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The synthesis of the cluster complexes [(Cp’’Co)s(usn>n>n>-
E;)(us-E)] (E=P (3), As (4)) starting from the anionic triple-decker
complexes [K(18cr6)(dme),][(Cp"’Co),(un*m*E)] (E=P (1), As
(2)) by electrophilic quenching with the Co dimer [(Cp"”'CoCl),]
is reported. Both complexes show a distinct redox chemistry,
which was first investigated by cyclic voltammetry. Subse-
quently, the monoanions [K(L)(sol),][(Cp""Co)s(sm*n%n*Es)(1s-

Introduction

Due to their complex redox behaviors and confined coordina-
tion sphere, multi-metallic systems have attracted great
attention not only for catalytic systems." Despite their
utilization in numerous fields, a controllable synthesis of many
transition metal clusters remains a challenge and most of them
are solely investigated by density functional theory
calculations.” For the synthesis of [(Cp®Co),E,.] (E=P, As) cluster
or cage complexes, only a few different routes are described in
the literature. Scherer etal. reported the thermolysis and
photolysis of [CpRCo(CO),] (Cp*=CsMes, CsMe,Et, Cs'Bu;H,) with
white phosphorus and yellow arsenic, respectively.®! By this
approach, transition metal clusters such as [(Cp"Co),(E,),] (E=P,
As), [(Cp™Co);Psl, [(Cp™'Co)sP,1 (I, Figure 1), [(CpPCo),Ase], and
[(CpRCo),As,] are obtained more or less selectively. Alternatively,
pentaphosphaferrocene [Cp*Fe(’-Ps)] can be used as a
phosphorus source. Its thermolysis with [Cp®Co(CO),] and
[{CpPFe(CO),},], respectively, leads to the Co cluster [(Cp*Co),P,]
(I and [(Cp*Co);P,] (some representatives are shown in Fig-
ure1) in addition to the mixed metal clusters
[(Cp*Fe),(CpRCoP,)], [(Cp*Fe)(CpRCo),(P,)(P)] and
[(Cp*Fe)(P5)(Cp*Co(CO)){Cp"Co),(COM.™ Fenske et al. developed
another approach for polynuclear cobalt complexes by reacting
the functionalized Zintl phase [E,(SiMe;),;] (E=P, As) with in situ
generated [(Cp*CoCl),] to obtain [(Cp*Co);(P,)(P,)] () and
[(Cp*Co)sAsel® (IV), respectively (Figure 1).”) However, the
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E)] (E=P, L=18cr6, sol=dme, n=2 (5), E=As, L=2,2,2-crypt,
n=0 (6)), the monocations [(Cp”’Co)s(usn>n*m>Es)(us-E)IFAI]
(E=P (7), As (8)) and the dications [(Cp"’Co);(usm>*m>*m>-EL)]ITEF],
(E=P (9), As (10)) could be realized experimentally and isolated
in moderate to good yields. All compounds were characterized
by single crystal X-ray structure analysis, NMR and EPR
spectroscopy, mass spectrometry and elemental analysis.
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Figure 1. Selected examples of [(Cp*Co),E,.] complexes.

subsequent reactivity of these homometallic transition metal
complexes was not investigated except for the redox chemistry
of the isostructural prismane cluster [{Cp*Fel;(usn***-Ase)] to
elucidate the structural features of the respective products.”

In contrast to the rather harsh reaction conditions of the
photolysis and thermolysis reactions mentioned before,
[([Cp™Co),(un*m*-C,Hg)l was used to perform reactions with
white phosphorus and yellow arsenic, respectively, under mild
conditions even at very low temperatures. Depending on the
reaction conditions, either products similar to | and Il were
obtained, or even larger E -rich complexes of cobalt with up to
24 P and 12 As atoms, respectively.”’ Recently, the synthesis of
the mixed metal triple-decker complex [[Cp*Fe)(Cp"’Co)(u,n’n*-
P;)] was reported, which was obtained by the reaction of
[Cp*Fe(m®-Ps)] with [(Cp™'Co),(un*n*-C,Hg)] or alternatively by
electrophilic quenching of the reduced pentaphosphaferrocene
derivative [(Cp*Fe),P,)]*~ with [(Cp”’CoCl),l.’ Using transition
metal halide dimers of the type [(Cp"’MX),] (M=Cr, Mn, Fe, Nj;
X=Br, Cl, I) in the reaction with in situ generated [Cp*Fe(n’
P,)]*" is another approach to access triple-decker complexes
and homo and hetero metallic cage compounds of the type
[(Cp*Fe)(Cp™"M),Es] (n=1, 2).) Herein, we report about a
synthetic principle of using the reduced cobalt triple-decker
(IK(18cré)(dme),][(Cp™"Co),(um*m*-E)] (E=P (1), As (2))' for the
generation of novel homometallic Co polypnictogen cluster
complexes. Moreover, the enhanced reactivity of the obtained
{CosE,} clusters [(Cp™'Co)s(usm*n*m*-E;)(u;-E)] (E=P, As) regard-
ing their versatile redox chemistry is reported.

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Results and Discussion

The starting complexes [(Cp™Co),(un*m*-E,),] (E=P (A), As (B)),
which are available in gram scale, can easily be reduced to the
extremely air- and moisture-sensitive anionic complexes [K-
(18¢6)(dme),][(Cp™ Co),(un*m*~EN] (E=P (1), As (2)), which serve
as starting materials for further cluster formations.'” Alterna-
tively, complexes 1 and 2 can be generated insitu by the
reduction of A or B with KC; without the use of 18c¢6. These
compounds can then be quenched electrophilically with
[{Cp"’Co(u-Ch},] at room temperature under release of potas-
sium chloride to obtain the cluster complexes
[(Cp""Co)s(usm*M*M*~E5)(u3-E)] (E=P (3), As (4)) in crystalline
yields of 49% (3) and 51% (4), respectively, after column
chromatographic workup (Scheme 1).According to the Wade
Mingos"" rules complexes 3 and 4 account both for 9 skeletal
electron pairs (18 skeletal e”), and thus can be formulated as
nido clusters. A description using the sum of valence electrons
provides 62 valence electrons for clusters 3 and 4, respectively.

Crystals of 3 and 4 suitable for single crystal X-ray structure
analysis were obtained from concentrated solutions in CH,Cl,
layered with CH;CN at —30°C. The molecular structures in the
solid state are depicted in Figure 2.

Both compounds crystallize in the orthorhombic space
group Pbca with almost identical cell parameters. The structures
in the solid state reveal a trinuclear cluster consisting of three
{Cp""Co} fragments connected by an E; ligand in an n’n’n?
mode and an E, ligand in a y; binding mode. The central CosE,
core is mostly built up by triangular faces of the CosE; unit
capped by the E, ligand. A strong metal-metal interaction

J{
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’Bu@)Eu | gy
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Co Bu \\\l “ng
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Scheme 1. Synthesis of the cage compounds 3 and 4.

Figure 2. Molecular structures of 3 (left) and 4 (right) in the solid state. ADPs
(anisotropic displacement parameters) are drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity.
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between Col and Co2 (2.7258(4) A in 3, 2.8193(6) A in 4) is
present, which is also indicated by the Wiberg Bond Indices
(WBIs) (0.49 (3) and 0.33 (4)) and the electron density between
them as shown by the occupied frontier orbitals (BP86/def2-SVP
level of theory, cf. Figure S40 and S41)). The bond distances
within the cyclo-E; ligands are in the range of elongated single
bonds (P—P bonds 2.2960(5)-2.3787(5) A in 3, As—As bonds
2.5407(6)-2.5974(5) A in 4), which is also consistent with the
WBIs (P— bonds: 0.53-0.63, As—As bonds: 0.58-0.61)."" The
single E, ligand is located asymmetrically over the cyclo-E;
ligand with two shorter E—E distances (P1—P3 2.6341(5) A,
P1-P4 2.6564(7) A, As1—As3 2.8688(7) A, As1—As4 2.8511(7) A)
and one longer distance (P1-P2 3.1647(5) A, As1—As2
3.4065(6) A). The WBIs for these pairs reveal an interaction
between P1-P3 (0.25), P1-P4 (0.28), As1—As3 (0.36) and
As1—As4 (0.33), but no interaction for P1—P2 (0.05) and As1—As2
(0.09). The 'H NMR spectra of 3 and 4 in solution each reveal
three singlets at 6=4.86, 1.52 and 1.33 ppm (3) and 3=4.56,
1.54 and 1.38 ppm (4) with an integral ratio of 6:54:27
corresponding to three equivalent Cp” ligands. In the *'P{'H}
NMR spectrum of 3, two singlets with an integral ratio of 1:3 at
8=648.0 and 358.5 ppm are detected. Upon cooling both
singlets broaden and the signal at 6=358.5 ppm splits at 193 K
into two very broad singlets in an integration ratio of roughly
1:2 (see Figure S11). This shows that the P atoms of the cyclo-P,
unit get inequivalent at that temperature. Unfortunately, due to
the broadness of the signals and poor signal to noise ratio, this
splitting cannot unambiguously be attributed to a restricted
rotation of the Cp’”’ ligand or to the lowering of the symmetry
of the cyclo-P; ligand. Additionally, the redox properties of 3
and 4 were investigated by cyclic voltammetry in solution
(Figure 3).

For 3, one reversible oxidation process at —393 mV and one
reversible reduction process at —1694 mV against [Cp,Fel/
[Cp,Fel™ are detected (see SI). In the voltammogram trace
impurities of an unidentified species (marked with *) are
present corresponding to the reversible processes at —1447,
—656 and —187 mV. For 4, two reversible oxidation processes
at —569 and 69 mV and one electrochemically reversible
reduction process at —1790 mV against [Cp,Fel/[Cp,Fe]™ are
observed. Due to the very negative reduction potentials of 3
and 4, potassium graphite was chosen as a suitable reducing
agent for the experimental reduction. Reacting 3 and 4 with
potassium graphite in the presence of 18c6 or 2,2,2-cryptand,

20 e e e e o
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Figure 3. Cyclic voltammogram of 3 (left) and 4 (right) in thf versus [Cp,Fel/
[Cp,Fel ™ (electrolyte ["Bu,N][PF¢], rate of feed: 100 mV/s. temperature: r.t.;
processes marked with * correspond to trace impurities of an unidentified
species).
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respectively, results in the anionic complexes [K-
(L(sol) J[(CP™"CO)s(Hsm*M*n*-E3)(us-E)] (E=P, L=18cr6, sol=
dme, n=2 (5), E=As, L=2,2,2-crypt, n=0 (6)) in crystalline
yields of 49% (5) and 61 % (6), respectively (Scheme 2).

Crystals suitable for single crystal X-ray structure analysis
were obtained from concentrated solutions in dme (5) or thf (6)
layered with n-hexane at —30°C after a few days. The molecular
structures of the anions of 5 and 6 in the solid state are
depicted in Figure 4.

Both 5 and 6 respond to the reduction with solely a subtle
change in the geometry. The Co1—Co2 distances in 5 and 6 are
2.9904(10) A (5, WBI 0.27) and 3.1457(6) A (6, WBI 0.23). Hence,
the Co1—Co2 distance is elongated compared to 3 and 4,
displaying weak interactions in 5 and 6. A weakening or
cleavage of an M—M bond within a transition metal cluster was
also reported upon reduction of [{Cp*Fel;(sm***-Asg)]. All
other Co—Co and E—E distances in 5 and 6 differ only slightly
from the corresponding distances in 3 and 4, respectively. The
elongation of the Co1—Co2 distance agrees with the population
of the LUMO of 3 and 4, which both display a partially
antibonding interaction between Co1 and Co2 (cf. Figure S40
and S41). Also, the HOMO orbitals of 5 and 6 are antibonding in
relation to the electron density between the Co atoms (cf.
Figure S42 and S43). In agreement with the addition of one
electron, compounds 5 and 6 are evidenced as being para-
magnetic by the broad and strongly shifted signals in the 'H
NMR spectra in solution and isotropic resonances in the EPR
spectra (77 K, solid: 5: g;,,=2.081, 6: g;,,=2.121, cf. SI) with g
values near to 2, indicative of one unpaired electron each. The
effective magnetic moments in solution were determined by

P (3) E =P, L=18c6, sol =dme, n =2 (5)
As (4) E = As, L =2,2,2-crypt, n =0 (6)

Scheme 2. Synthesis of the reduced complexes 5 and 6.
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Figure 4. Molecular structures of the anions in 5 (left) and 6 (right) in the
solid state. ADPs (anisotropic displacement parameters) are drawn at the
50% probability level. Hydrogen atoms, cations and solvent molecules are
omitted for clarity.
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the Evans NMR method to be 2.04 p; (5) and 2.03 p; (6) each of
which correspond to roughly one unpaired electron.

According to the low redox potentials for the oxidation
processes of 3 and 4, the Ag™ salt of the weakly coordinating
anion [FAI™ (= [FA{OGCGF,o(C4Fs)};17) was chosen as a suitable
oxidizing agent. The oxidation of 3 and 4 with one equivalent
of Ag[FAI] leads to the [FAI]” salts of the monocations
[([Cp""CO)3(usm*M*M*-E5)(us-E)IIFAI] (E=P (7), As (8)) in crystalline
yields of 48% (7) and 52% (8) (Scheme 3), under release of
elemental Ag.

Crystals suitable for single crystal X-ray structure analysis are
obtained after a few days from concentrated solutions in CH,Cl,
layered with toluene at —30°C. The molecular structures in the
solid state are depicted in Figure 5.

The degree of structural changes due to the oxidation is
different for the phosphorus and arsenic compounds. For 7, the
structure in the solid state reveals only very small geometrical
changes related to 3 (cf. SI). In the case of 8, the geometry is
significantly distorted. The Co1—Co2 distance is slightly elon-
gated by 0.0441(6) A in comparison to the starting complex 4,
while the Co1—Co3 distance is elongated by 0.1241(5) A. The

As1 atom is shifted more into the direction of As3 (decrease of

As1—As3 distance by 0.215(5) A, increase of the Asl—As4
distance by 0.415(4) A), resulting in an As1—As3 distance which
is in the range of an elongated single bond (2.653(3) A). This
distance is comparable with the elongated As—As single bond
in  [(Cp*Co)(Cp*Co(CO)(un*n*As)l'" The As2-As3 and
As3—As4 bonds are slightly elongated, while the As2—As4 bond
remains unchanged. The corresponding DFT calculations do not
completely agree with the observed structure in the solid state.

+ Ag[FAI], rt. FAI

0 : i
By co o Bu -Ag By cofmEms, Bu
e e I
1 1
'B& Bu By By u By
E=P(@3) E=P(7)
E =As (4) E=As ()

Scheme 3. Synthesis of the oxidized complexes 7 and 8.

Figure 5. Molecular structure of the cations in 7 (left) and 8 (right) in the
solid state. ADPs (anisotropic displacement parameters) are drawn at the
50% probability level. Hydrogen atoms, anions and solvent molecules are
omitted for clarity.
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They support a similar, but less pronounced structural change,
so that the larger distortion found experimentally might be
attributable to packing effects in the experimental solid-state
structure of 8 (cf. Figure S45). For compound 7, the correspond-
ing DFT calculations reveal an opposite change in the geometry
(related to 3), indicating a slight elongation of all Co—Co
distances, which is not present in the experimental molecular
structure of 7 (cf. Table S3). In agreement with the abstraction
of one electron, compounds 7 and 8 are evidenced as being
paramagnetic by broad and strongly shifted signals within the
'H NMR spectra and the resonances found in the EPR spectra.
While the X-band EPR spectra of 7 show an isotropic signal at
room temperature (g,,=2.003) only in solution, the spectra of 8
show an isotropic signal at room temperature both in the solid
state and in solution (g;,=2.142 and 2.003) splitting into a
rhombic signal at 77 K in the solid state upon cooling (g,=
22253, g,=2.1555, g,=2.0140, g;,=2.1316). The effective
magnetic moments in solution were determined by the Evans
NMR method to be 1.40 y; (7) and 1.47 pg (8), each of which
correspond to roughly one unpaired electron. Additionally, in
the *'P{'"H} NMR spectrum of 7, two very broad signals with an
integral ratio of 1:3 at §=359.2 and 139.6 ppm are detected.

A further oxidation of 7 and 8 using another equivalent of
Ag[FAI] in dichloromethane could not be achieved experimen-
tally. In the reaction of 3 with two equivalents of Ag[FAl], solely
the monocation of 5 could be identified. However, reacting 3 or
4 with two equivalents of Ag[TEF] (([TEF]=[A{OC(CF;);},]) in
ortho-difluorobenzene provides access to the salts of the
dications [(Cp™Co);(us,n*M*M*-E5)(us-E)ITEF], (E=P (9), As (10))
in crystalline yields of 63% (9) and 80% (10) (Scheme 4).

Bu< @,’Bu
| “Bu
Co
N +2 Ag[TEF], rt.
-2Ag°
By Co—Co Bu
s
1
’B&A Bu By

E=P(@3) E=P(9)
E=As (4) E =As (10)

Scheme 4. Synthesis of the two-fold oxidized complexes 9 and 10.

As3 /) Asa

As2

Figure 6. Molecular structures of the dications in 9 (left) and 10 (right) in the
solid state. ADPs (anisotropic displacement parameters) are drawn at the
50% probability level. Hydrogen atoms, anions and solvent molecules are
omitted for clarity.
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Complexes 9 and 10 possess each 60 VE, which matches the
magic numbers for extraordinary stable complexes.

Crystals suitable for single crystal X-ray structure analysis are
obtained from concentrated solutions in ortho-difluorobenzene
layered with n-hexane at —30°C after a few days. The molecular
structures in the solid state are depicted in Figure 6.

The structures of 9 and 10 in the solid state reveal further
changes in the transition metal cluster geometry upon
oxidation. The trend observed for 8 is also valid for compounds
9 and 10. In comparison to the monocations in 7 and 8, the
Co1—Co2 distance increases slightly (by 0.0674(8) A (9) and
0.0271(8) A (10), while the Co1—Co3 distance is significantly
shortened (by 0.7278(9) A (9) and 0.9399(7) A (10)). Thus, the
Co1—-Co2 and Co1—Co3 distances in 9 and 10 are almost
identical. In both dications, two strong metal-metal interactions
are present as indicated by WBIs of 0.22 and 0.24 (9), 0.21 and
0.24 (10) and by the HOMO orbitals located mainly between
Co1/Co2 and Co2/Co3 (cf. frontier orbitals in Figure S46 and
S47). The E1 atom is shifted further into the direction of E4,
while a stronger interaction between P1—P4 (2.5621(5) A, WBI of
0.55) and As1—As4 (2.7612(7) A, WBI of 0.55) is present. Both the
distances P1-P4 and As1—As4 are now in the range of
elongated single bonds,"? but slightly longer than literature-
known widened single bonds as in [(nacnacCu),(un’n*E,)] (P—P
2.4122(8)-2.4285(8), As—As 2.6562(4)-2.6617(4) A)."¥ The bond
lengths within the E; units are similar to those in the
monocations of 7 and 8. Compound 9 and 10 are both
diamagnetic. In the 'H NMR spectra of 9 and 10, all three
singlets at §=5.41, 1.47 and 1.38 ppm (9) and 6=5.07, 1.45 and
1.43 ppm (10) with an integral ratio of 6:54:27 are observed to
be corresponding to three equivalent Cp™ ligands in solution.
In the *'P{'"H} NMR spectrum of 9, two broad singlets with an
integral ratio of 1:3 at §=1104.3 and 489.7 ppm are detected.

Conclusions

In summary, we showed that the «cluster complexes
[([Cp""Co)s(usm*M*M*-E5)(us-E)] (E=P (3), As (4)) can be synthe-
sized via electrophilic quenching of 1 and 2 with [{Cp"'Co(u-
CD},]. The obtained novel homotrimetallic Co cluster complexes
3 and 4 show a distinct redox chemistry. One reduction and
two oxidations were chemically realized for both compounds
leading to salts containing the monoanions [K-
(L)(sol),J(Cp™Co)s(usm*M*n*E3)(us-E)] (E=P, L=18cr6, sol=
dme, n=2 (5), E=As, L=2,2,2-crypt, n=0 (6)), monocations
[(Cp""Co)s(usm*n°*M>E5)(us-E)IFAIl (E=P (7), As (8)) and dica-
tions [(Cp"'Co)s(usm*n’M*Es)(us-E)ITEF], (E=P (9), As (10)).
Upon reduction, the initial Co1—Co2 bond in 3 and 4 is cleaved
by addition of electrons (5, 6). In contrast, the removal of
electrons in the first oxidation leads to only subtle changes in
the geometry of the CosE, core for 7, while the Co3 fragment is
shifted strongly into the direction of the Co1 atom for 8. In the
second oxidation step, the withdrawal of an electron enforces
the formation of one new Co—Co bond between Co1 and Co3
in the clusters 9 and 10, respectively. However, both oxidation
steps have no influence on the Co1-Co2 bond as opposed to
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the reduction. As none of the explored redox processes lead to
a fragmentation of the Co;E, core of the clusters, compound 3
and 4 can be considered as electron reservoirs over four stages,
where a range between 60 to 63 VE is covered.

Supporting Information Summary

The authors have cited additional references within the
Supporting Information." The supporting information includes
details of the syntheses, spectroscopic and crystallographic
characterizations of the products as well as details of the
computations. Deposition Number(s) 2403273 (for 3), 2403274
(for 4), 2403275 (for 5), 2403276 (for 6), 2403277 (for 7),
2403278 (for 8), 2403279 (for 9), 2403280 (for 10) contain(s) the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.
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A straightforward synthesis of homo-
trimetallic Co polypnictogen cage
complexes of the type
[(Cp""Co)s(psm*m’m*E3)(ps-B)] (E=P
(3), As (4)) is presented. These clusters
were elucidated in terms of their
redox chemistry by cyclic voltamme-
try. Stepwise reduction and oxidation
over four stages give access to the
corresponding salts containing mono-
anions, monocations and dications,
which were comprehensively charac-
terized in solution and in the solid
state, respectively.
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