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Reaction of chelating cationic germylene ligand [P"PDipGel* (1; P"PDip = {[Ph,PCH,Si(Pr),1(Dip)N}; Dip
2,6-'Pr,CeHs) with the NHC-stabilised Co® system [IPr-Comp-vtms)l (IPr = [(HICN(DIp)C]; vtms =
C,Hs(SiMes) gives ready access to the first example of an open-shell metallo-germylene in high yields, in
T-shaped Co complex 2. The Co centre in 2 is found to have a low-spin d’ electronic structure which

bears a high-spin density of the single unpaired electron in this complex, corroborated by SQUID
magnetometry, EPR spectroscopy, and quantum-chemical calculations. Detailed analysis of the electronic
structure of 2 establishes the electron-sharing covalent nature of the germanium cobalt interaction. Still,
the pathway to 2 is not trivial: at first glance, it seems as though complex 2 is formed via a simple insertion
of Co° into the P-Ge bond in 1. However, modifying reaction conditions leads to the isolation of

fragments of complex 2 (viz. 3, 4, and 5), all of which are fully characterised. It is ultimately found that
Received 11th June 2025 these arise from the initial formation of dimeri ium() species 7, formed by reduction of 1 by Co®
Accepted 13th September 2025 ese arise from the initial formation of dimeric germanium() species 7, formed by reduction o y Co”.
Depending on stoichiometry, 7 reacts with intermediary Co' species forming fragments 35, or the target

DOI: 10.1039/d55c04265h cobalto-germylene 2. These results thus demonstrated that 2 is in fact formed via the homolytic
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Introduction

The nature of the bonding between low-valent heavier group 14
elements and d-block metals has long been of interest,'*
particularly in observing both trends and differences with well
described carbon chemistry."”* This has often focused on the
formation of multiple TM-E bonds (TM = transition metal; E =
Si-Pb),"* given that elements E are more reluctant to partake in
multiple bonding relative to C,**** leading to the isolation of
a number of tetrylidyne species bearing formal TM-E triple
bonds, which can be directly compared with the well-established
carbon congeners, ie. alkylidynes. As for the latter, heavier
tetrylidyne derivatives typically bear a linear TM-E-R geometry
(Fig. 1(a)).**"” These demonstrate exemplary 1,2-addition and [2
+ 2] cycloaddition chemistry,'®?® again aligning with carbon
congeners. At the other bonding extreme, singly-bonded metallo-
tetrylenes can be formed with a bent TM-E-R geometry (viz.
Fig. 1(a)),">** most often due to electronic saturation of the TM
centre, e.g. with donor ligands. Closed-shell examples of metallo-
germylenes are known for a handful of TMs, namely Cr'/Mo"/
W 15192426 pell 27,28 pll 29 and 7n' 3 The closest such species to
group 9 metallo-tetrylenes are those recently reported by
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metathesis of a Ge'-Ge' bond at Co', so opening an unprecedented route to such metallo-tetrylenes.

Wesemann et al., viz. A and B (Fig. 1(b)),**** which bear formal
multiple Ge-M bonds (M =Ir, Co), and either a cationic Ge centre
(A) or a [Ge-H-Co] bridging hydride ligand (B). Whilst these are
certainly highly interesting complexes, they cannot be unam-
biguously described as metallo-tetrylenes, i.e. a divalent tetryl
centre bound by at least one metallo-ligand. Notably, singlet
groundstate metallo-carbene derivatives were discovered as
recently as 2022,*>3* and triplet derivatives only in 2024.%
Though a very small number of open-shell tetrylidyne species are
known,*® to the best of our knowledge no open-shell metallo-
tetrylenes have been reported for Si-Pb, therefore representing
an unexplored space in reactive p-block-TM complexation. In
order to divulge the chemistry and electronic nature of such
species, then, new synthetic protocols should be explored.

Both tetrylidyne and metallo-tetrylene compound classes
typically bear a covalent TM-E bond, and for tetrylidyne species
additional dative E — TM bonding and concomitant back-
bonding.> We have recently demonstrated that cationic tetryl-
enes with a low coordination number, in conjunction with
enforced geometric constraints through chelation, leads to the
formation of rare T-shaped Ni° systems in which the cationic
tetrylene ligand switches from an L-type to a Z-type ligand, now
accepting electron density from Ni® (C and D, Fig. 1(b))."” A
similar phenomenon has also been observed in both neutral
and cationic silylene-Ni systems reported by Kato et al.,*** as
well as in amidinato-tetrylene complexes.*** We aimed to
explore similar methodologies utilizing an open-shell T™M
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Fig.1 (a) Classical isomers for neutral tetrylidyne species; (b) reported
systems closest in electronic nature to group 9 metallo-tetrylenes (A
and B), and geometric strain leading to Z-type tetrylene complexes (C
and D); (c) this work. L = NHC ligand.

synthon, ultimately targeting open-shell tetrylene complexes
which cannot form multiple E-TM bonds, and potentially giving
access to the novel compound class of open-shell metallo-
tetrylenes by formal addition reactions at TM.

Herein we describe utilizing this strategy in low-valent cobalt
chemistry, in which the formal insertion of Co° into the P-Ge
bond in 1 generates an unprecedented open-shell metallo-
germylene featuring a 3-coordinate T-shaped Co" centre, with
a low-spin d’ electronic configuration (Fig. 1(c)). Although this at
first appears as a simple addition of the cationic germylene to
cobalt, numerous fragments of the target complex, arising largely
from ligand P-C activation and reductive coupling processes, are
isolated when reaction times are shortened, signifying a more
complex mechanism. This ultimately leads to the finding that an
initial reduction pathway proceeds, forming a digermyne
congener, which then undergoes oxidative metathesis of the Ge-
Ge bond at Co' in forming the final cobalto-germylene. The uni-
que electronic nature of this central species is uncovered through
EPR spectroscopy, SQUID magnetometry, and in-depth compu-
tational analyses, marking an important new entry into the
coordination chemistry of group 14 and late 3d-metals.

Results and discussion

Synthesis and characterisation of an open-shell cobalto-
germylene

We have recently demonstrated the utility of reported
[IPr-M(n,-vtms),] (IPr = [(H)CN(Dip)C:]; vtms = C,H;(SiMe3); M
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Scheme 1 Synthesis of cobalto-germylene complex 2.

= Ni, Fe) complexes as efficient [IPr-M] transfer reagents.?”**

We therefore targeted related chemistry with Deng's [IPr-Co(n,-
vtms),].** Addition of toluene to rapidly stirred and pre-cooled
(—80 ©°C) solid mixtures of [F™’DipGe][BAr"y] (1)”

[IPr-Co(n,-vtms),] (Scheme 1) led to an initial rapid colour
change to dark green, becoming deep red upon warming to
room temperature. After a further 12 h of stirring, the initial
deep green colouration is restored. *'P{'H} NMR spectra for
crude reaction mixtures are silent, indicative of the formation of
a paramagnetic product. Removal of volatiles from these deep
green mixtures and addition of pentane led to formation of
large dichroic deep red—green crystals, X-ray structural analysis
of which revealed the cationic Ge-Co complex 2 (Fig. 2), in
which a distinct T-shaped geometry is observed at Co, isolated
in up to 81% yield. This species represents a novel electronic
situation for group 14 - cobalt complexes, given the low-
coordinate nature of both Ge and Co, as well as the
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Fig.2 The molecular structure of the cationic part in 2, with ellipsoids
at 30% probability and hydrogen atoms omitted for clarity. Selected
bond lengths (A) and angles (°): Gel-Col 2.303(1); P1-Col 2.235(2);
Col1-C321.974(6); N1-Ge11.860(6); C32-Co1-P1167.6(2); N1-Gel-
Co1109.3(2).
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aforementioned T-shaped geometry. Generally, the dearth of
base-free germylene-cobalt complexes, and indeed low-valent
tetryl element-cobalt complexes in general, allows for little
comparison with literature known systems. Complex 2 is
perhaps best compared with Wesemann and co-worker's
recently reported hydrido-germylene adduct of Co’, [Ar*Ge(u-H)
Co(PMej3)s] (B),* T whereby complex 2 differs in being geomet-
rically constrained, more electron deficient, and indeed bearing
a cationic charge. I Complex 2 contains a long Ge-Co bond
distance of 2.303(1) A, extended significantly from that in
doubly-bonded B (d = 2.1918(4) A), and closer to those seen in
based-stabilised-germylene adducts of [Co,(CO),] (n = 4, 5).* A
narrow N-Ge-Co angle of 109.3(2)° (viz. 145.2(1)° in B) would
also imply a lone-pair of electrons at Ge. This is particularly
apparent when comparing this angle to that in our T-shaped Ni°
complex A (109.7(1)°), in which the cationic germylene formally
behaves as a Z-type ligand. This angle is significantly contracted
relative to that in formally L-type germylene systems utilising
the same ligand backbone (e.g. """Dip(Ar)Ge-Ni-IPr; 116.26~
118.16°).* Finally, the CNHC-Co-P angle of 167.6(2)° aligns
with that in the few known T-shaped Co' complexes.**>* § One

View Article Online
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additional structural observation relates to the central 6-
membered [GeCoPCSiN] ring in this complex, which forms
a boat-conformation; this is apparently due to a strong agostic
interaction between one ‘Pr-CH moiety and the Co centre (dgo-
16 = 2.663 A; Fig. 546 in SI), which lends additional stability to
the low-valent Co centre. Key information pertaining to the
electronic nature of 2 was acquired through SQUID magne-
tometry and EPR spectroscopy, in addition to computational
analyses (Fig. 3). The magnetic moment ascertained by SQUID
magnetometry (uer”"® = 2.83 up, Fig. 3(a)) is somewhat higher
than would be expected for the spin-only value of an § =1 spin
system (i.e. 1.73 pp), likely due to spin-orbit coupling, a known
effect for tetryl element complexes of the first-row TMs.>*** q
This effect is lessened in homogenous solutions of 2 as shown
by the Evans method (ue**® = 2.1 pg), yielding values which
align with either a low-spin d” (i.e. Co™) or a d° (i.e. Co°) system.
A linear increase in the inverse of the molar susceptibility vs. T
yields a linear plot which intersects at 0 K (Fig. S3 in SI),
indicative of typical Curie-Weiss paramagnetic behavior. The X-
band EPR spectrum collected using a frozen toluene glass of 2 at
133 K yielded a somewhat broadened but resolved rhombic
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Fig. 3

(a) Plot of the magnetic susceptibility of 2 vs. temperature; (b) the experimental (red line) and simulated (dashed line) EPR spectrum for

a toluene glass of 2 at 133 K; (c) spin-density plot of 2 with Co and Ge natural spin populations (hydrogen atoms are not shown, for clarity); (d) a./
B averaged NLMOs representing an empty p-type orbital and a doubly occupied Ge-lone pair and two a- and B-NLMOs representing the Co-Ge
bond; (e) NLMOs representing non-bonding electron density in d-orbitals; results for doubly occupied orbitals were obtained by averaging over

the o and B spin orbitals.
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spectrum with clear hyperfine coupling to *°Co (Fig. 3(b)), and is
similar to reported examples of germyl-cobalt(u) systems.*®
Given the complexity of this spectrum, g-values and hyperfine
coupling constants were acquired from the fitted spectrum.
Here, g-values of 1.9569, 2.4210, and 2.4600, giving a giso of
2.2793, agree with a cobalt centred electron. Significant hyper-
fine coupling to *°Co is observable, with a smaller degree of
coupling to *'P (Table S1).

In-depth computational analysis of 2

For further insights into the nature of the germanium cobalt
interaction we performed quantum chemical calculations on
the full molecular system of 2. Initial DFT calculations resulted
in a UKS wave function with an increased ($*) value of 1.26 (0.75
is expected for a doublet), featuring strong spin polarization
about the Co-Ge bond vector in addition to the expected spin
density of the unpaired electron localized at the Co centre. In
keeping with the EPR data reported above, the spin density plot
in Fig. 3(c) shows significant spin density localized on Co,
amounting to ~75%, while ~25% spin density resides on
germanium. A natural bond orbital (NBO) analysis provides first
implications on the nature of the germanium-cobalt interac-
tion. The presence of an unoccupied p-type NLMO and an s-type
lone pair NLMO both localised at germanium illustrates the
germylene character of 2. Most notably, the presence of a single
lone pair NLMO at germanium (Fig. 3(d) and S25) rules out its
partaking in a dative Ge — Co interaction. Further, four non-
bonding NLMOs representing the Co 3d orbitals are found,
three doubly occupied, and the singly-occupied d,” orbital, i.e.
the spin carrying NLMO (Fig. 3(e)). This situation indicates
a formal Co"(d”) species. Two NLMOs represent the spin-
polarized germanium-cobalt interaction, an o NLMO polar-
ized towards cobalt and a § NLMO polarized towards germa-
nium (o and B NLMO shown in Fig. 3(d)).

We attribute the occurrence of this broken symmetry solu-
tion to the so-called primogenic repulsion:*”*° || Due to the
compact nature of the 3d orbitals in first-row TM complexes,
Pauli repulsion between the metal sub-valence shell and ligand
electrons leads to stretched bonds with poor orbital overlap,
generally increasing the importance of non-dynamic electron
correlation effects. In our case, this is further aggravated by size
mismatches of the interacting orbitals of cobalt and germa-
nium. The observed spin-polarisation in the Co-Ge bonding
region arises as a consequence of the pertinent strong non-
dynamic correlation effects, which are qualitatively captured
within approximate DFT by means of a broken-symmetry (BS)
character in unrestricted Kohn-Sham (UKS) wave function
representations. While such wave functions relate to clearly
unphysical spin densities, the corresponding electron densities
as such are qualitatively correct also for multireference (MR)
cases.*>%

For further scrutiny we performed explicitly correlated multi-
reference configuration interaction (MRCI-F12) calculations
based on Complete Active Space Self Consistent Field (CASSCF)
wave functions on a small molecular model as a benchmark (cf.
SI). An active space comprising five electrons in five orbitals was

20268 | Chem. Sci,, 2025, 16, 20265-20274
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found to capture all major non-dynamic correlation effects and
a computationally much less demanding perturbative treat-
ment of dynamic correlation by means of NEVPT2 calculations
reproduce the benchmark results well. The following bonding
analyses on 2 were thus performed at this level of theory (cf. SI).
These results revealed considerable multi-reference character,
with configuration mixing predominantly involving the Ge-Co
bonding and antibonding orbitals. This aligns well with the
aforementioned broken-symmetry DFT results. Based on the
population of these two correlating natural orbitals in the
NEVPT2 wave function, Truhlar's M diagnostic of 0.223
substantiates this notion, indicating a pronounced multi-
reference character similar to that in the prototypical ozone
case.”” Equivalent results were obtained for the n.,q index®
computed either based on the ($*) expectation value of the UKS
wave function or based on the double-excitation CI coefficient
from CASSCF/NEVPT2 calculations. All in all, we attribute the
spin polarisation along the Ge-Co bond observed in UKS
calculations to the recovery of strong non-dynamic electron
correlation effects in 2 - the excess spin-density along this bond
is merely a non-physical, technical artefact (¢f SI for a detailed
presentation of results).

With the above results in hand, we performed bonding
analyses of the electron density in 2 by means of the quantum
theory of atoms in molecules (QTAIM). The analysis obtained
from CASSCF(5,5)/NEVPT2 calculations gives a Ge-Co bond
path with a bond critical point (bcp, Fig. 4); the corresponding
1D Laplacian profile along the bond path is rather symmetrical
with the bep shifted slightly towards the cobalt atom (Fig. 4,
inset). The distinct nature of the Ge-Co bond compared to the
other cobalt-ligand bonds is highlighted by comparison of the
respective bep characteristics. The latter bonding interactions
are characterized by a low value of p(ryp), a positive Laplacian
V2p(rpep), @ Negative relative total energy density H(rp.p), and
a relative kinetic energy density G(ryp) of approximately 1; this
set of criteria is typical for donor-acceptor interactions.** At the
Ge-Co bcp, however, we also find a low density p(rpep) and
anegative H(rp), whilst the Laplacian is close to 0 and G(ry,cp) is
smaller than 1. These characteristics are consistent with
a covalent, electron-sharing metal-metal interaction between
Ge and Co, supporting the notion of 2 as a cobalto-germylene.
As bceps are generally shifted along their associated bond path
towards the more electropositive element,* i.e. Co, we assign
a formal +2 oxidation state to cobalt in line with described NBO
results.

Further analysis of the electron density employing the elec-
tron localization function (ELF) reveals a disynaptic basin
between germanium and cobalt with a population of 1.67 and
a variance of 1.20. Superposition of ELF and QTAIM basins
allows for an evaluation of atomic contributions to the ELF
basin:®® here, germanium contributes 1.03 electrons and cobalt
0.62 electrons to the shared basin. Comparison with the Co-P/
Cnuc basins illustrates the distinct nature of the Ge-Co bond.
The overall population of the corresponding disynaptic basins
is higher for the former bonds and, most notably, cobalt
contributions to the basins are significantly lower than those of
the P/Cnpc atoms, whereas the Ge-Co basin shows more evenly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 2D plot of V2p(r) in the P—-Co—-Ge plane of 2 with characteristics at the Ge—Co bond critical point, charge accumulation (blue), depletion
(red), bond paths (black lines), bcps (green dots). Inset: 1D bond path graphical plot.

distributed atomic contributions by comparison (see Table S7-
S9 in SI).

Considering this collection of experimental and computa-
tional results, complex 2 is best described as a cationic, open-
shell cobalto-germylene, whereby the germanium centre bears
an empty p-type orbital and an s-type lone pair. Unpaired elec-
tron density is largely localised at Co, with a low-spin d’ (i.e.
Co") electronic configuration. As such, oxidative addition
processes occur at Co in the course of the formation the unique
cobalto-germylene 2 - the mechanism for such processes
warrants further exploration.

Mechanistic studies for the formation of 2

As described, the reaction of cationic germylene 1 with
[IPr-Co(n,-vtms),] proceeds through several colour changes
leading to the final product, 2, after 18 h stirring. Upon closer
inspection of these reaction mixtures, a pale green precipitate is
observed soon after the reaction becomes deep red, i.e. within
the first 20 min of the reaction. Isolation of this solid by filtra-
tion and recrystallisation allowed for the structural elucidation
of this species, found to be the Co' cation [IPr-Co(n¢-tol)][BAr" ]
(3, Scheme 2), which was recently reported by us.®” Storage of
the remaining reaction solution allowed for the crystallization
of two further species: first, an additional cationic Co' complex
is found (4; Scheme 2 and Fig. 5(a)), bound by our previously
reported (amido)(aryl)-germylene ’DipGePh (6).* We
presume this germylene arises through formal intermolecular
activation of one P-Ph unit of the ""*Dip ligand. With this point
in mind, and balancing the overall reaction equation, we should
also observe the neutral phosphido-germylene 5 (Scheme 2);
this is presumed to arise through reductive P-Ge bond forma-
tion and Ph-transfer (i.e. in the concomitant formation of 6).
Remarkably, compound 5 can also be crystallised from these
reaction mixtures, isolated as its dimer in the solid state

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 5(b)). Notably, these fragmentation products are only iso-
lated when precipitated 3 is removed from reaction mixtures by
filtration, indicating that this fragmentation process is feasible
only with sub-stoichiometric quantities of 3.

Both complexes 3 and 4 are paramagnetic, open-shell d* Co’
complexes. As mentioned, the former arene-coordinated system
was recently reported by us, synthesised via oxidation of
[IPr-Co(n,-vtms),],*” and bears resemblance to a small number
of cationic Co'-arene systems in the literature (e.g. chelating
diphosphine species).®® As such, we turn our attention to Ge'-
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Scheme 2 The formation of species 3, 4, and 5 on shortening the
reaction time between 1 and [IPr-Co(n,-vtms),], leading to complex
fragmentation. Presented yields refer to isolated crystalline solids.
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Fig. 5 The molecular structure of (a) the cationic part in 4, and the full molecular structures of (b) 5, and (c) 7, with ellipsoids at 30% probability,
and hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°) for 4: Col-Gel 2.334(2); Co1-C32 2.011(8); Col-P1 2.727(2);
Gel-Col-C32 131.3(2); C32-Col-P1 139.8(2); Gel-Col-P1 87.82(7); N1-Gel-C59 108.3(3). For 5: Gel-P1 2.4759(7); Gel-P1’ 2.532(1); N1-
Gel 1.918(2); P1-Gel-Pl' 74.83(2); Gel-P1-Gel 105.17(2). For 7: Gel-Gel’ 2.6402(9); Gel-N1 1.933(4); Gel-P1 2.647(1); N1-Gel-Gel’

100.8(1); P1-Gel-Gel’ 109.89(3); N1-Gel-P1 88.0(1).

Co" complex 4, which is somewhat more interesting in the
context of this study. This species bears a neutral germylene
ligand bound to a high-spin open-shell Co' centre (i.e. S = 1),
borne out by the SQUID-derived g% of 3.54 pg (Fig. S13 and
S14; Evans method: 3.12 pg). The Ge-Co bond in 4 is longer even
than that in 2 (dcoge: in 2 = 2.292(2) A; in 4 = 2.334(2) A), despite
the now formal L-type germylene ligand and cationic cobalt
centre. This is most likely due to both the dative Ge-Co bond
and the high-spin nature of the cobalt centre. The electron
deficient, i.e. 14-electron Co' centre in 4 leads to a strong
puckering of the central 6-membered ring in this complex, on
forming two close agostic interactions with one Si-'Pr fragment
of the ligand backbone (e.g. dcoiriae = 2.473 A).

On the mechanism of the above described fragmentation
process, one can simplify the products formed to two equiv. of
an [NHC-Co']" species (e.g. 3), the dimeric (amido)(phosphido)
germylene 5, featuring a newly formed P-Ge single bond, and
the (amido)(phenyl)germylene ligand 6. Under the reaction
conditions, the cobalt(1) species 3 combines with germylene 6 in
the formation of complex 4; this is confirmed using indepen-
dently synthesised samples of 3 and 6.*>°” Overall, then, Co°
performs a one-electron reduction of cationic germylene ligand
1. This ultimately leads to the formation of 5 and 6 - though
both species contain Ge", the former bears a phosphide ligand,
which has thus undergone a 2-electron reduction from P™ to P".
This species was independently synthesized to unequivocally
confirm its connectivity (see SI for details).

We then looked towards the root of this fragmentation
reaction, aiming to gain insights into the overall mechanism
for the formation of cobalto-germylene 2. As described, the
formation of a Co' species in the initial stage of this reaction
(viz. 3) suggests that a Ge' species is formed, ie. through
single-electron reduction of Ge" species 1. Therein, the reac-
tion for the formation of 2 was conducted, and the solution
filtered following precipitation of cobalt(r) cation 3. By main-
taining low temperatures during work-up, we were fortunate to
obtain a small crop of orange-green dichroic crystals found to

20270 | Chem. Sci., 2025, 16, 20265-20274

be the digermyne 7, formally a dimer of two [P""DipGe']
fragments (Fig. 6 and 5(c)). This species is structurally similar
to previously reported base-stabilised dimeric germanium(i)
compounds,*””" and will not be discussed in depth here.
Importantly, this species can be directly formed by the
reduction of the chloro-germylene "™ DipGeCl by the Jones
Mg' dimer,” and isolated in good crystalline yield (see SI for
details). The steric encumbrance around the central [Ge-Ge]
bond is borne out by the significant broadening of peaks in the
'"H NMR spectrum of this compound. The single resonance in
the *'P{'H} NMR spectrum is similarly broadened (6 =
0.2 ppm; FWHM = 118 Hz). In addition, a LIFDI mass spec-
trum of this species clearly demonstrates the presence of both
dimeric 7 and its monomeric ‘half-peak’ (Fig. S29 and S30 in
ESI). These points suggest that the Ge-Ge bond may be readily
cleaved.

Reaction of this low oxidation-state germanium species with
cationic Co' species 3 in a 1:1 stoichiometry (Fig. 6) does
indeed lead to the fragments depicted in Scheme 2:
(amido)(phosphido)-germylene 5 and (amido)(phenyl)-
germylene 6 are clearly observed in both the 'H and *'P{'H}
NMR spectra for this reaction mixture (Fig. S37-S39 in SI),
whilst the broad paramagnetic signals for cobalto-germylene 2
are observed in the "H NMR spectrum (Fig. $40 in SI). Thus, the
effective mechanism in formation of 2 from [IPr-Co(1,-vtms),]
and cationic germylene 1 most likely proceeds first in reduction
of Ge"" by Co®, forming 3 and 7. This is then followed by a formal
homolytic cleavage of the Ge-Ge bond in 7 by Co', leading to 2
(Fig. 6). This is somewhat related to the metathesis of group 14
element(I) dimers by dimeric Mo' species, reported by Power
and co-workers,”® which similarly led to E-E bond scission (E =
Ge, Sn, Pb) and E-Mo bond formation. This thus opens an
exciting new strategy for the formation of heteroatomic main
group-transition metal complexes using the vast number of
established monomeric low-valent transition metal synthons,
which we now look towards exploring more broadly in our
laboratories.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 The reaction map for the initial formation of bis-germylene 7 through reduction of 1 by Co®, (confirmed by its independent synthesis using
a dimeric Mg' compound), followed by the stoichiometry-dependent reactivity of 7 towards cationic cobalt species 3, leading to either cobalto-
germylene 2, or species 4-6.

Lewis base coordination in 2 >

Given the fragmentation products isolated on the synthetic BALT P
pathway to 2, we aimed to further define the apparent dynamic Q. Pr 4
behaviour of this species in solution. Cyclic voltammetry ipd ’ L
experiments using THF solutions of 2 with the ferrocene refer- z Pry,, /N_ < o Pr f o P28 °\ 4

‘ g

o lcot_

ence electrode are further indicative of a complex solution ipr? ! ,C°@ PV’““‘ >
behaviour: a quasi-reversible reduction event is observed at E;, Pl’”Ph /' Lig/&

= —1.49 V, whilst numerous irreversible oxidation events are Ph &y oo ,;
found, with E,, values between 0.24 and 1.03 V (Fig. X-X in SI). NMe, f~4/ . iﬂ;’

We thus focused on direct coordination chemistry, whereby X - [(IPr),Co][BAr,] / Y
N—
t

N

NMe;
dissolved 2 was reacted with Lewis basic N,N-di- IN’ - z

through coordination at Ge. From these solutions red powders
could be isolated in low yield, which were found to be highly Pr N—ge p P~Co=P
soluble in pentane, precluding cationic character. Recrystalli- Pra,, / \CO__NO_NMG _’_ | | Si,
sation revealed this product to be a unique [Ge,Co] complex, 8 iPr?” o \_7 @ T N7 N,
(Scheme 3). Analysis of structural parameters in this species llj'r:Ph IlDip

would suggest two dative P-Co bonds (dcoipr = 2.124(1) A; noto:s'erved

dcorpz = 2.154(1) A), a formal Ge2-P2 bond (dgezp, = 2.373(1) A),

a formal Ge1-Col bond (dgeicor = 2.1825(8) A), and a long
Ge-Ge bond (dgeigez = 2.723(1) A). Thus, the best description of

methylaminopyridine (DMAP), hoping to stabilise cationic 2 Q

Scheme 3 Hypothesised pathway for the formation of 8, upon addi-
tion of N,N-dimethylaminopyridine to 2. Inset: the molecular structure
for compound 8.
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8 is a DMAP-coordinated cobalto-germylene (vis. 8, Scheme 3),
side-on coordinated by the phosphido-germylene 5 which may
be generated upon dissolution of 2. Detailed electronic struc-
ture analysis reveals four non-bonding NLMOs representing the
Co 3d orbitals, all doubly occupied (c¢f SI for details); this
situation is indicative of a formal Co'(d®) species. This is
consistent with its diamagnetic nature: a complex but well
resolved "H NMR spectrum is observed for 8 in solution. The
corresponding *'P NMR spectrum displays two slightly broad-
ened doublets, with a clear 2/ coupling for these signals (6 =
33.8 and 53.7 ppm, *Jpp = 103.7 Hz), as expected based on the
unsymmetrical molecular structure of 8, with one phosphine
and one phosphide moiety.** The formation of this complex
further demonstrates the dynamic bond-activation processes at
play in solution involving the described low-valent Ge-Co
systems. Whilst this has prevented well-defined reactivity
studies concerning electronically unique T-shaped complex 2,
this does highlight potential reactive pathways for this new
class of complex.

Conclusions

Herein we have described the synthesis and electronic charac-
terization of the first example of an open-shell cobalto-
germylene complex, featuring a unique T-shaped, low-spin
Co" centre. In conjunction with EPR spectroscopy and SQUID
magnetometry, multi-reference computational methods indi-
cate a S =1d’ Co complex, with a high spin-density at this metal
centre. The Co-Ge bond is characterized as an electron-sharing
covalent bond that features strong non-dynamical correlation
effects. Though this species can be accessed in high yield, its
formation is not trivial. It initially appears as through direct
addition of the cationic germylene to Co® is the formal pathway,
but deeper mechanistic studies suggest the initial reductive
formation of a germanium(i) dimer, which is ultimately
homolytically cleaved by Co' in formation of the cobalto-
germylene. The isolation of several species which arise from
fragmentation of these intermediates shed light on the dynamic
behavior of the covalent interactions in this remarkable
complex class. We are presently developing more robust ligand
systems as to allow for further investigations which direct this
dynamic reactivity towards well-defined catalytic coupling
processes, as well as cooperative bond activations at the Ge-Co
interface.
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§ T-shaped species were identified via the CCDC, and are defined as those
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9 A similar effect was observed in our earlier reported open-shell iron complexes.
See ref. 43.

|| We note the absence of any spin-polarization in the corresponding (experi-
mentally unknown) rhodium and iridium complexes, cf. SI.

** Though small quantities of 8 can be isolated, it does decompose over time in
solution, and as such a well resolved '*C NMR spectrum for this species could not
be successfully acquired.

1 G. Balazs, L. J. Gregoriades and M. Scheer, Organometallics,
2007, 26, 3058-3075.

2 T. J. Hadlington, Chem. Soc. Rev., 2024, 53, 9738-9831.

3 T. ]J. Hadlington, Chem. Soc. Rev., 2024, 53, 9718-9737.

4 R. J. Somerville and J. Campos, Eur. J. Inorg. Chem., 2021,
3488-3498.

5 R.]J. Less and D. S. Wright, in Molecular Metal-Metal Bonds,
ed. S. T. Liddle, Wiley, 1st edn, 2015, pp. 485-517.

6 R. C. Fischer and P. P. Power, Chem. Rev., 2010, 110, 3877-
3923.

7 M. Cui and G. Jia, J. Am. Chem. Soc., 2022, 144, 12546-12566.

8 D. ]J. Cardin, B. Cetinkaya and M. F. Lappert, Chem. Rev.,
1972, 72, 545-574.

9 Transition Metal Carbyne Complexes, ed. F. R. Kreif3], Springer
Netherlands, Dordrecht, 1993.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5sc04265h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04265h

Open Access Article. Published on 16 September 2025. Downloaded on 6/15/2026 5:54:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

10 D. Astruc, Organometallic Chemistry and Catalysis, Springer
Berlin Heidelberg, Berlin, Heidelberg, 2007, pp. 197-224.

11 P. Jutzi, Angew Chem. Int. Ed. Engl., 1975, 14, 232-245.

12 R. West, Polyhedron, 2002, 21, 467-472.

13 P. P. Power, Organometallics, 2020, 39, 4127-4138.

14 A. C. Filippou, O. Chernov, K. W. Stumpf and
G. Schnakenburg, Angew. Chem., Int. Ed., 2010, 49, 3296-
3300.

15 R. S. Simons and P. P. Power, J. Am. Chem. Soc., 1996, 118,
11966-11967.

16 A. C. Filippou, P. Portius, A. I. Philippopoulos and H. Rohde,
Angew. Chem., Int. Ed., 2003, 42, 445-447.

17 A. C. Filippou, H. Rohde and G. Schnakenburg, Angew.
Chem., Int. Ed., 2004, 43, 2243-2247.

18 P. G. Hayes, Z. Xu, C. Beddie, J. M. Keith, M. B. Hall and
T. D. Tilley, J. Am. Chem. Soc., 2013, 135, 11780-11783.

19 K. Inomata, T. Watanabe and H. Tobita, J. Am. Chem. Soc.,
2014, 136, 14341-14344.

20 M. Auer, K. Zwettler, K. Eichele, H. Schubert, C. P. Sindlinger
and L. Wesemann, Angew. Chem., Int. Ed., 2023, 62,
€202305951.

21 A. C. Filippou, B. Baars, O. Chernov, Y. N. Lebedev and
G. Schnakenburg, Angew. Chem., Int. Ed., 2014, 53, 565-570.

22 B. E. Eichler, A. D. Phillips, S. T. Haubrich, B. V. Mork and
P. P. Power, Organometallics, 2002, 21, 5622-5627.

23 L. Pu, P. P. Power, I. Boltes and R. Herbst-Irmer,
Organometallics, 2000, 19, 352-356.

24 L. Pu, B. Twamley, S. T. Haubrich, M. M. Olmstead,
B. V. Mork, R. S. Simons and P. P. Power, J. Am. Chem.
Soc., 2000, 122, 650-656.

25 J. Hicks, T. J. Hadlington, C. Schenk, J. Li and C. Jones,
Organometallics, 2013, 32, 323-329.

26 Y. N. Lebedev, U. Das, G. Schnakenburg and A. C. Filippou,
Organometallics, 2017, 36, 1530-1540.

27 P. Jutzi, K. Leszczynska, A. Mix, B. Neumann, B. Rummel,
W. Schoeller and H.-G. Stammler, Organometallics, 2010,
29, 4759-4761.

28 A. C. Phung, J. C. Fettinger and P. P. Power, Organometallics,
2021, 40, 3472-3479.

29 H. Arii, N. Watanabe, K. Mochida and T. Kawashima, Eur. J.
Inorg. Chem., 2012, 4791-4794.

30 M. M. Juckel, J. Hicks, D. Jiang, L. Zhao, G. Frenking and
C. Jones, Chem. Commun., 2017, 53, 12692-12695.

31 M. Auer, J. Bolten, K. Eichele, H. Schubert, C. P. Sindlinger
and L. Wesemann, Chem. Sci., 2023, 14, 514-524.

32 C. Hu, X.-F. Wang, R. Wei, C. Hu, D. A. Ruiz, X.-Y. Chang and
L. L. Liu, Chem, 2022, 8, 2278-2289.

33 Z.-]. Lv and S. Schneider, Chem, 2022, 8, 2066—-2068.

34 R. Wei, X.-F. Wang, C. Hu and L. L. Liu, Nat. Synth., 2023, 2,
357-363.

35 Z.-]. Lv, K. A. Eisenlohr, R. Naumann, T. Reuter,
H. Verplancke, S. Demeshko, R. Herbst-Irmer, K. Heinze,
M. C. Holthausen and S. Schneider, Nat. Chem., 2024, 16,
1788-1793.

36 R. C. Handford, M. A. Nesbit, P. W. Smith, R. D. Britt and
T. D. Tilley, J. Am. Chem. Soc., 2022, 144, 358-367.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

37 A. Schulz, T. L. Kalkuhl, P. M. Keil and T. J. Hadlington,
Angew. Chem., Int. Ed., 2023, 62, €202305996.

38 M. Frutos, N. Parvin, A. Baceiredo, D. Madec, N. Saffon-
Merceron, V. Branchadell and T. Kato, Angew. Chem., Int.
Ed., 2022, 61, €202201932.

39 S. Takahashi, M. Frutos, A. Baceiredo, D. Madec, N. Saffon-
Merceron, V. Branchadell and T. Kato, Angew. Chem., Int.
Ed., 2022, 61, €202208202.

40 C. Gendy, A. Mansikkamaéki, J. Valjus, J. Heidebrecht,
P. C. Hui, G. M. Bernard, H. M. Tuononen,
R. E. Wasylishen, V. K. Michaelis and R. Roesler, Angew.
Chem., Int. Ed., 2019, 58, 154-158.

41 Z. Feng, Y. Jiang, H. Ruan, Y. Zhao, G. Tan, L. Zhang and
X. Wang, Dalton Trans., 2019, 48, 14975-14978.

42 J. A. Cabeza, P. Garcia-Alvarez, C. J. Laglera-Gandara and
E. Pérez-Carrefio, Chem. Commun., 2020, 56, 14095-14097.

43 P. M. Keil, A. Soyemi, K. Weisser, T. Szilvasi, C. Limberg and
T. J. Hadlington, Angew. Chem., Int. Ed., 2023, 62,
€202218141.

44 M. R. Elsby and S. A. Johnson, J. Am. Chem. Soc., 2017, 139,
9401-9407.

45 Y. Liu, J. Cheng and L. Deng, Acc. Chem. Res., 2020, 53, 244-
254.

46 J. Du, L. Wang, M. Xie and L. Deng, Angew. Chem., Int. Ed.,
2015, 54, 12640-12644.

47 P. M. Keil and T. ]J. Hadlington, Z. Anorg. Allg. Chem., 2022,
648, €202200141.

48 J. A. Cabeza, P. Garcia-Alvarez, E. Pérez-Carrefio and D. Polo,
Chem.—Eur. J., 2014, 20, 8654-8663.

49 P. M. Keil, S. Ezendu, A. Schulz, M. Kubisz, T. Szilvasi and
T. J. Hadlington, J. Am. Chem. Soc., 2024, 146, 23606-23615.

50 M. Ingleson, H. Fan, M. Pink, J. Tomaszewski and
K. G. Caulton, J. Am. Chem. Soc., 2006, 128, 1804-1805.

51 L. N. Grant, M. E. Carroll, P. J. Carroll and D. J. Mindiola,
Inorg. Chem., 2016, 55, 7997-8002.

52 T. Suzuki, K. Fujimoto, Y. Takemoto, Y. Wasada-Tsutsui,
T. Ozawa, T. Inomata, M. D. Fryzuk and H. Masuda, ACS
Catal., 2018, 8, 3011-3015.

53 C. A. Sanz, C. A. M. Stein and M. D. Fryzuk, Eur. J. Inorg.
Chem., 2020, 2020, 1465-1471.

54 B. N. Figgis, Nature, 1958, 182, 1568-1570.

55 S. C. Coste, T. J. Pearson and D. E. Freedman, Inorg. Chem.,
2019, 58, 11893-11902.

56 A. Arauzo, J. A. Cabeza, 1. Fernandez, P. Garcia-Alvarez,
I. Garcia-Rubio and C. J. Laglera-Gandara, Chem.-Eur. J.,
2021, 27, 4985-4992.

57 P. Pyykko, Phys. Scr., 1979, 20, 647-651.

58 M. A. Buijse and E. J. Baerends, J. Chem. Phys., 1990, 93,
4129-4141.

59 The Chemical Bond: Chemical Bonding Across the Periodic
Table, ed. G. Frenking and S. S. Shaik, Wiley-VCH Verlag
GmbH & Co, Weinheim, Germany, 2014.

60 F. Neese, Coord. Chem. Rev., 2009, 253, 526-563.

61 D. Zhang and D. G. Truhlar, J. Chem. Theory Comput., 2020,
16, 5432-5440.

62 O. Tishchenko, J. Zheng and D. G. Truhlar, J. Chem. Theory
Comput., 2008, 4, 1208-1219.

Chem. Sci., 2025, 16, 20265-20274 | 20273


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04265h

Open Access Article. Published on 16 September 2025. Downloaded on 6/15/2026 5:54:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

63 V. Bachler, G. Olbrich, F. Neese and K. Wieghardt, Inorg.
Chem., 2002, 41, 4179-4193.

64 P. Macchi, D. M. Proserpio and A. Sironi, J. Am. Chem. Soc.,
1998, 120, 13429-13435.

65 J. I. Schweizer, M. G. Scheibel, M. Diefenbach, F. Neumeyer,
C. Wwirtele, N. Kulminskaya, R. Linser, N. Auner,
S. Schneider and M. C. Holthausen, Angew. Chem., Int. Ed.,
2016, 55, 1782-1786.

66 T. Lu, J. Chem. Phys., 2024, 161, 082503.

67 A. Schulz and T. ]J. Hadlington, Dalton Trans., 2024, 53,
15795-15800.

68 S. C. Meier, A. Holz, ]J. Kulenkampff, A. Schmidt, D. Kratzert,
D. Himmel, D. Schmitz, E. Scheidt, W. Scherer, C. Biilow,
M. Timm, R. Lindblad, S. T. Akin, V. Zamudio-Bayer,
B. Von Issendorff, M. A. Duncan, J. T. Lau and I. Krossing,
Angew. Chem., Int. Ed., 2018, 57, 9310-9314.

69 H. Lei, J. C. Fettinger and P. P. Power, Organometallics, 2010,
29, 5585-5590.

70 C. Jones, S. J. Bonyhady, N. Holzmann, G. Frenking and
A. Stasch, Inorg. Chem., 2011, 50, 12315-12325.

20274 | Chem. Sci,, 2025, 16, 20265-20274

View Article Online

Edge Article

71 T. J. Hadlington, J. Li, M. Hermann, A. Davey, G. Frenking
and C. Jones, Organometallics, 2015, 34, 3175-3185.

72 S. ]J. Bonyhady, C. Jones, S. Nembenna, A. Stasch,
A. J. Edwards and G. J. McIntyre, Chem.-Eur. J., 2010, 16,
938-955.

73 J. D. Queen, A. C. Phung, C. A. Caputo, J. C. Fettinger and
P. P. Power, J. Am. Chem. Soc., 2020, 142, 2233-2237.

74 (a) T. J. Hadlington, CCDC 2382129: Experimental Crystal
Structure Determination, 2025, DOI: 10.5517/
cede.csd.ce2kyswé.; (b) T. J. Hadlington, CCDC 2382130:
Experimental Crystal Structure Determination, 2025, DOI:
10.5517/cede.csd.cc2kysx7; (¢) T. J. Hadlington, CCDC
2382131: Experimental Crystal Structure Determination,
2025, DOI: 10.5517/cedc.csd.cc2kysy8; (d) T. J. Hadlington,
CCDC  2382132:  Experimental  Crystal  Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2kysz9; (e)
T. J. Hadlington, CCDC 2434139: Experimental Crystal
Structure Determination, 2025, DOI: 10.5517/
cede.csd.ce2kyt6k.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.5517/ccdc.csd.cc2kysw6
https://doi.org/10.5517/ccdc.csd.cc2kysw6
https://doi.org/10.5517/ccdc.csd.cc2kysx7
https://doi.org/10.5517/ccdc.csd.cc2kysy8
https://doi.org/10.5517/ccdc.csd.cc2kysz9
https://doi.org/10.5517/ccdc.csd.cc2kyt6k
https://doi.org/10.5517/ccdc.csd.cc2kyt6k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04265h

	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?

	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?
	The path to an open-shell metallo-germylene: direct ligation, or reduction and metathesis?


