecules.[" In the case of
germylenes featuring a Ge—-X (X = halogen) bond, further
derivations, such as nucleophilic substitution, halogen extraction,
and halogen/H exchange, become conceivable.['®%2 However,
the exploration of dihalo-digermylenes (Figure 1, I-lll) and their
reactivity is rather limited, with a predominant focus on their
reduction chemistry.®! The contribution from the Rivard group
represents a rare example of a detailed investigation into the
derivation of dichloro-digermylene, providing invaluable insights
into this specific class of compounds. This situation is in sharp
contrast to the extensive reactivity studies on halo-
monogermylenes.
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Recently, utilizing a redox-active naphthyridine—diimine ligand
(NDI) (Figure 2, IV), we successfully synthesized dichloro-
digermylene 1 (NDI-Ge,Cl,) and subsequently obtained a six-
electron donating digermylene NDI-Ge; (V) via the reduction of 1.
Additionally, we achieved the salt elimination of 1 by employing a
transition-metal-based  nucleophile.® In  this work, we
demonstrate single-electron oxidation, chloride anion abstraction,
halogen/H exchange, and subsequent disproportionation of
compound 1.

CI
Ar Ar

d—b\u Ph%\)\ bﬁ"“ {j\ %{Me

Zhu, Roesky, Stalke,

Fliegl, 2014 Kinjo, 2018 Rivard, 2020
| Il n
Figure 1. Structurally characterized dihalo-digermylenes (Ar = 2,6-
diisopropylphenyl, Mes = 2,4,6-trimethylphenyl).
CI\ Cl
Dlpp\N N/Dlpp Dlpp\N F /Dlpp Dlpp\N ~ N /Dlpp
L N N
~ ‘ AN
2 =
NDI
v (NP 1 V (NDI-Gez2)

Figure 2. Structures of IV, V and 1 (Dipp = 2,6-diisopropylphenyl).

Results and Discussion

Upon the addition of equimolar amounts of oxidant [Cp.Fe][BAr,]
(Cp = C5H5, BAI'F4 = [{3,5-(CF3)2C5H3}4B]) toa CGDG solution of 1
at ambient temperature, the appearance of the reaction mixture
remained unchanged. However, the 'H NMR spectrum
exclusively exhibited a signal for Cp,Fe, suggesting the formation
of radical species 2 (Scheme 1).

. | =
. CI‘ [C| + [BAr 4
equiv. . ,
[Cp Di Di . CF.
FelBAT, |~ PPNy~ ~ PP : 3
Cp =CsHs B
BAr4 | CFa4

Scheme 1. Synthesis of compound 2 (Dipp = 2,6-diisopropylphenyl).

After removing Cp.Fe by hexane washing in an ultrasound
bath, single crystals suitable for X-ray diffraction analysis were
obtained. The structure of the cationic part of 2 (Figure 3) strongly
resembles that of 1.1 The mean planes of the two C,N4Ge;
moieties display a slightly smaller dihedral angle of 11.70°
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compared to that observed in 1 (15.86°),! indicating a distorted
arrangement of the naphthyridine-diimine-Ge, unit. The distance
between the two Ge atoms increased from 2.8944(9) A in 1 to
3.0021(15) A in 2. The Ge—-Cl bonds [2.2218(18) and 2.2424(15)
A}, the Ge-N bonds [2.015(3)-2.049(4) A] and the sum of the bond
angles (268.37°-270.34°) around the Ge atoms are all
comparable to those of 1 [Ge-Cl bond 2.2916(7) A, Ge-N bonds
1.9663(15) and 2.0011(16) A, and the bond angle sum of Ge
273.11(15)°]. Adding two equivalents of [Fc][BAr,] to 1 led to the
same result, even with heating to 90 °C.
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Figure 3. Solid-state structure of the cation of 2 (hydrogen atoms and ellipsoids
of the Dipp groups are omitted for clarity). Thermal ellipsoids are set at the 50%
probability level. Selected bond lengths [A] and angles [°]: Ge1...Ge2, 3.001(2);
Ge1-Cl1, 2.2424(15); Ge1-N1, 2.049(4); Ge1-N13, 2.015(3); Ge2-CI2,
2.2218(18); Ge2-N8, 2.044(4); Ge2-N16, 2.020(3); C2-C11, 1.429(6);
C7-C14, 1.442(6); Cl1-Ge1-N1, 95.91(11); CI1-Ge1-N13, 92.55(11);
N1-Ge1-N13, 79.92(13); CI2-Ge2-N8, 94.78(11); CI2-Ge2-N16, 95.41(11);
N8-Ge2-N16, 80.17(13).

The electron paramagnetic resonance (EPR) spectrum of a
toluene solution of compound 2 at room temperature exhibited a
single broad peak (g = 2.0029) with a peak-to-peak linewidth of
1.4 mT (Figure 4). Simulating the spectrum is unfeasible due to
complicated overlapping couplings that are difficult to resolve. For
a better understanding of the radical cation [NDI-Ge,Cl,]*, we
performed DFT calculations at the M06-D3/def2-SVP level of
theory.l We selected this level based on our preliminary
benchmark investigation, as it yielded the most accurate
structural agreement with the available experimental X-ray
data.>8 The canonical Kohn—Sham singly-occupied molecular
orbital (SOMO, Figure 5A) indicates a delocalization of the radical
electron via the NDI ligand instead of the Ge atoms, in agreement
with the experimental findings. Additional analysis of the spin
density (Figure 5B) corroborated this conclusion. The positive
charge is evenly distributed and is localized on the Ge atoms,
each possessing a Mulliken charge of 0.64.

The combined information from the EPR study and the DFT
calculations suggested that the radical predominantly localizes on
the ligand rather than on the Ge atoms, as observed previously
for [(dpp-BIAN)GeCI]*[GeCl;]” (dpp-BIAN = 1,2-Bis{(2,6-
diisopropyl-phenyl)imino}acenaphthene) (Figure 6, VI),° 2,6-
diiminophenyl-supported germylidendiide dianion radical VII,['® 8-
diketiminato germanium radical complex *LGe (L= <[PhC(PhCN-
Dipp)2127) (VIII),['" the dipyrromethene-based neutral radical IX,!'?

10.1002/ejic.202400422
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and the open-shell germylene stabilized by a phenalenyl-based
bidentate ligand X.["®!

dy"/dB

347 348 349 350 351 352 353 354 355 356
magnetic field (mT)

Figure 4. Experimental continuous-wave (CW) X-band EPR spectrum of 2 in
toluene at room temperature. Experimental parameters: microwave frequency
= 9.86 GHz; microwave power = 2 mW; modulation amplitude = 0.2 G;
conversion time = 40 ms; modulation frequency = 100 kHz.

o SOMO

front view top view

Spin Density

front view top view

Figure 5. (A) Kohn—Sham SOMO (isovalue: 0.03) and (B) total spin density
(isovalue: 0.015) of compound 2. Hydrogen atoms are omitted for clarity. Level
of theory: M06-D3/def2-SVP.

Fedushkin, 2004 So, 2014 Tan, Li, Wang, 2017
vi vil Vil
Dipp
6
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Figure 6. Structurally characterized delocalized germanium radicals (Ar = 2,6-
diisopropylphenyl, Mes = 2,4,6-trimethylphenyl, Trip = 2,4,6-triisopropylphenyl,
Dipp = 2,6-diisopropylphenyl),
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The reaction between one equivalent of Na[BArf4] and 1 in
benzene proceeded smoothly at ambient temperature, resulting
in a red-violet solution. Despite several attempts to optimize the
recrystallization conditions or to employ different counteranions,
all efforts to obtain crystallographic-grade single crystals proved
unsuccessful. However, high-resolution mass spectrometry
(HRMS) at m/z = 713.1662 confirmed the successful removal of
one chlorine anion (Scheme 2). The attempt to remove the
second chlorine atom resulted in decomposition at 130 °C.

In the '"H NMR spectrum of 3, we observed signals
corresponding to the naphthyridine protons at 6.81 and 6.28 ppm,
exhibiting a downfield shift compared to those of 1 (6.16 and 5.38
ppm),B in line with the electron-deficient nature of the cation.
Notably, the difference between the two signals in 3 decreased to
0.53 ppm, compared to 0.78 ppm in 1. Additionally, a single peak
was observed at 2.33 ppm with an integration of four,
corresponding to the CHMe; group (Figure S1). This prompted us
to explore the possibility of a structure featuring a bridging
chloride, as such a motif has been reported in the literature,
specifically in the bis-germylene [(MeCNDipp),C=CHGe},(u-
Cch.u

cl
. + ) : Fl=
1 equiv. D|pp\N/ \/ _Dipp 1 [BAra
F : CF.
1 Na[BAr 4] <N ,\4 _ : 3
| B
NN B

5 (88%) BA'] | CFy/

Scheme 2. Synthesis of compound 3 (Dipp = 2,6-diisopropylphenyl).

In the absence of an experimental crystal structure, we used
DFT calculations to investigate the potential structures of
compound 3 (Figure 7) and determine their NMR data, the latter
computed at the wB97X-D3/pcSseg-2 level of theory.l'¥ Our
theoretical investigation revealed a structure (3’, Figure 7B)
featuring a bridging chloride positioned in a bent arrangement
relative to the naphthyridine ligand. However, this structure
exhibited an imaginary frequency of 98/ cm™, indicating that it is
not a viable minimum energy structure but rather a transition state
(TS).

Additionally, a second structure (3", Figure 7B) featuring a
bridging chloride in a quasi-planar orientation was obtained
through constrained optimization. This geometry was significantly
less energetically favorable, being located at an energy level 61.4
kcal mol-' higher than that of 3’. Further examination with various
functionals consistently indicated the absence of any minimum
energy structure with a bridging chloride.

Following the direction of the imaginary mode of 3°, we
identified a plausible structure for 3 (Figure 7A), wherein the
chloride is bound to only one of the germanium centers. The
computational analysis of the chemical shifts for this structure
revealed that the average deviation of the chemical shifts for the
four CHMe; signals was merely 0.34 ppm, which could explain the
appearance of a single peak for these protons in the experimental
spectrum.

10.1002/ejic.202400422
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o Optimized Structure of 3

3 (front view)

3 (bottom view)

Alternative Structures (Not Minima)

Sy

’ (TS, AE = 5.1 kcal mol-1) 3” (AE = 66.5 kcal mol-")

Figure 7. Optimized structures of 3, 3’, and 3”. Energies (AE) are relative to
that of 3. Structure 3’ has an imaginary frequency and is a transition state
connecting two enantiomers of 3. Structure 3” is located 61.4 kcal mol~" above
3’. Hydrogen atoms are omitted for clarity. Level of theory: M06-D3/def2-SVP.

To gain deeper insight into the electronic structure of 3, we
conducted a computational investigation of its electronic
absorption features. For this purpose, time-dependent DFT (TD-
DFT) calculations were performed at the wB97X-D3(BJ)/def2-
SVPD level of theory,["® with the results shown in Figure 8. Our
calculations reveal that, unlike systems 1 and 2, where the S;—S;
transitions occur in the near-infrared region (815 nm and 893 nm,
respectively, see Figures S11-S12 in the Sl), the corresponding
transition in 3 is observed at 578 nm (Figure 8A).

o TD-DFT Vertical Excitations of 3

578 nm (CT)

Molar Absorptivity (L mol~ cm~1)
g
8
Il

T T T T i
200 300 400 500 600 700 800
Wavelength (nm)

NTOs of the S;—S, Excitation of 3

Hole NTO Electron NTO

Figure 8. (A) TD-DFT vertical excitations of 3 at the wB97X-D3(BJ)/def2-SVPD
level of theory. The inset figure shows the CDD plot of the So—S1 excitation,
where the charge flows from red to blue (isovalue: 0.0015). Hydrogen atoms are
omitted for clarity. (B) NTOs of the So—S1 excitation of 3.
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Analysis of the natural transition orbitals (NTOs,["® Figure 8B)
of 3 indicates that this transition is characterized as a T—1m*
excitation. The hole NTO spans the entire T framework of the
molecule, but is predominantly concentrated in the GeC;N, ring
where Ge is not bound to Cl. In contrast, the electron NTO shows
a greater degree of localization in the Ge(CI)C2N; ring, including
a significant contribution from the Cl atom. These findings suggest
that the transition has an appreciable charge transfer (CT)
character, which is blueshifted relative to compounds 1 and 2 due
to the asymmetry of the GeC;N rings.

The CT character is further supported by the charge density
difference (CDD) plot (Figure 8A) and the interfragment charge
transfer (IFCT) method, as implemented in Multiwfn 3.8.1'1 The
CDD pilot clearly shows electron flow from the GeC:N ring to the
Ge(CI)C2Nz ring. The IFCT analysis quantifies this charge transfer,
showing 72.5% CT character, with the GeC,N; ring losing 38.8%
of its electron density during excitation, while the Ge(CI)C;N; ring
gains 32.6% and the remainder of the molecule gains 6.2%.

These combined results not only explain the red-violet color
of compound 3, consistent with its absorption maximum at 578
nm, but also support the placement of the Cl atom as a terminal
ligand rather than a bridging one.

Our calculations confirmed that 3 exhibits only one Ge-CI
single bond, with a characteristic bond length of 2.245 A. A
distance of 3.393 A between the chloride and the uncoordinated
Ge atom ruled out the possibility of chloride bridging. Furthermore,
bonding analyses based on the intrinsic bond orbital (IBO)!"® and
natural bond orbital (NBO)!"® methods provided no evidence of
chloride bonding to the uncoordinated Ge atom. Second-order
perturbation energies from NBO calculations indicated the
presence of a weak hyperconjugative effect of 6.68 kcal mol™
between the chloride and the uncoordinated Ge atom. However,
given the relatively flat potential energy surface concerning the
position of the chloride, as evidenced by 3’ being merely 5.1 kcal
mol~' above 3, we cannot rule out the possibility of a fluxional
structure. Further investigation is warranted to explore this aspect.

For the reaction between 1 and two equivalents of
Li[HB(sBu)s] in C¢Dg, the in situ 'H NMR spectrum indicates the
generation of V and-an unsymmetrical compound species which
features four doublets at 5.11, 5.42, 5.94, and 6.13 ppm (Figure
S5). Moreover, the singlet at 8.01 ppm is comparable to that of
[{HC-(CMeNAr),}GeH] (Ar = 2,6-iPr,CsH3) (8.08 ppm),2% implying
that hydrido-germylene 4 is a possible intermediate. A prolonged
reaction time or removal of the solvent led to the generation of 5
as the major product (Scheme 3).

H Cl
, 7 , .
Dipp Dipp Dipp . Dipp
2 equiv. \N ! p N7 N : N7
LiHB(sBu)s NN

proposed intermediate

Scheme 3. Synthesis of compound 5 (Dipp = 2,6-diisopropylphenyl).
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Figure 9. Solid-state structure of 5 (hydrogen atoms and ellipsoids of the Dipp
groups are omitted for clarity). Thermal ellipsoids are set at the 50% probability
level. Selected bond lengths [A] and angles [°]: Ge1-N1, 1.8925(17); Ge1-N13,
1.8777(17); N1-C2, 1.409(3); C2-C11, 1.371(3); C11-N13, 1.387(3); C3-C4,
1.347(3); N8-C7, 1.346(3); C7-C14, 1.500(3); C14-N16, 1.277(3);
N1-Ge1-N13, 81.91(7); N1-C2-C11, 113.42(18); C2-C11-N13, 112.93(18);
C2-N1-C9, 120.09(17); C2-C3-C4, 121.14(19); N8-C7-C14, 117.00(19);
C7-C14-N16 115.6(2); C7-N8-C9, 117.58(18); C5-C6-C7, 118.6(2).

X-ray diffraction analysis (Figure 9) revealed that the three
annulated rings within compound 5 adopt a coplanar arrangement.
The largest deviation from the mean plane defined by these rings
is only 0.062 A, attributed to the Ge atom. The coordination-free
half of 5, denoted 5(free), resembles the free ligand IV. In contrast,
the germanium-containing half of 5, denoted as 5(Ge), is similar
to compound V. The bond distances of compounds 1, 2, 5, IV, and
V suggest that increasing the degree of ligand reduction leads to
a shortening of the Cimine—Cnp bonds, along with a lengthening of
the Cnp—Nnp @nd Nimine—Cimine bonds (Figure 10). This trend
correlates with observations from Uyeda’s study involving
dinuclear nickel complexes of NDI.[2"

Formal Half-Ligand Oxidation State (OS)
0 0 -0.5 -1 -2 -2

1.50 ® Cimine_CNp
—— NNp—CNp

* Nimine=Cimine

1.45

1.40

Average Bond Distance (A)
%
o

-
w
o

1.25
1\ 5 (free) 2 1 5 (Ge) Vv

Figure 10. Average bond distances (A) of the Nimine—Cimine—Cnp—Nnp moieties of
compounds IV, 5, 2, 1, and V. The coordination-free and germanium-containing
parts of 5 are denoted as 5(free) and 5(Ge), respectively. The estimated
standard deviations are <0.006 A for all structures. Data are derived from Table
S2.

Conclusion

In conclusion, we have investigated the reactivity of 1, a
dichloro-bis(germylene) compound incorporating a naphthyridine-
diimine (NDI) ligand. The reaction with oxidant [Cp.Fe][BAr"4] led
to the formation of radical species 2. Moreover, addition of
Na[BAr",] to 1 resulted in the abstraction of a single chloride anion,
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forming compound 3. When Li[HB(sBu)s;] was used as a hydride
source, in-situ '"H NMR spectroscopy provided evidence for the
generation of a mixed hydrido/chlorido bis(germylene), which
decomposed to the thermally stable monogermanium species 5.

Supporting Information

The authors have cited additional references within the

Supporting Information.[22-38l
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A dichloro-bis(germylene) ligated with a naphthyridine diimine (NDI)-Ge,Cl, undergoes single-electron oxidation, chloride abstraction,
and germanium elimination when it reacts with [Cp,Fe][BArT,] (Cp = CsHs, BArf, = [{3,5-(CF3)2CeH3}4B]), Na[BArF,], and Li[HB(sBu)3],
respectively. The NDI-Ge,CIH intermediate, which is formed via single CI/H exchange, is proposed to lead to the formation of the
thermally stable product NDI-Ge.
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