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of Chemistry Isolable T-shaped planar pnictogen compounds RzPn were reported more than three decades ago and
have been attracting burgeoning interest in recent years; T-shaped planar group 14 anions, isoelectronic
to RsPn, however, are still unknown. Herein, we report the synthesis, full characterization, and reactivity
of the first crystalline T-shaped planar group 14 anion 4 bearing a trinitrogen pincer ligand. DFT
calculations indicate that the tricoordinate germanium center features both an unoccupied 4p orbital
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Introduction

The heavier analogues of carboanions, [R;E]” (E = Si, Ge, Sn,
Pb) are isoelectronic to the tricoordinate pnictogen compounds
R;Pn (Pn = P, As, Sb, Bi). Both derivatives commonly feature
a pyramidal or trigonal planar element center with a lone pair of
electrons (Fig. 1a) and thus are widely used as nucleophiles or
Lewis bases in organic synthesis and catalysis." Interestingly, in
1984 Arduengo and co-workers reported a novel T-shaped
planar phosphorus compound bearing a geometrically con-
strained electron-rich ONO pincer ligand (Fig. 1b), which can
transfer two electrons to the phosphorus center, leading to the
unusual 10-electron 3-coordinated P atom (10-P-3) in the
oxidation state of +1.> Over decades, T-shaped planar group 15
compounds have attracted more and more attention owing to
their peculiar electronic structures, fascinating reactivity, and
potential applications in stoichiometric and even catalytic small
molecule activation.>* Compared with the extensive studies on
the geometrically constrained group 15 compounds, group 14
analogues are remarkably less investigated®® and T-shaped
planar group 14 anions remain elusive despite initial calcula-
tions” and great efforts on potential precursors by the groups of
Arduengo, Driess, Roesky, Wessemann, and Greb (Fig. 1c).’ This

“College of Chemistry, Chemical Engineering and Materials Science, School of
Radiation Medicine and Protection, Soochow University, Suzhou 215123, China.
E-mail: ytsu@suda.edu.cn

tState Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China. E-mail: xpwang@nju.edu.cn
°School of Chemistry and Chemical Engineering, Liaocheng University, Liaocheng
252059, China

T Electronic supplementary information (ESI) available. CCDC 2121988-2121991,
2201768 and 2201769. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d2sc07006¢

5722 | Chem. Sci., 2023, 14, 5722-5727

mainly stems from the deficiency of suitable ligands and
synthetic routes.

Recently, we have reported a family of neutral and radical
anionic T-shaped planar pnictogen species stabilized by
a geometrically constrained and sterically bulky NNN pincer
ligand 1 (Scheme 1).* Herein, we present the successful
implementation of this strategy into group 14 chemistry with
the isolation, characterization, and reactivity of the first crys-
talline T-shaped planar group 14 anion salt (Fig. 1d).

Results and discussion
Synthesis and characterization of the germanium precursor

Reaction of the triamine 1 with three equivalents of "BulLi in
toluene afforded the dimeric lithium salt 2 (Scheme 1 and
Fig. 2a). Treatment of half equivalent of 2 with one equivalent of
GeCl, in diethyl ether resulted in a deep purple solution. After
workup, dichloride complex 3 rather than the monochloride
compound “™NLGeCl was unexpectedly isolated as a purple
powder in 35% yield. It is proposed that the salt elimination
between 2 and GeCl, in 0.5:1 ratio initially affords the inter-
mediate ™NLGeCl, which is oxidized by another one equivalent
of GeCl, with formation of 3 and Cl;GeGeCl; (Scheme 1). DFT
calculations at the (U)B3LYP-D3BJ/6-311G(d) level demonstrated
that the oxidation reaction occurs reasonably according to the
negative Gibbs free energy change (AG) value of —12.39 kcal
mol ", Thus, direct addition of two equivalents of GeCl, to the
diethyl ether solution of 2 was carried out and 3 was isolated in
a higher yield (61%). The EPR spectrum of 3 at room temperature
displays a broad featureless signal centered at g = 1.9994
(Fig. S247), supporting its radical character. Calculated spin
density of 3 at the UB3LYP-D3BJ/6-311G(d) level mainly resides
on the nitrogen atoms and the annulated phenyl rings with
a small contribution from the germanium nucleus (Fig. S297).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Molecular shapes of tricoordinate heavier group 14/15
compounds. (b) The first isolable T-shaped planar phosphorus
compound. (c) Geometrically constrained group 14 precursors. (d)
Present work.

Crystals of 3 suitable for X-ray crystallographic studies were
obtained from its saturated hexane solution. The molecular
structure of 3 reveals a square pyramidal coordination of Ge1 by
the basal N1, N2, N3, Cl2 atoms and the axial C12 atom (Fig. 2b).
The Gel-Cl1 bond (2.091(2) A) is comparable to the Ge1-CI2
bond (2.163(2) A), while the Ge1-N1 (2.011(2) A) and Ge1-N2
(2.039(3) A) bond lengths are significantly longer than the Ge1-
N3 bond distance (1.872(2) A). The C-N (1.349(3)-1.387(3) A)
and C-C bond distances (1.404(3) and 1.402(3) A) in two C,N,Ge
rings are comparable to those of transition metal complexes
featuring the NNN ligand in a diamido imino form.® The UV-vis
spectrum of 3 exhibits two absorption bands at 400 and 580 nm,
the latter of which is also in the typical range for the dianionic
NNN ligand (Fig. S257).

Synthesis, characterization, and DFT calculations of the T-
shaped planar germanium anion salt

With the precursor 3 in hand, we investigated its reduction.
Treatment of 3 with five equivalents of potassium graphite in
THF under ambient conditions afforded, after work up,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the germanium precursor 3.

triaminogermanate salt 4 as a yellow powder in 58% yield
(Scheme 2). The isolated compound 4 is extremely moisture-
and oxygen-sensitive but is stable both in solution and in the
solid state when stored under an inert atmosphere at room
temperature. The "H and "*C{"H} NMR spectra of 4 in THF-Dy
show only one set of resonances for Dipp (Dipp = 2,6-Pr,C¢H)
substituents and annulated arenes (Fig. S3 and S57), suggesting
the C,, symmetrical structure in solution.

Fig. 2 Left: Solid-state structure of 2. Right: solid-state structure of 3.
The ‘Bu and Dipp groups are simplified as wireframes and hydrogen
atoms are omitted for clarity. Thermal ellipsoids are set at the 30%
probability level. Selected bond lengths (A) and angles (°) for 2: Lil-N1
1.890(4), Li1-N3 2.254(4), Li1-N5 1.903(4), Li1-N6 2.236(4), Li2—-N2
2.013(5), Li2—N3 2.133(4), Li2—N5 1.992(4), Li3—N1 1.978(4), Li3—N4
2.000(4), Li3—=N6 2.157(4), Li4—N2 2.030(4), Li4—N3 2.092(4), Li4d—N4
2.038(4), Li4—N6 2.073(4). Selected bond lengths (A) and angles (°) for
3. Gel-Cll 2.091(2), Gel-Cl2 2.163(2), Gel-N1 2.011(2), Gel-N2
2.039(2), Gel-N3 1.872(2), C1-N1 1.387(3), C7-N2 1.379(3), C6-N3
1.349(3), C12-N3 1.362(3), C1-C6 1.404(3), C7-C12 1.402(3), N1-
Gel-N2153.22(10), N1-Gel-N3 80.34(8), N2-Gel-N3 79.59(9), Cl1-
Gel-Cl2 104.09(10).
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Scheme 2 Synthesis of the T-shaped planar germanium anion salt 4.

In the solid-state structure of 4, the solvated counter cation
[K(THF);]" interacts with one annulated aryl ring in a 1° form
and the distance between the germanium atom and potassium
cation is 5.137 A, which is larger than a sum of the van der
Waals' radii of Ge and K (4.86 A),° suggesting no interaction
between them (Fig. 3). The two fused C,N,Ge five-membered
rings in 4 are almost coplanar with the sum of internal
pentagon angles of 540° and 539.97°, respectively. Most strik-
ingly, the germanium center in 4 is only coordinated by three
nitrogen atoms to form a T-shaped planar geometry with a large
N1-Gel-N2 bond angle of 153.81(7)°. Upon reduction, the
endocyclic N-Ge-N bond angles (78.23(7)° and 76.56(7)°) in 4
become more acute with respect to those (80.34(8)° and
79.59(9)°) of 3, thus reflecting the elongation of both the
equatorial Ge1-N3 bond (1.9039(19) A) and axial Ge1-N1/N2
bonds (2.0578(18) and 2.1633(18) A) in 4. Additionally, the
equatorial Gel-N3 bond distance is shorter than those
(1.925(7)-1.970(4) A) in trinitrogen substituted germanides in
pyramidal geometries,' and the axial Ge1-N1/N2 bonds are
longer, which are in good agreement with the calculated results
reported by Arduengo and co-workers.” Moreover, it is

Fig. 3 Left: Solid-state structure of 4. Right: Side view of the anionic
part of 4. The ‘Bu and Dipp groups are simplified as wireframes and
hydrogen atoms are omitted for clarity. Thermal ellipsoids are set at
the 30% probability level. Selected bond lengths (A) and angles (°):
Gel-N1 2.0578(18), Gel-N2 2.1633(18), Gel-N3 1.9039(19), C1-N1
1.372(3), C7-N2 1.359(3), C6—-N3 1.388(3), C12—-N3 1.384(3), C1-C6
1.414(3), C7-C12 1.428(3), N1-Gel-N2 153.81(7), N1-Gel-N3
78.23(7), N2—Gel-N3 76.56(7).
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noteworthy that the average C-N (1.376(3) A) and C-C (1.421(3)
A) bond distances in two C,N,Ge rings are between corre-
sponding single and double bonds, implying that 4 is best
viewed as a resonance of canonical forms 4A and 4B (Scheme 2),
which represents an analogue of T-shaped bismuth(i/m) tri-
amide® and a rare example of valence tautomerism of p-block
element compounds.™

To better understand the electronic structure of the anionic
part of 4, DFT calculations at the B3LYP-D3BJ/6-311G(d) level in
consideration of solvent(THF)-correction were carried out.
Consistent with the experimental data, the N1-Ge1-N3 and N2-
Gel-N3 bond angles in 4 become narrower and the Ge-N bond
lengths are elongated relative to 3. The natural bond orbital
(NBO) analysis reveals that the average Wiberg bond index for
the four C-N bonds in 4 is 1.16, demonstrating the partial
double bond implied by the form 4A. Molecular orbital analysis
of the anionic part of 4 shows that the lowest unoccupied
molecular orbital (LUMO) is mainly the vacant 4p orbital of the
Ge atom, while the highest occupied molecular orbital (HOMO)
represents a diffuse m-type orbital mainly localized at the Ge
center with partial delocalization over the annulated arene rings
and nitrogen atoms and the HOMO-2 corresponds to the Ge-
centered o-type lone pair (Fig. 4). Therefore, the tricoordinate
germanium center features both an unoccupied 4p orbital and
two lone pairs of electrons. Note that the HOMO (—4.11 eV) and
HOMO-2 (—4.68 eV) of 4 are comparable to that of the pyrimadal
germanium anion [(NPh,);Ge:]” (—4.32 eV, Fig. S327) in energy
and greatly higher than that of N-heterocyclic germylene
[(DippNCH),Ge:] (—5.24 eV, Fig. S337), while the LUMO (—0.63
eV) of 4 is significantly higher than those of its neutral pnic-
togen analogues "“NLE (E = As: —2.37 eV; E = P: —2.16 eV,
Fig. $34 and S357) and [(DippNCH),Ge:] (—1.24 eV), implying its
relatively stronger electron-donating and weaker electron-
withdrawing ability. The UV-vis spectrum of 4 in THF displays
an absorption band at 396 nm (Fig. S267), which is assigned to
HOMO-1 — LUMO and HOMO — LUMO transitions according
to the time-dependent DFT calculations (Table S27).

Reactivities of the T-shaped planar germanium anion salt

To get insight into the chemical properties of 4, its reactions
were investigated. Treatments of 4 with typical nucleophilic
reagents, such as 4-methylpyridine N-oxide, triethylphosphine
oxide, KO'Bu and LiMe, were performed at room temperature,

LUMO (-0.63 eV)

HOMO (~4.11 eV) HOMO-2 (—4.68 eV)

Fig.4 Key frontier orbitals of the anionic part of 4. Left: LUMO. Middle:
HOMO. Right: HOMO-2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Left: Reactivity of 4 with methyl iodide. Right: Solid-state
structure of 5 (right). The ‘Bu and Dipp groups are simplified as wire-
frames and hydrogen atoms are omitted for clarity. Thermal ellipsoids
are set at the 30% probability level. Selected bond lengths (A) and
angles (°): Gel-C48 1.9281(18), Gel-N1 1.8908(15), Gel-N2
1.8901(15), Ge1-N3 1.8425(14), C1-N11.409(2), C7-N2 1.412(2), C6—
N3 1.401(2), C12-N3 1.399(2), C1-C6 1.392(2), C7-C12 1.396(2), N1-
Gel-C48 105.00(7), N2-Gel-C48 104.84(7), N3-Gel-C48
105.00(7), N1-Gel-N2 141.84(6), N1-Gel-N3 86.14(6), N2—-Gel-N3
86.59(6).

and no reaction was observed, supporting its high LUMO in
energy. However, reaction of 4 with one equivalent of methyl
iodide in THF at room temperature completed within minutes
to give compound 5 in 70% yield (Fig. 5). The “C{'H} NMR
spectrum of 5 displays a typical signal for the terminal methyl at
—1.47 ppm (Fig. S10%). Single-crystal diffraction revealed
a puckered, bicyclic C;N;Ge skeleton with a distorted tetrahe-
dral Ge(wv) center.

Moreover, treatment of a THF solution of 4 with stoichio-
metric amounts of sulfur at ambient temperature or selenium at
90 °C overnight produced, after removal of the solvent, 6 and 7,
respectively, in moderate yields (Scheme 3). Spectroscopically,
the "H NMR spectra of 6 and 7 exhibit almost identical reso-
nances for only one set of Dipp and annulated arenes (Fig. S13
and S18t), demonstrating their isostructural and symmetrical
natures in solution. The "’Se NMR spectrum of 7 displays
a singlet at —271.93 ppm (Fig. S23%), which is comparable to
those of tetracoordinate germanium(iv) complexes with polar
Ge=Se bonds." Structurally, 6 and 7 are also isostructural in
the solid-state and exist as a dimer with the anionic units linked
by the interactions between the potassium cation and the
chalcogenide and aryl groups (Fig. 6). The germanium centers
in 6 and 7 are coordinated in a distorted tetrahedral geometry
by three nitrogen atoms and one chalcogenide. Upon oxidation,

By ) ) Bu
Pipp - Dipp,
1/g Ss /NN
or N K N
1N
1/6 Ses \ I’ b /
4 —> 112 N—Ge=c} Gh=Ge—N
THF [ NG\
hn K w0
\D. L N /
Bu PP Dipp Bu

Ch=S, 6 (62%); Ch = Se, 7 (58%)

Scheme 3 Reactivity of 4 with elemental chalcogens.
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Fig. 6 Top: Solid-state structure of 6. Bottom: Solid-state structure of
7. The ‘Bu and Dipp groups are simplified as wireframes and hydrogen
atoms are omitted for clarity. Thermal ellipsoids are set at the 30%
probability level. Selected bond lengths (A) and angles (°) for 6: Gel-S1
2.1097(8), Gel-N11.917(3), Gel-N2 1.916(3), Gel-N3 1.857(3), K1-S1
3.1094(11), K1-S1’ 3.1491(10), C1-N11.394(4), C1-C6 1.394(4), C7-N2
1.396(4), C7-C12 1.395(4), C12-N3 1.403(4), N3-Gel-S1 142.98(8),
N1-Gel-N2 139.16(11), N1-Gel-N3 84.41(10), N2-Gel-N3
84.41(10). Selected bond lengths (A) and angles (°) for 7: Gel-Sel
2.2595(12), Gel-N1 1.928(3), Gel-N2 1.934(3), Gel-N3 1.872(3), K1-
Sel 3.2541(17), K1-Sel’ 3.2477(17), C1-N1 1.410(4), C1-C6 1.399(4),
C7-N2 1.406(4), C6—-N3 1.395(3), C12-N3 1.400(3), C7-C12 1.401(4),
N3-Gel-Sel 14351(8), N1-Gel-N2 140.30(11), N1-Gel-N3
84.52(10), N2—-Gel-N3 83.59(10).

all of the Ge-N bond distances in 6 (avg. 1.897 A) and 7 (avg.
1.911 A) are contracted relative to those (avg. 1.974 A) in 3 and
are in the normal range for a germanium(iv) complex, while the
C-N and C-C bond lengths in fused C,N,Ge five-membered
rings are slightly elongated and shortened, respectively, and
are consistent with the C-N single bonds and aromatic phenyl
ring, indicating that the oxidation process occurs at the
germanium center accompanied by somewhat intramolecular
electron-transfer from the metal centers to the ligands. Notably,
the terminal Ge=Ch bonds (Ch = S, 2.1097(8) A in 6; Ch = Se,
2.2595(12) A in 7) are somewhat longer than those typical Ge=
Ch double bonds,* but are significantly shorter than the Ge-Ch
single bonds (~2.26 A for Ge-S and ~2.39 A for Ge-Se bonds)*
and comparable to the terminal Ge=Ch double bonds (2.12 A
for [Ge,S10]' and 2.247-2.287 A for [Ge,Se;0]*”) of inorganic
adamantine-like anions [Ge,Ch,,]*",** suggesting the existence
of polarized (or formal) Ge=Ch double bonds in 6 and 7.
Notably, 6 and 7 represent the first examples of organic anions

Chem. Sci., 2023, 14, 5722-5727 | 5725
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bearing terminal Ge=Ch double bonds,*>*® which are isoelec-
tronic to the well-known R;Pn=Ch."”

Conclusions

More than three decades after the discovery of the T-shaped
planar group 15 compound, this work demonstrates that its
isoelectronic group 14 anion analog 4 is isolable as well.
Compound 4 is prepared from the reduction of the germanium
dichloride radical species 3 bearing a trinitrogen pincer ligand.
X-ray diffraction studies and DFT calculations reveal that the
germanium center in 4 possesses both a vacant 4p orbital and
two lone pairs of electrons. The higher HOMO and LUMO of 4 in
energy relative to its pnictogen analogues and the N-
heterocyclic germylene suggest its relatively stronger nucleo-
philicity and weaker electrophilicity. Reaction of 4 with Mel
gave the methyl-substituted complex 5 and oxidation of 4 with
elemental chalcogens readily afforded unpresented organic
anions 6 and 7 bearing terminal Ge=Ch (Ch = S or Se) double
bonds. Moreover, the trinitrogen pincer ligand exhibits three
different oxidation states in the series of germanium
complexes: radical anionic form in 3, diimine amido form in 4,
and triamido form in 5-7, demonstrating its interesting redox-
active properties, which is common for transition metal
complexes but is rarely reported for main group elements.
Based on these findings, this geometrically constrained non-
innocent trinitrogen ligand could be viewed as a potentially
suitable building block to stabilize other T-shaped planar group
14 species, which is in progress in our laboratory.
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