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This work is dedicated to the following professors for their contributions to main group chemistry: Hansj6érg Griitzmacher, Dietrich Gudat,
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The 1:2 reaction of the imidazole-based dithiolate (2) with
GeCl,edioxane in THF/TMEDA gives 3, a TMEDA-complexed
dithiolene-based germylene. Compound 3 is converted to
monothiolate-complexed (5) and N-heterocyclic carbene-com-
plexed (7) germanium(ll) dithiolene complexes via Lewis base

Introduction

Low oxidation-state main group chemistry emerged as an
important research field during the past decades. Numerous
complexes containing highly reactive low-oxidation state main
group cores have been synthesized. Sterically demanding
ligands (such as m-terphenyls," carbenes,” and NacNacs™)
have proven critical in the stabilization of various low-oxidation
state main group species. Dithiolenes are well documented as
redox non-innocent ligands™ in transition metal-dithiolene
complexes. The chemistry of the corresponding main group
element-based dithiolene species has received considerably less
attention.

The chemistry of germylenes, the heavier analogues of
carbenes, have evolved from reaction intermediates® to stable™
versatile ligands for transition metal coordination and
catalysis.”? The utility of germylenes in catalysis® and small
molecule activation is intriguing.®™®? While N-heterocyclic
germylenes have been extensively explored,***'” the corre-
sponding S-heterocyclic germylenes have not been studied to a
comparable extent" Indeed, the literature reveals only one
report regarding dithiolene-based germylenes.™? This labora-
tory recently synthesized a sterically demanding lithium-based
dithiolene radical (1) (Figure 1)."* Radical 1 has been utilized in
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ligand exchange. A bis-dithiolene-based germylene (8), involv-
ing a 3c-4e S-Ge-S bond, has also been synthesized through
controlled hydrolysis of 7. The bonding nature of 3, 5, and 8
was investigated by both experimental and theoretical meth-

ods.
L
<
T

Figure 1. Stable lithium-based dithiolene radical (1).

the syntheses of group 14 element (Si and Ge)-based
tris(dithiolene)dianions,"" with the silicon and germanium
atoms residing in the +4 oxidation state. Herein, we report the
first structurally characterized TMEDA (tetrameth-
ylethylenediamine)-complexed dithiolene-based germylene (3).
Compound 3 may be converted to monothiolate or NHC (i.e.,
N-heterocyclic carbene)-complexed dithiolene-based germy-
lenes (5 and 7) via ligand exchange reactions. A bis-dithiolene-
based germylene dianion (8), containing a 3c-4e S-Ge-S bond,
was also synthesized via controlled hydrolysis of 7.

Results and Discussion

The monoanionic dithiolene radical 1 may be readily converted
to the corresponding dithiolate 2 via potassium graphite (KCy)-
mediated one-electron reduction." Reaction of the in-situ
prepared 2 with GeCl,edioxane (in a molar ratio of 1:1.2) in
THF/TMEDA mixed solvent gives 3 as colourless crystalline solid
(in 48% yield) (Scheme 1). X-ray quality single crystals of 3 can
be obtained by recrystallization in toluene/hexane mixed
solvent. The subsequent Lewis base ligand exchange study
showed that while being inert toward P(NMe,);, 3 may react
with the imidazole-based monothiolate (4) and NHC™ (6),"
rendering 5 (72% yield) and 7 (61 %), respectively (Scheme 1).
The 'H NMR olefin resonance!” of 5 (6.90 ppm in THF-dg) is
lower field shifted than that of 4 (6.14 ppm in THF-dg)."® While
X-ray quality colourless crystals of 5 can be obtained via

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Synthesis of 3, 5, 7 and 8 (Dipp = 2,6-diisopropylphenyl).

2

recrystallization in THF/hexane, our efforts toward obtaining X-
ray single crystals of 7 were repeatedly unsuccessful. The
methine 'H NMR resonance'” of the NHC™ moiety in 7
(5.97 ppm in THF-dg), while being shifted downfield relative to
that of the free NHC™ ligand (6) (3.95 ppm in C¢Dy),""® compares
to that of the NHC™-coordinated germanium(lV) bis(dithiolene)
complex (6.26 ppm in CsDsF)."" Inspired by our previous
discovery that the germanium(lV) tris(dithiolene)dianion may be
prepared via NHC-mediated partial hydrolysis, ™ the 1:1
combination of 7 with water (as 0.1% v/v solution in THF) at
low-temperature in toluene afforded 8 as yellow crystalline
solid (in 54% yield) (Scheme1). The singlet 'H NMR
resonance!"” (8.43 ppm in CD;CN) of 8 supports the presence of
the imidazolium moiety in this compound. Notably, 8 is
extremely air- and moisture-sensitive. Even in the glovebox
under argon atmosphere, yellow crystals of 8 readily decom-
pose (as evidenced by the colour changing into purple).
Single-crystal X-ray diffraction analyses and DFT computa-
tions (wB97xd"®/6-311G** level) are employed to probe the
nature of 3, 5, and 8."” In the solid state (Figure 2), the five-
membered dithiolene-germanium ring in 3 is slightly bent. The
bend angle (7=28.6°) between the C,S, plane and GeS, plane in
3 compares well to the calculated value of 3 (7=9.8°). The
three-coordinate germanium atom in 3, adopting a distorted
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Figure 2. Molecular structures of 3, the anionic unit of 5, the anionic unit of
8, and [8]*-model. Thermal ellipsoids represent 30% probability (for 3, [5]",
and [8]*"): hydrogen atoms are omitted for clarity. Selected bond distances
(A) and angles (deg): For 3, C(2)-C(3) 1.354(2), C(2)-5(2) 1.7271(17), Ge(1)-S(2)
2.4300(5), Ge(1)-N(3) 2.220(5); C(2)-C(3)-5(3) 126.10(13), C(2)-5(2)-Ge(1)
96.93(5), S(2)-Ge(1)-N(3) 91.11(14). For [5]", C(2)-C(3) 1.351(4), C(2)-S(2)
1.731(3), Ge(1)-S(2) 2.3719(8), Ge(1)-S(5) 2.3451(9); C(2)-C(3)-S(3) 125.8(2),
C(2)-5(2)-Ge(1) 93.81(9), S(2)-Ge(1)-S(5) 96.86(3). For [8]* -model, C8-C9
1.359, C8-S3 1.732, Ge1-54 2.430, Ge1-S3 2.757; S4-Ge1-570 99.0, S3-Ge1-569
165.0.
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trigonal pyramidal geometry, bonds to two sulphur atoms of
the dithiolene ligand and one nitrogen atom of the TMEDA
solvent molecule. Both the experimental (2.390 A, av) and
theoretical (2.351 A, av) Ge-S bond distances of 3 are compara-
ble with those of the anionic chlorogermanium(lV)-
bis(dithiolene) complex [2.3290(8)-2.3561(8) Al.'® The TMEDA
moiety in 3 is disordered. The experimental Ge-N bond
distance in 3 (2.204A, av) is ca. 0.17 A shorter than the
corresponding theoretical value (2.379 A). However, both of
values reside within the range [from 2.157(5) A to 2.458(5) A] of
the dative Ge-N bond distances in the TMEDA-chelated Ge(ll)Cl,
complex.™

X-ray structural analysis shows that 5 exists as an ionic
pair.” The lithium cation in 5 is coordinated by four THF
molecules. The anionic moiety of 5 (Figure 2) involves a
dithiolene-based germanide species, wherein the three-coordi-
nate germanium atom, in a distorted trigonal pyramidal
geometry, is embraced by two sulphur atoms from the
dithiolene ligand and one sulphur atom from the anionic
monothiolate ligand. The Ge-S bond distances in 5 [2.3451(9)-
2.3749(8) Al are similar to those in 3 (2390 A, av) and in
[(Me;Si);CS];GeLi(THF) (2.405-2.420 A).?” The C,S,Ge ring in 5
[7=29.3° (experimental); 31.4° (theoretical)] is obviously more
puckered than that in 3 [=8.6" (experimental); 9.8° (theoret-
ical)]. Considering the steric crowding of the dithiolene ligand
and the imidazole-based monothiolate ligand in 5, LDF (London
dispersion force) may have a remarkable effect on the
conformation of the C,5,Ge ring in 52" The structural
parameters of the C,S, units of both 3 [dc_=1.354(2) A; dcs=
1.731A, av] and 5 [dc_c=1.351(4) A; dc.s=1.734 A, av] are
comparable with those in reported dithiolates.*” The germa-
nium atoms in 3 and 5 reside in the oxidation state of +2.
Natural bond orbital (NBO) analysis shows that the germanium
atom in 3 bears a positive charge of +0.68, while that in 5 has
a positive charge of +0.44. The Ge-S bonds in both 3 and 5
have dominant 4p character at the germanium atom.

X-ray structural analysis confirms that the
bis(dithiolene)germanium unit in 8 is dianionic (Figure 2), with
two imidazolium counter-cations. Like the imidazole proton
[i.e., H(30)] of the monothiolate ligand in 5 (Figure 2), the
protons of the imidazolium units in 8 were located from the
difference Fourier map. Both the Ge(1) and S(3) atoms in 8 are
crystallographically disordered."” Thus, only the computed
structural values of the [8]*~ model (Figure 2) will be discussed.
The GeS, core in the [8]*~ model adopts a distorted seesaw
geometry (S,-Ge,;-S;, bond angle=99.0°; S;-Ge;-S4 bond an-
gle=165.0°). The Ge-S,, (i.e., S; and Sg,) distances (2.758 A, av)
are considerably longer than the Ge-S, (i.e., S, and S;) bonds
(2430 A, av) in the [81*" model and the sum of the covalent
radii of the germanium and sulphur atoms (2.25 A).*? Similar
bonding parameters have been reported for the
bis(anisobidentate dithiophosphinate)germanium(ll) complex
(doe-sian =2.722 A, av; dge_seq=2415 A, av).”¥ In addition, in the
[81*" model, the C-S,, bonds (1.732 A) are shorter than the C-Seq
bonds (1.745 A), which, coupled with the Wiberg bond index
(WBI) of the C-S,, bonds (1.15), suggests modest double bond
character of the C-S,, bonds. In contrast to the germanium
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atom, bearing a positive charge of +0.54, the S,, atoms in the
[8]>~ model have a negative charge of —0.35. While being
covalently bonded to two S, atoms, the germanium atom in
the [8]>~ model accepts the electron donation from the two
anionic thiolate groups (i.e., S; and Sg,) to form a 3c—4e S-Ge-S
bond. Thus, the Ge atom in [8]>~ model is in +2 oxidation state.

Molecular orbital studies (Figure 3) show that the HOMOs of
3, [5]7, and [8]*" models are mainly dithiolene ligand-based,
involving both C—C n-bonding and C—S w-antibonding charac-
ter. The HOMO-2 of 3, HOMO-3 of [5]7, and HOMO-2 of [8]*
contain the lone pair character of the germanium atom. In
addition, the HOMO-2 and HOMO-10 of the [8]* model
(Figure 3) involve the nonbonding and bonding orbitals of the
3c-4e S-Ge-S bond, respectively.

Conclusions

The imidazole-based dithiolate 2 serves as an effective platform
for accessing a series of Lewis base-complexed dithiolene-based

HOMO-2

HOMO-10

[8]2- model

Figure 3. Molecular orbitals of 3, [5]-, and [8]*" models.
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germylenes (3 and 7) and germanide (5). Notably, controlled
hydrolysis of the NHC™-coordinated germanium(ll) dithiolene
complex, 7, resulted in a germanium(ll) bis-dithiolene dianion 8.
This laboratory continues to develop dithiolene-based low
oxidation state main group chemistry.

Experimental Section

General. The syntheses of air-sensitive compounds were performed
under purified argon using Schlenk techniques and an inert
atmosphere drybox (M-Braun LabMaster SP). Chemicals were
purchased from Aldrich and Strem and used as received. The
solvents were dried and distilled under argon from Na/benzophe-
none prior to use. 'H and C{'"H} NMR spectra were recorded on a
Bruker Avance Ill HD 400 MHz spectrometer. X-ray intensity data for
3-toluene, 5, and 8 were collected at 135 K on a Bruker D8 Quest
PHOTON 100 CMOS X-ray diffractometer system with Incoatec
Microfocus Source (IuS) monochromated Mo Ko radiation (A=
0.71073 A, sealed tube) using phi and omega-scan technique. Mass
spectra (MS) were obtained via direct sample injection using a
Shimadzu GCMS-QP2010S with positive mode electron ionization
(El). Infrared spectra were recorded using a Shimadzu IRPrestige-21
FTIR spectrophotometer. Elemental analyses were performed by
Robertson Microlit Laboratories (Ledgewood, NJ).

Deposition Number(s) 2277646, (3-toluene), 2281454 (5), 2277648
(8) contain(s) the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service. DFT computations were
carried out using the Gaussian16 (Revision C.01) program.”

Compound 3: 50mL of THF was added to a Schlenk flask
containing both radical 1 (0.400 g, 0.631 mmol) and KCg (0.140 g,
1.036 mmol) at room temperature, which was then stirred for 1 h
and resulted in a slurry with white precipitate. Then, 15 mL of
TMEDA was added to the reaction mixture. After filtration, the
filtrate was combined with GeCl,edioxane (0.175 g, 0.755 mmol) in
5 mL of THF. The mixture was then stirred at room temperature for
an additional 4 h. After the volatile materials were removed in
vacuo, the residue was extracted using 35 mL of toluene. The
filtrate was concentrated under vacuo to approximately 3 mL. The
resulting white crystalized powder of 3 was subsequently isolated
and drying in vacuo. Yield: 0.204 g (48%). X-ray quality colourless
crystals of 3 were achieved by recrystallization in toluene/hexane
mixed solvent. Mp: gradually decomposed (> 145.2°C) and melt at
246°C. 'H NMR (400.22 MHz, THF-dg): 5 1.24 [d, 12H, CH(CH,),], 1.26
[d, 12H, CH(CH,),], 2.27 (TMEDA), 2.50 (TMEDA), 2.85 [m, 4H,
CH(CH,),l, 7.22 [d, 4H, Ar-H], 7.34 [t, 2H, Ar-H]. C{'H} NMR
(100.65 MHz, THF-dg): & 24.52, 24.63 [CH(CHs),], 30.01 [CH(CH,),],
45.15, 57.04 (TMEDA), 124.36 [NCCN], 126.15, 130.04, 135.22, 148.12
[Ar-C], 168.73 [NC(=S)NI. IR (KBr, cm™"): 3063 (w), 3024 (w), 2963 (s),
2916 (m), 2862 (m), 2832 (w), 2785 (w), 1535 (w), 1466 (s), 1366 (s),
1335 (s), 1018 (w), 949 (w), 802 (m), 787 (m), 694 (m). Crystal data
for 3-toluene: C,H;;GeN,S;, fw=763.67, monoclinic, P2,/c, a=
15.3337(17) A, b=15.7045(18) A, ¢=17.2801(19) A, a=90°, =
94.489(3)°, y=90°, V=4148.4(8) A’, Z=4, R1=0.0598 for 13769
data (I>20(l)), wR,_0.1461 (all data). Anal. Calcd (found) (%) for
Cs5HsoGeN,S; (3) (671.61): C 59.02 (58.27), H 7.50 (7.30), N 8.34
(8.07).

Compound 5: 10 mL of THF was added to a Schlenk tube
containing both 3 (0.200g, 0.298 mmol) and 4 (0.201g,
0.298 mmol). The reaction mixture was stirred at room temperature
for 6 h. After the volatile materials were removed in vacuo, the
residue was recrystallized in THF/hexane mixed solvent, giving 5 as
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X-ray quality colourless crystals (0.295 g, 72 % yield). MP: gradually
decomposed (>141°C) and melt at 178°C. '"H NMR (400.22 MHz,
THF-dg): 8 1.12-1.19 [24H, CH(CH,),], 1.23 [d, 24H, CH(CH,),], 1.77
(THF), 2.78 [m, 2H, CH(CH,),], 2.86 [m, 2H, CH(CH;),], 2.92 [m, 2H,
CH(CHy),], 3.04 [m, 2H, CH(CH;),], 3.62 (THF), 6.90 [s, TH, NCH], 7.08-
7.30 [12H, Ar-H]. C{"H} NMR (100.65 MHz, THF-d): 5 24.19, 24.48,
24.50, 24.70, 24.82, 24.87 [CH(CH;),], 26.54 (THF) 29.60, 29.82, 29.87
[CH(CH,),], 68.39 (THF), 117.57 [NCH], 123.52, 123.83, 124.14, 124.29,
128.94, 129.33, 12946, 129.72, 132.79, 134.88, 136.03, 136.19,
147.84, 148.11, 148.40, 148.76 [NCCN and Ar-C], 166.26, 166.30
[INC(=S)NL. IR (KBr, cm™"): 3071 (w), 3032 (w), 2963 (s), 2932 (m),
2870 (m), 1535 (w), 1466 (s), 1342 (s), 1234 (w), 1042 (m), 887 (w),
802 (m), 694 (w), 594 (w). Crystal data for 5: C,oH,,,GeLiN,O,S;, fw=
1302.37, triclinic, P-1, a=14.6074(15) A, b=15.7727(16) A, c=
21.21322) A, a=69.326(3)°, £ =84.698(3)°, y=72.060(3)°, V=
4349.6(8) A°, Z=2, R1=0.0670 for 13666 data (I>20(l)), WR,_
0.1990 (all data).

Compound 7: 2mL of toluene was added to a Schlenk tube
containing both 3 (0.100g, 0.149 mmol) and 6 (0.027 g,
0.150 mmol). The reaction mixture was stirred at room temperature
for 3 h. After filtration and subsequent rinsed with 4 mL of hexane,
the residue was dried under vacuum. Finally, compound 7 was
isolated as white powder (0.067 g, 61% yield). MP: gradually
decomposed (>151°C) and melt at 219°C. '"H NMR (400.22 MHz,
THF-dg): 8 1.24 [d, 6H, CH(CH,),], 1.28 [d, 12H, CH(CH5),], 1.34 [d, 6H,
CH(CH,),), 1.53 [d, 12H, CH(CH,), NHC], 2.29 [s, 6H, CHsCCCHy),
NHC], 2.95 [m, 4H, CH(CH,),], 5.97 [m, 2H, CH(CH,),, NHC], 7.16-7.21
[4H, Ar-H], 7.31 [t, 2H, Ar-H]. *C{'"H} NMR (100.65 MHz, THF-d,): &
10.48 [CH,CCCH;, NHC], 22.53, 24.71 [CH(CH,),], 30.00 [CH(CH,),,
dithiolene], 52.45 [CH(CH,),, NHC], 129.90 [CH,CCCH,, NHC], 123.94,
12451, 126.24, 128.23, 135.59, 147.83, 148.31[NCCN and Ar-C],
167.48[NC(=S)N], 168.31 [NCN]. IR (KBr, cm™): 3063 (w), 3024 (w),
2963 (s), 2870 (m), 1628 (w), 1535 (w), 1466 (s), 1366 (s), 1335 (s),
1211 (w), 1180 (w), 1103 (w), 1065 (w), 941 (w), 802 (m), 741(w), 694
(m). MS (El, positive): 736 (0.5%, M*), 556 (1.0%, [M-NHC]"), 180
(100%, NHC™).

Compound 8: 1.2 mL of H,O/THF mixture (0.1% v/v) was added
dropwise to a solution of 7 (0.050 g, 0.068 mmol) in 25 mL toluene
at —78°C, which was stirred for 1 h. Next, the low-temperature bath
was removed, and the mixture was naturally warmed to room
temperature and stirred 3 h at that temperature. After filtration, the
residue was dried under vacuo and then combined with 5 mL THF
in a Schlenk tube. The slurry was heated under reflux and kept
stationary at room temperature over 3 days, giving X-ray quality
yellow crystals of 8 (0.026 g, 54% yield based on the 'H NMR data).
MP: gradually decomposed (>126°C) and melt at 247°C. 'H NMR
(400.22 MHz, CD;CN): 8 1.20 [d, 24H, CH(CH,),, dithiolene], 1.22 [d,
24H, CH(CH,),, dithiolene], 1.47 [d, 24H, CH(CH,),, imidazolium], 1.80
(THF), 2.22 [s, 12H, CH,CCCH,), imidazolium], 2.86 [m, 8H, CH(CHS,),,
dithiolene], 3.64 (THF), 4.47 [m, 4H, CH(CH,),, imidazolium], 7.18 [d,
8H, Ar-H], 7.32 [t, 4H, Ar-H], 843 [s, 2H, NC(H)N]. "*C{'H} NMR
(100.65 MHz, CD5CN): 8 9.01 [CH;CCCH,, imidazolium], 23.15, 24.61
[CH(CH,),], 26.64 (THF), 30.05 [CH(CH,),, dithiolene], 51.63 [CH(CH,),,
imidazolium], 68.67 (THF), 124.41 [NCCN, dithiolene], 129.70
[CH;CCCH,, imidazolium], 130.74 [NC(H)N], 128.00, 129.32, 137.23,
148.75 [Ar-C], 160.51 [NC(=S)N]. IR (KBr, cm™"): 3125 (w), 3055 (m),
2963 (s), 2862 (m), 1628 (w), 1551 (m), 1504 (s), 1458 (s), 1373 (s),
1335 (s), 1304 (m), 1265 (w), 1227 (w), 1188 (m), 1142 (w), 1103 (m),
1057 (m), 895 (w), 802 (m), 764 (w), 687 (m), 656 (w), 540 (w). Crystal
data for 8: CjeH;;0GeNgSs, fw=1400.66, monoclinic, P2,/n, a=
14.1731(16) A, b=16.5369(18) A, c=18446(2) A, a=90°, f=
92.841(3)°, y =90°, V=4318.0(8) A3, 2=2, R1=0.1009 for 5173 data
(I'>20(l)), wR,_0.2060 (all data).
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