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Redox-active ligands provide alternative reaction pathways by facilitating redox events. Among these, tri-
dentate bis(piridylimino)isoindole (BPI) fragments offer great potential, though their redox-active behav-
iour remains largely underdeveloped. We describe herein a family of BPI germanium(i) complexes and the
study of their redox properties. Amido complexes (RBPI)Ge[N(SiMes),] 1-R (R = H, Me, Et) showing a k-
Npy.Niso coordination to the germanium(i) centre were prepared. In contrast, chloride derivatives (RBPI)
GeCl, 2-R, display dynamic k- Ny, Niso,Npy coordination to the metal centre. The addition of silver bis(trifl-
uoromethane)sulfonimide to compound 1-H generates a dinuclear complex, 3, where the silver atoms
are bound to the germanium and one of the imine nitrogen atoms of another BPI fragment. The
reduction of 2-R with KCg generates dinuclear complexes (4-R) characterized by the formation of new
C-C bonds between the isoindoline five-membered rings of two different BPI ligands via a radical
mechanism, a transformation that does not take place in the absence of germanium. Interestingly, com-
putational and spectroscopic studies support that the reduction takes place exclusively over the RBPI
ligand. Strikingly, the newly formed C-C bond is also readily cleaved. Thus, subsequent reduction of 4-R
(R = H, Me) using additional KCg affords dinuclear species 5-R, with polymeric structures between potass-
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Introduction

The ambiphilic nature of low-valent germanium compounds,
with germylenes as prototypical motifs, has attracted signifi-
cant attention over the last decades.”” Undoubtedly, the reco-
gnition that these compounds have the potential to mimic
some of the reactivity of transition metals has sparked con-
tinuous and growing interest in recent times.? This is exempli-
fied by oxidative addition reactions” or, for instance, the hydro-
boration of carbonyl compounds.” However, the difficulty
involved in achieving reductive regeneration of low-valent ger-
manium after oxidative processes has hampered the design of
redox cycles based on germanium. To overcome this, a devel-
oping strategy entails the incorporation of a transition metal
that unlocks reductive processes by cooperation with the ger-

Instituto de Investigaciones Quimicas (I1IQ), Departamento de Quimica Inorgdnica,
Facultad de Quimica, and Centro de Innovacion en Quimica Avanzada
(ORFEO-CINQA), Consejo Superior de Investigaciones Cientificas (CSIC) and
Universidad de Sevilla, 41092 Sevilla, Spain. E-mail: jesus.campos@iiq.csic.es

T Electronic supplementary information (ESI) available. CCDC 2403134-2403143.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4dt03489a

This journal is © The Royal Society of Chemistry 2025

ium atoms and the corresponding dinuclear Ge,(RBPI,) fragments.

manium site,® a research avenue that we have pursued over the
last years.” ™

Alternatively, an underdeveloped approach to enable challen-
ging redox processes in main group elements is the use of
redox-active ligands, which can offer alternative redox path-
ways.'® Among the wide variety of redox-active ligands, a recent
report by Breher and co-workers demonstrates the potential of
widespread bis(pyridylimino)isoindolide (BPI) ligands as redox-
active fragments. In the aforesaid study, the authors were
capable of isolating and characterizing up to three different
redox states for the same motif."" Despite these results and
their known phosphorescent and electronic properties,'**® the
use of BPI metal compounds that exploit the redox features of
the ligand remains underdeveloped. Nonetheless, they have
been used as ancillary ligands with f-block metals’® and tran-
sition metal complexes having applications in redox flow
batteries,®®*" water-splitting,*>** homogeneous catalysis,”*>®
and polymerase mimics.>**® However, BPI complexes of main
group metals have been scarcely developed, and as far as we
know only a few examples containing aluminium,** boron,
gallium and indium have been described.**

On these grounds, we questioned whether we could use
non-innocent BPI ligands to stabilise low-valent germanium
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compounds with the aim of opening the gates to a new series
of main group complexes able to perform reversible redox
chemistry. Therefore, in the present work we report the syn-
thesis, characterization and computational studies of a series
of BPI germanium complexes and their redox reactivity.

Results and discussion
Ge(u) mononuclear BPI complexes

We started our investigation by synthesizing the 1,3-bis( pyridyli-
mino)isoindoline derivatives "BPI (R = H, Me, Et). We hypoth-
esized that modifying the 6-position of the lateral pyridine rings
from hydrogen atoms to alkyl groups could offer a way of modify-
ing the binding modes to low-valent germanium complexes. The
ligands were prepared using a modification of Siegl’s method
starting from phthalonitrile and the corresponding aminopyri-
dine.** For the ethyl substituent, the synthesis of "BPI from
6-ethyl(2-aminopyridine) requires increasing the temperature
and the use of n-hexanol as solvent.>® Next, we treated the BPI
derivatives with Lappert’s bis-amido germylene Ge[N(SiMe;),], *°
as the germanium source, affording the germanium amido
derivatives ("BPI)Ge[N(SiMej;),] 1-R as dark-orange solids in good
yields (67-83%) (Scheme 1). The basicity of the silylamido
ligands in the Ge(u) precursor avoids the need for external base
to deprotonate the isoindoline nitrogen atom of the BPI ligand.

Compounds 1-R are stable in dried and degassed solutions
of benzene for several days allowing their spectroscopic charac-
terization. The "H-NMR spectrum in benzene-ds of 1-Me exhi-
bits two singlets, at 2.70 and 2.38 ppm, corresponding to two
non-equivalent methyl groups and 10 signals in the aromatic
region from 8.05 to 6.09, corresponding to the isoindole and
pyridine protons (see ESI} for details). The spectroscopic data
indicate a non-symmetric structure of the molecule, which is
consistent with a KZ-NiS(,,pr-coordination of the BPI ligand, as
reported by Gade for (BPI)iridium(i) complexes.’”*® The «*
coordination was confirmed by X-ray diffraction analysis of
single crystals of complex 1-Me (Fig. 1).

The germanium(u) centre shows a pyramidal geometry with
the nitrogen atoms of the isoindoline (Ge-N(3) = 1.965(2) A)
and the coordinated pyridine (Ge-N(1) = 2.156(2) A) in the
same plane and the nitrogen atom of the bis(trimethylsilyl)
amido group exhibiting angles of 98.88(9)° (N(1)-Ge-N(6)) and
98.19(9)° (N(3)-Ge-N(6)). The arrangement of the uncoordi-
nated pyridyl unit is similar to that reported by Gade in
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NH o t N—Ge—N(SiMes),
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RHBPI 1-R

Scheme 1 Formation of complexes 1-R.
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Fig.1 ORTEP of 1-Me with 50% probability ellipsoids. Hydrogen atoms
were omitted and some groups were represented in wireframe for the
sake of clarity.

iridium(1) complexes where the 1,3-bis(2-(4-tert-butylpyridyli-
mino)-5,6-dimethylisoindoline) ligand coordinated in a k*-Npy,
Niso fashion.?” Since only one pyridyl group is coordinated, the
other can freely rotate. In fact, both groups undergo chemical
exchange in which only one of the two is bound to the germa-
nium atom at any given time. We carried out 2D-exchange
spectroscopy (EXSY) experiments to determine the confor-
mational exchange rates in the temperature interval 278 to
303 K. The corresponding Eyring plot (Fig. S407) yielded acti-
vation parameters of AH* = 17 + 2 kcal mol™, AS* = 5 + 8 cal
mol™ K™%, and AG}y, = 16 + 1 keal mol™?, consistent with the
process taking place at room temperature.

In order to test whether a pincer x*-N,N,N-geometry would
be possible, we decided to use GeCl, as germanium source,
hoping that the smaller chloride substituents would allow for
the weak interaction of the second pyridyl group. The desired
geometry was indeed obtained in a two-step synthesis adding
potassium bis(trimethylsilyl)amide as a base and, sub-
sequently, germanium(u) chloride dioxane adduct to afford the
mononuclear derivatives ("BPI)GeCl, 2-R (Scheme 2) as orange
powders in 60-70% yield.

As expected, the "H NMR spectrum of 2-H shows half the
number of signals than that of 1-H, due to the symmetry of the
new pincer-type compound. The KS-pr,NiSD,pr coordination
of the germanium centre to the "BPI ligand was further con-
firmed by X-ray diffraction analysis of single crystals obtained
from saturated THF solutions of compounds 2-R at —30 °C
(Fig. 2). Interestingly, the "H-NMR spectra of derivatives 2-Me

N A\
n— _ n— _
! NTNR  1)KHDMS, THF roNTN
NH N—GeCl
R 2) GeCl,-dioxane R
\ N \
N—¢ N

R =H, Me, Et

RHBPI 2.R

Scheme 2 Formation of 2-R.
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Fig. 2 ORTEPs of 2-H (left), 2-Me (middle), 2-Et (right) with 50% prob-
ability ellipsoids. Hydrogen atoms were omitted for clarity.

and 2-Et contain two sets of resonances, pinpointing to the
existence of an equilibrium in solution between the minor
compound bearing the KZ—NiSO,pr—coordination, related to
compounds 1, and the major species showing a k’-Npy,Niso,Npy
coordination of the ®BPI ligand to the germanium centre.
2D-EXSY experiments confirm the presence of this equilibrium
between both compounds (see Fig. S417). Not surprisingly, the
introduction of alkyl groups in the 6-position of the pyridine
rings affects the equilibrium, with the proportion of ki’
coordination increasing from a ratio of 1:2 to 1:1 from 2-Me
to 2-Et.

These spectroscopic observations align well with the crystal
structures of 2-R. Although we could only determine the struc-
ture of a single isomer for compounds 2-Me and 2-Et, their
structures reflect the increasing difficulties in accessing the «*-
Npy,Niso,Npy coordination of the *BPI ligand, showing a signifi-
cant torsion of the pyridyl units upon increasing the size of
the substituents at the 6-position (Fig. 3). The bond distance
between the germanium and the isoindole nitrogen atom is
similar in the three species (2-H, Ge-N(3) = 1.989(9) A; 2-Me,
Ge(1)-N(3) = 1.991(9) A, Ge(2)-N(8) = 1.964(8) A (two molecules
in the asymmetric unit); 2-Et, Ge-N(3) = 1.966(2) A). In con-
trast, the germanium-pyridine distances of 2-Me are between
0.02-0.14 A longer than the observed values of 2-H, and the
distances of 2-Et are between 0.06-0.15 A longer than the
values of 2-H. As stated above, these observations correlate
well with the additional peaks present in the NMR spectra dis-
cussed previously.

The capacity to coordinate two pyridyl groups prompted us
to investigate whether we could access a cationic germylene
[(BPT)Ge'] fragment stabilized by three N-based donors in a
pincer environment much alike its transition metal counter-
parts. To do so, we treated chloride derivatives 2-R with
common halide abstractors (i.e. silver salts, GaCl; and
NaBAr"); however, all attempts were unsuccessful, leading to
highly insoluble materials or affording mostly intractable mix-
tures. However, when the amido derivative 1-H was reacted
with 1 equivalent of silver bis(trifluoromethane)sulfonimide
the dimeric species [{("BPI)Ge(N(SiMe;),)}(u-Ag)]o(NTH), (3)
(NTf, = [N(SO,CF3),]") was formed (Scheme 3). Compound 3
was characterized spectroscopically by 'H and “*C{"H} NMR.
The '"H NMR spectrum exhibits a broad signal centred at
0.06 ppm in chloroform-d; at room temperature, which corres-
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Fig. 3 ORTEPs of 2-H (above), 2-Me (middle), 2-Et (below) with 50%
probability ellipsoids. Hydrogen atoms were omitted for clarity.
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Scheme 3 Synthesis of complex 3.

ponds to the eighteen protons of the fluxional SiMe; groups
on the amido ligands. Upon lowering the temperature of the
solution this resonance resolves into two singlets, one for each
pair of inequivalent SiMe; groups (Fig. S261).

Again, the asymmetry of this species is evident in the aromatic
region of the "H NMR spectrum, showing 12 different signals
between 8.55 and 6.63 ppm corresponding to the aromatic
protons of the BPI ligand. The - byNiso coordination of the BPI
ligand to the germanium atom was again supported by X-ray
diffraction analysis (Fig. 4). The geometry around the germanium
centre is tetrahedral, surrounded by the bridging silver atom and
the trimethylsilyl amido ligand. The Ge-Ag distances of 2.4041
(11) A and 2.4020(12) A are similar to those found in the
literature.**™*' The Ge-N(py) distances of 2.029(8) A and 2.171(8)
A lie in the reported range of 1.9-2.3 A for Ge-N(py) bonds.**™**

Reduction of germanium-BPI complexes

Cyclic voltammetry (CV) studies were performed on the germa-
nium(u)-BPI mononuclear complexes 1-H and 2-H in THF to
test their redox behaviour (Fig. 5). The voltammogram of the
amido derivative 1-H shows a quasi-reversible reduction event

Dalton Trans., 2025, 54, 3039-3046 | 3041
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Fig. 4 ORTEP of 3 with 50% probability ellipsoids. Hydrogen atoms and
NTf,™ anions were omitted for clarity.
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Fig. 5 [-3.5V; —-0.7 V] region of cyclic voltammogram of 3.0 mM THF

solutions of complex 1-H (blue) and 2-H (red) recorded in 0.1 M
[NBu4l[PFg] under N, at 25 °C, at a scan rate of 100 mV s™2, referenced
against Fc*/Fc.

at Epe, = —2.00 V (vs. Fe/Fc') associated with an oxidation
process at Ep,; = —1.64 V (Table 1) and a second quasi-revers-
ible reduction process (Epc; = —2.41 V and Ep,; = —1.97 V).
These observations are in agreement with the findings of
Breher for the reduced 1,3-bis-(4-methylpyridylimino) isoindo-
line complexes (Ej, = —2.06and —2.37V)."" In addition, a
third oxidation event whose nature we are not certain about
can be observed at E,.; = —1.18 V. In contrast, the chloride
derivative 2-H shows two irreversible reduction events at Ep; =
—2.01 and Ep,, = —2.68 V, not surprising considering the una-

Table 1 Reduction potentials for complexes 1-H and 2-H

Epal Epc2 Epa2 AEp “ Epc3 Epas AEp “
1-H -1.18 —2.00 —1.64 0.36 —-2.41 -1.97 0.44
2-H -1.31 -2.01 —2.68

a —
AE, = Epy — Epe.
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vailability of chloride ligands to coordinate back to germanium
(INBuy][PF¢] used as electrolyte). In turn, the oxidation pro-
cesses were barely detectable.

To better understand the aforediscussed redox features, we
conducted a computational study of the redox properties of
the germanium-BPI complexes using DFT calculations
(SMD-B3LYP-D3BJ/6-311+g(2d,p)/SMD-B3LYP-D3B]/6-31+g(d,
p); see the ESIf for details).”> Our calculations reproduced the
experimental solid-state geometry of 2-H, where the BPI ligand
coordinates to the germanium atom in a KS-pr,NiSO,pr
fashion. Localized orbital analysis (NBO)*® of the bonding in
this species is consistent with a germanium(u) formulation.
Specifically, the germanium atom has one s lone pair and
three predominantly p vacant orbitals: one along the N,,-Ge-
Ny, axis accepts electron density from both pyridyl fragments,
and the other two located on the perpendicular plane receive
electron density from the chlorine and N, atoms (see
Fig. S04f). Considering the canonical MOs, the HOMO
involves a o* combination of one sp-hybrid orbital from the
germanium and orbitals of the Ny, Nis,, and chlorine atoms.
The LUMO is part of the n-system of the BPI, with no signifi-
cant germanium orbital contribution. Analysing the frontier
orbitals of the reduced form, 2-H™, reveals that the SOMO
spatially aligns with the LUMO of 2-H. In addition, the spin
density is localized on the BPI ligand (Fig. 6). Similar results
were obtained for 1-H and 1-H™. For these species two confor-
mers were considered, differing in the coordination mode of
the BPI ligand: &*-Npy,Niso,Npy, and k*-Npy,Nigo. Calculations
indicate that both are nearly isoenergetic, with the latter being
slightly more stable by approximately AG® ~—1.5 kecal mol™
(Fig. S067).

We also calculated the redox potentials of the pairs, 1-H™/1-
H, 2-H /2-H, and BPIGe'/BPIGe relative to the first reduction
of the BPI ligand (see the ESIf for details). For the first two
pairs, the calculated potentials are —2.01 V, and —1.90 V,
respectively. However, the calculated redox potential for the
BPIGe'/BPIGe pair is —1.23 V. These results support that the
first reduction events seen in the CV experiments for 1-H and

Fig. 6 Spin density (left, 0.004 a.u. isovalue) and SOMO (right, 0.06 a.u.
isovalue) of the reduced form of 2-H, 2-H™.

This journal is © The Royal Society of Chemistry 2025
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2-H correspond to one-electron reduction processes taking
place at the BPI ligand.

With all this information in hand, we next moved to investi-
gate the actual synthesis of reduced forms of BPI-germanium
species. Therefore, complexes 2-R (R = H, Me, Et) were
each treated with 1 equivalent of potassium graphite KCg as
the reducing agent (E[K'/K] = —2.93 V). Intriguingly, these reac-
tions afforded the exotic dinuclear species 4-R in around 60%
isolated yields, characterized by the formation of a new
C-C bond across two BPI ligands from two different germylene
units (Scheme 4). Despite the vast coordination chemistry
of BPI ligands, a process alike has not been observed, though
it has reminiscence to other C-C coupling events observed in
other pyridine-based ligands.””>> Importantly, when the
free BPI ligands were treated with KCg leading to their reduced
form,"" and then treated with germanium dichloride, no
trace of compounds 4 was detected. Therefore, the
germylene centres are pivotal in providing the template that
enables the selective C-C coupling event that is further dis-
cussed below.

Compounds 4 were characterized spectroscopically by "H
and "C{'H} NMR. The former clearly evidences that the *BPI
ligand has undergone a transformation, as the chemical shifts
of the pyridyl protons have shifted compared to both 1-R and
2-R. Interestingly, the ">C{"H} NMR spectra of 4-R species each
show a singlet at 94.3-94.4 ppm (see ESIT for details). These
signals correspond to new quaternary carbon centres that are
formed via C-C coupling during the reduction of the ®BPI
ligand. The structure of these complexes was confirmed by
X-ray diffraction analysis of single-crystals obtained by slow
diffusion of pentane into saturated toluene solutions of com-
plexes 4-R. The unusual geometry of compound 4-H (Fig. 7)
exhibits a new carbon-carbon bond (1.63(2) A) between both
HBPI ligands forming a new five-membered heterometalacycle
with the germanium centre in one of the apexes of the penta-
gon. The germanium atom remains bound to the nitrogen
atoms of the pyridyl ring and the isoindoline ring; however, a
new bond between it and the nitrogen atom of the imine frag-
ment of the other "BPI ligand is formed. As stated above, the
formation of this unusual carbon-carbon bond promoted by
germanium has to our knowledge no precedent, neither in the

7R
s s
/N 2KCq QN N ril "
— N—,
N=GeCl THF X Ge  Ge—NS
\ N N—N N
N—¢7 \\ {)/ RN
r R < knp
R =H, Me, Et 5-R
R=H, Me
4R
R=H, Me, Et
Scheme 4 Synthesis of 4-R and 5-R.
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Fig. 7 ORTEP of 4-H with 50% probability ellipsoids. Hydrogen atoms
were omitted for clarity.

BPI nor in the germanium chemistry. Comparison of the
crystal structures of the dinuclear species 4-H and the mono-
germanium precursor 2-H reveals that whereas the C-N bond
distances of the iminopyridine are similar, the C-N bond dis-
tance of the imino-isoindoline unit has been elongated by
0.14 A, from 1.303(13) (C(6)-N(2)) A in 2-H to 1.441(14) (C(1)-N
(2)) A in 4-H. This indicates that the C(1)-N(2) double bond
character in 4-H is lost due to the reduction of the "BPI
ligand. Similar structural features were observed for structures
4-Me (Fig. S017) and 4-Et (Fig. S027).

In line with our electrochemical studies, the reduced pro-
ducts 4-R (R = H, Me) can be further reduced using 1
additional equivalent of KCg per germanium in THF at room
temperature. This leads to the formation of new deep purple
dinuclear germanium(u) species, 5-R. Despite the low solubi-
lity of these compounds, "H NMR spectroscopic characteriz-
ation of 5-Me in THF-dg reveals the existence of coordinated
tetrahydrofuran molecules and the presence of two different
methyl signals at 2.69 and 2.27 ppm. X-ray diffraction analyses
of 5-H (Fig. 8) and 5-Me (Fig. S03t) confirm that the coordi-
nation mode of the BPI ligand is similar to 4-R, with a KZ-NPy,
Niso coordination of the ligand to one of the germanium
centres and a k'-Nimine coordination to the other germanium
atom. Strikingly, the incorporation of two additional electrons
into these dimers triggers the cleavage of the previously
formed C-C bond between the two “BPI ligands. The coordi-
nation of potassium atoms bridging the reduced Ge("BPI)
units completes the structure and results in the appearance of
coordination polymers. A related BPI coordination polymer
has been observed in the reduced potassium species reported
by Breher, where the reduced 1,3-bis(4-methyl-pyridylimino)
isoindole ligand crystallises as a coordination copolymer of 4'-
MeBPI and 18-crown-6 moieties between potassium ions.''
Analysis of the bond lengths in 2-H and 5-H reveals that the
double bond character between the imine nitrogen atoms and
the five-membered ring isoindoline carbon atoms in 2-H has
been formally reduced with two electrons. The C(6)-N(2) bond

Dalton Trans., 2025, 54, 3039-3046 | 3043


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03489a

Open Access Article. Published on 03 January 2025. Downloaded on 11/4/2025 5:31:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 8 ORTEP of 5-H with 50% probability ellipsoids. Hydrogen atoms
and tetrahydrofuran were omitted for clarity.

distance has been lengthened by 0.07-0.09 A, and the C(13)-N
(4) bond distance has been increased by 0.13-0.15 A.

The structure of 5-H can be better understood by analysing
the resonance forms of the [BPI]*” anion. The first one
(Scheme 5, left) contains one formal charge on a bridging
nitrogen that has amide character. That could be the reason
why the isoindolinic and pyridinic nitrogen atoms coordinate
to one of the germanium centres, whereas the amidic nitrogen
atom coordinates to the second germanium atom. The reso-
nance forms are consistent with the bond distances found in
the X-ray structure of 5-H. For example, the bond length
between the iminic nitrogen and the pyridine carbon, C(5)-N
(2), of 1.314 A, is in agreement with the double bond character
of the resonance form. On the other hand, this result contrasts
with the reduced BPI-potassium structure that Breher
reported,'® which could be explained by the second resonance
form (Scheme 5, right). In this line, our reported structure con-
tains two pyridine nitrogen anions coordinated to the potass-
ium cations. The formation of the dimeric species 5-H could
explain the irreversibility of the redox process observed on the
cyclic voltammetry of 1-H and 2-H derivatives. Unfortunately,
CV of the reduced products could not be analysed due to
decomposition of the complexes under the redox conditions.
Similarly, attempts to reoxidize compounds 5 towards 2 or 4

0 N\ =
N /N/ N=N /
o
N0 —— ~ NO©
~ o ~ o
N N
N=" N=C \
a [BPIJ> a

Scheme 5 Resonance forms for the [BPII3~ trianion.
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lead to complex mixtures where hydrolysis products were
formed in considerable amounts.

To further characterize the reported structures and their
nuclearity we performed diffusion ordered spectroscopy
(DOSY) experiments on THF solutions of the methyl deriva-
tives 2-Me, 4-Me and 5-Me (Fig. S42-44 in the ESI}). The
diffusion coefficient of the potassium-bridged species 5-Me
(6.46 x 107" m*® s7') is similar to that of the carbon-carbon
bound dimer 4-Me (7.58 x 107'° m? s7"). These data indicate
that, although the potassium atoms bridge Ge("BPI) units in a
polymeric fashion in the solid state, the structure is dimeric in
solution and solvated by THF molecules. The possibility of
using other non-coordinating solvents to maintain the poly-
meric structure was prevented due to high insolubility. In
addition, the value of the diffusion coefficient of the mono-
meric species 2-Me (1.02 x 10~° m* s7') is consistent with its
smaller size in comparison with the dinuclear species 4-Me
and 5-Me. The estimated hydrodynamic radius of 2-Me calcu-
lated using the Stokes-Einstein equation (4.69 A) is also con-
sistent with the estimated value for the dimeric species 4-Me
of 6.31 A and that of the dinuclear potassium-bridged complex
5-Me (7.41 A).

The formation of 5-Me from 4-Me using 1 equivalent of KCg
was monitored by "H-NMR spectroscopy using hexamethyl-
benzene as internal standard, with spectroscopic yields of 60%
(Fig. S377). Treatment of the chloride derivative 2-R (R = H,
Me) with 2 equivalents of KCg allows the potassium-bridged
dimer 5-R to be obtained in a single step, in similar yields,
without the need to isolate the 4-R intermediate. Treatment of
the amido derivative 1-R with 1 equivalent of the reductant
does not afford a clean reaction; however, the addition of 2
equivalents of KCg does afford the synthesis of 5-R, albeit in
lower yields than from the chloride derivative.

Our joint electrochemical and computational studies
suggest that the reduction takes place at the BPI ligand,
without direct participation of germanium. In the same vein,
the C-C coupling event leading to compounds 4 further pin-
points the formation of two C-based radicals that are
quenched in solution. With the aim of detecting these ligand-
based radical intermediates, we conducted EPR spectroscopic
experiments. Gratifyingly, these investigations allowed us to
detect the radical intermediate that forms during the reaction
between 2-H and a reductant (Fig. 9). We first attempted to
monitor by EPR the reaction between 2-H and KCg. However,
with such a strong reducing agent the reaction is extremely
rapid even at low temperature and we could not observe any
signal. In contrast, the use of a solution of Jones’ quasi-univer-
sal reductant Mg('PPNacNac)®® afforded control over the
reduction to 4-H at low temperature and detection of the
radical, showing a resonance with a g value of 2.0065 (THEF,
77 K, Fig. 9). This value is in agreement with the observations
of Breher for the reduced 4-MeBPI potassium complex men-
tioned above.'* Due to the low concentration of the intermedi-
ate, a modulation amplitude of 1 G had to be chosen in order
to observe the signal. Due to this, the putative hyperfine coup-
ling could not be observed. The temperature of the sample was

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 EPR spectra of the reaction upon combining 2-H and Mg
(NacNacP™®P) in THF (10~* M, modulation amplitude: 1 G, 9.635588 GHz,
77 K, 32 scans, g = 2.0065).

increased to RT to let the reaction finish, and subsequent
measurement of the refrozen sample by EPR reveals the vir-
tually complete disappearance of the paramagnetic intermedi-
ate (due to evolution into diamagnetic species 4-H).

Conclusions

In summary, we have synthesized and structurally character-
ized a family of germanium(u) complexes containing bis(pyri-
dylimino)isoindoline (*BPI) ligands with different alkyl groups
at the 6-position of the pyridyl unit. Using precursor Ge[N
(SiMes),], leads to BPI-complexes coordinating in a bidentate
fashion, whereas precursor GeCl, yields variable ratios of
bidentate vs. pincer-type coordination. Access to cationic Ge(u)
species was hampered by solubility, but a dimeric species con-
taining silver bridges between both ("BPI)Ge units could be
isolated and characterized. Electrochemical and compu-
tational studies support two feasible reductions strictly
centred at the BPI ligands, as corroborated by reactivity studies
and EPR spectroscopy of a transient intermediate. However,
the presence of germanium imparts a unique chemistry that
does not take place in its absence, acting as a template for the
selective formation of new C-C bonds between two BPI units
upon reduction with KCq. Moreover, subsequent addition of a
second equivalent of KCg allows a second reduction of the BPI
ligand that triggers the cleavage of the previously formed C-C
bond yielding a coordination polymer. Although this rather
unusual formation and cleavage of C-C bonds occurs relatively
far from the germanium centres (>3 A), their presence is
pivotal, offering potential pathways to temper the radical

This journal is © The Royal Society of Chemistry 2025
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chemistry of redox-active ligands by using main group
elements as templating motifs.
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