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Abstract: The redox chemistry of the heterobimetallic triple-
decker complexes [(Cp*Fe)(Cp”’Co)(un’n*Es)] (E=P (1), As
(2), Cp*=1,23,4,5-pentamethyl-cyclopentadienyl, Cp"”' =
1,2,4-tri-tertbutyl-cyclopentadienyl) and [(Cp’’Co)(Cp"’Ni)(-
w*m>-Es)l (E=P (10), As (11)) was investigated. Compound 1
and 2 could be oxidized to the monocations 3 and 4 and
further to the dications 5 and 6, while the initially folded
cyclo-E; ligand planarizes upon oxidation. The reduction leads
to an opposite change in the geometry of the middle deck,
which is now folded stronger into the direction of the other
metal fragment (formation of monoanions 7 and 8). For the
arsenic compound 8, a different behavior is found since a
fragmentation into an Asg (9) and As; ligand complex occurs.

The Co and Ni triple-decker complexes 10 and 11 can be
oxidized initially to the heterometallic monocations 12 and
13, which are not stable in solution and convert selectively
into the homometallic nickel complexes 14 and 15 and the
cobalt complexes 16 and 17. This behavior was further
proven by the oxidation of [(Cp”’Co)(Cp” Ni)(un*n>Ps)] (19,
Cp” =1,3-di-tertbutyl-cyclopentadienyl) comprising two dif-
ferent Cp ligands. The transfer of {Cp"M} fragments can be
suppressed when a {W(CO)s} unit is coordinated to the P;
ligand (20) prior to the oxidation and the mixed cobalt and
nickel cation 21 can be isolated. The reduction of 10 and 11
yields the heterometallic monoanions 22 and 23, where no
transfer of the {Cp"M} fragments is observed. )

Introduction

Elemental modifications of sulfur, phosphorus or arsenic can be
reduced leading to a degradation under bond cleavage to yield
S¢2~, P>~ or As®, respectively.” On the other hand, oxidation
reactions can cause the formation of new element-element
bonds. While for the oxidation of Sz to Sg?* a novel S-S bond is
formed, the oxidation of white phosphorus (P,) is accompanied
by an aggregation to form P,". A similar reactivity can be
observed for cyclic phosphines or arsines such as ‘Bu,E, (E=P,
As). Both can be reduced by degradation to ‘Bu,E,”” using for
example elemental potassium.”’ On the other hand, organo-
metallic complexes such as ferrocene reveal a versatile redox
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chemistry. The parent ferrocene has played an important role in
recent research,” not only as the redox couple [Cp,Fel/
[Cp,Fel*, which is widely used as a reference system for
electrochemical investigation methods such as cyclic
voltammetry.” Moreover, ferrocene-containing fragments are
commonly used as molecular switches in redox switchable
catalysis (RSC).” For some systems, more redox states are
needed and therefore more than one ferrocene unit was
incorporated e.g. in macrocycles.” According to the isolobal
relationship between CH and P or As, the CH units in CiHs
ligand can partially be replaced by pnictogen atoms revealing
ligands as for instance phospholes (C,H,P, C,H,P3)®*' or arsoles
(C,H,As, CGH,AS,), 2™ or cyclo-E, (polypnictogen) ligands as for
instance in the pentaphospha- and pentaarsaferrocene [Cp*Fe-
M*Es)l (E=P, As).'*" The latter reveal a distinct redox
chemistry,™ however, most of these processes are irreversible
and proceed via dimerization and fragmentation processes. A
similar behavior was observed for the sandwich complexes
[Cp""CoM*P,1™ and [(Cp”’Nim>-P;)]"® and the tetrahedrane
compound [{CpMo(CO),L(un*M>E)"" (E=P, As, Sb, Bi). These
complexes respond to redox reactions with either dimerization
(e.g. to [(Cp""Co),(un*mP-Pe)1*~(A), Scheme 1) or a fragmentation
and rearrangement takes places (e.g. to [(Cp”’Ni),(L,1*n>-Pg)*~
(B), Scheme 1).

On the other hand, going from sandwich complexes to
homometallic polypnictogen triple-decker complexes, a fully
reversible redox chemistry over two oxidation states as e.g. in
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Scheme 1. Selected examples of oxidized and reduced polypnictogen ligand
complexes heterobimetallic triple-decker complexes [(Cp*Fe)(Cp"’Co)(un*m*
Es)] (E=P (1), As (2)) and [(Cp""Co)(Cp”'Ni)(wn’n*E3)] (E=P (10), As (11)).

[([CP*Mo),(un’mP-Ee)] (E=P, As)'" or even over four and five
redox stages takes place, which was found for the cobalt
complex [(Cp”’Co)y(un*n*E)] (E=P, As).' Oxidation and
reduction of the latter two induce a cyclization of the initially
separated E, units to form a cyclo-E, ligand in [(Cp’Co),(un"m*
E)]1™*"~ (C, Scheme 1).

Intrigued by the diversity of the structural changes and/or
rearrangement processes upon oxidation and/or reduction of
the homometallic polypnictogen ligand complexes, we were
interested in investigating how the heterobimetallic polypnic-
togen triple-decker complexes would respond to the with-
drawal or addition of electrons. Would a simple rearrangement
of the E, ligand, a release of a {Cp"M} fragment and/or an
aggregation to larger polypnictogen ligands take place to form
multimetallic cluster complexes? Would the redox processes be
reversible and would there be a difference between
phosphorus- and arsenic-containing derivatives, considering the
in general lower E-E bond energy for arsenic? Therefore, we
were intrigued to investigate the redox chemistry of the mixed
iron/cobalt triple-decker complexes [(Cp*Fe)(Cp”’Co)(u,n’n’*-Es)]
(E=P (1), As (2)) and the mixed cobalt/nickel triple-decker
complexes [(Cp”’Co)(Cp"'Ni)(un*m*E5)] (E=P (10), As (11) to
explore the response of these complex systems within the
redox behavior.
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Results and Discussion

The heterobimetallic triple-decker complexes [(Cp*Fe)(Cp”’Co)(-
un’m*Es)l (E=P (1), As (2)) can be easily synthesized by the
reaction of the cobalt toluene complex [(Cp"”’Co),(un*m*-C;Hy)]
with [Cp*Fe(n®-E,)] (E=P, As)] in gram scale.”**" To obtain a first
overview if redox processes are accessible, cyclic voltammetry
measurements were performed revealing several redox proc-
esses (cf. Supporting Information). Both compounds can be
oxidized using one equivalent of the Ag(l) salt containing the
weakly coordinating anion [FAI]™ ([FA{OC4F,o(CsF5)}s]17) leading
to the isostructural compounds [(Cp*Fe)(Cp'’Co)(un’*-E5)1[FAI]
(E=P (3), As (4)) which can be isolated in crystalline yields of 55
and 63%, respectively (Scheme2). Compound 3 can be
obtained as green, 4 as brown air- and moisture-sensitive solids.
Crystals suitable for single crystal X-ray structure analysis were
obtained from concentrated solutions in CH,Cl, layered with
hexane at -30°C. The structures in the solid state (Figure 1)
reveal dinuclear triple-decker complexes with a slightly folded
cyclo-Es ligand as middle deck while the ligand planarized
compared to the starting materials. The E; ligand coordinates to
both iron and cobalt fragments in an n* fashion, while E1 is
bent out of the plane (fold angle E2-E4-E5-E1) by approx. 9.4°
(3) and 13.6° (4), respectively (35.0° in 1, 37.9° in 2). All E-E
bonds are shortened compared to 1 and 2. For 3, very similar P-
P distances between 2.1214(9) and 2.1601(9) A are present,
while 1 shows three shorter distances (P1-P2 2.1459(10) A, P3-
P4 2.1283(10) A, P1-P5 2.1498(10) A) and two longer ones (P2-
P3 2.2244(11) A, P4-P5 2.2407(10) A). For the analog arsenic
compound 4, the situation is similar. All As—As distances are in
the range between 2.3224(8) and 2.3619(8) A and shortened
compared to 2, while in 2, three shorter distances (As1-As2
2.3682(5) A, As3-As4 2.3401(5) A, As1-As5 2.3716(6) A) and two
longer ones (As2-As3 2.4627(5) A, As4-As5 2.4383(6) A) are
present. Compounds 3 and 4 are paramagnetic. The '"H NMR
spectrum of 3 in CD,Cl, reveals four strongly broadened and
shifted signals centered at 8 =5.66, 3.76, 3.29 and —65.22 ppm
with an integral ratio of 15:9:18:2, while the signal at
5.66 ppm can be assigned to the Cp* ligand, and the other
three singlets correspond to the Cp”’ ligand. The *'P{'"H} NMR
spectrum shows one broad singlet at §=275.1 ppm. The 'H
NMR spectrum of 4 in CD,Cl, reveals three strongly broadened
and shifted signals centered at §=3.84, 2.74 and —1.09 ppm
with an integral ratio of 9:18:15, while the signals at 3.84 and
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Scheme 2. Reaction of [(Cp*Fe)(Cp”’Co)(un’m*Es)] (E=P (1), As (2)) with: i) Ag[FAI] in CH,Cl, at room temperature; i) Ag[FAI] in 0-C¢H,F, at room temperature

and iii) KCg in the presence of 2,2,2-crpytand in dme.
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Figure 1. Molecular structures of 3-7 and 9 in the solid state. Thermal ellipsoids are drawn with 50 % probability level. Hydrogen atoms, solvent molecules,

anions and cations, respectively, are omitted for clarity.

2.74 ppm can be assigned to the 'Bu groups of the Cp”’ ligands
and the singlet at —1.09 ppm of the Cp* ligand. No signal for
the C—H groups of the Cp’” ligand can be detected between
+125 and —125 ppm. The Evans NMR spectrum shows an
effective magnetic moment of 2.04 p; for 3 and 1.90 p; for 4
corresponding to about one unpaired electron each. The EPR
spectrum of 3 at 77 K (frozen o0-C¢H,F, solution) exhibits a
strong rhombic resonance with hyperfine coupling to Co (g;=
2.155, g,=2.035, g;=1.948, A, =290, A,©° =55, A, =120 MHz,
Figure 2). DFT calculations reveal that the spin density is mainly
located on the Col atom with some minor participation of P1
and Fel (cf. Figure 2) For 4, the EPR spectra reveal rhombic
resonances similar to those of 3. The calculations show that the
spin density is more equally distributed over Fe, Co and As1
and, compared to 3, the signal is more asymmetric with the g
values being more different (77 K, solid: g,=2.235, g,=1.952,
g;=1.896, Figure 2). The presence of the hyperfine coupling in
the EPR spectrum of 3 and the pronounced rhombic signal in 4
indicates a rather metal centered oxidation.

Using two equivalents of Ag[FAI] in the oxidation of 1 and
2, respectively, gives the dicationic compounds [(Cp*Fe)(Cp’”-
Co)(un>m*-EIIFAIL, (E=P (5), As (6)) in crystalline yields of 49
and 75%, respectively (Scheme 2). Both compounds can be
obtained as air- and moisture-sensitive brown solids. Crystals
suitable for X-ray single crystal structure analysis were obtained
from concentrated solutions in o-C¢H,F, layered with hexane (5)
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and toluene (6) and stored at —30°C, respectively. The
structures in the solid state (Figure 1) reveal dinuclear triple-
decker complexes with a planar cyclo-E; ligand as middle deck.
In the compounds 5 and 6, the cyclo-E; ligand coordinates to
both the iron and cobalt fragments in an 1’ fashion and is
planar, while it is slightly folded in the monocations 3 and 4 or
strongly folded in the related starting materials 1 and 2. For 5,
all P-P distances are between 2.1425(16) and 2.1521(16) A and
are in the range between P-P single and double bonds.***
They are only slightly longer than in [Cp*Fe(n’-Ps)] showing
distances in the range of 2.1158(15) and 2.1268(16) A.?¥ For 6,
the As—As distances are in the range of 2.3390(6) and
2.3515(8) A and also between single and double bonds.?2?!
Compared to [Cp*Fe(n’-As;)] the As—As bonds are only slightly
elongated (2.317(1)-2.330(1) A).2*! Interestingly, the diamag-
netic dicationic compounds 5 and 6 are isostructural and
isoelectronic to the monocationic homo- and heterobimetallic
complexes [(Cp*M)(Cp*M')(u1n’*-Es)]T (M=Fe, Ru, M'=Fe, Ry,
E=P, As).'>* The 'H NMR spectrum of 5 in 0-C¢H,F, with C;D,
capillary shows four singlets centered at 6 =3.69, 1.49, 1.39 and
1.21 ppm with an integral ratio of 2:18:9:15. In the *'P{'H}
spectrum of 5, a sharp singlet at d=52.7 ppm is monitored. In
the 'H NMR spectrum of 6, four singlets centered at 6=4.20,
1.25, 1.18 and 0.86 ppm with an integral ratio of 2:18:9:15 are
detected.
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Figure 2. Experimental (black) and simulated (blue) X-band EPR spectra of 3 (left) and 4 (right) in frozen o-C4H,F, solution and the iso-surfaces of the
calculated spin density (BP86/def2-TZVP level of theory) in 3 (left middle) and 4 (right middle).
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Therefore, the oxidation of 1 and 2 leads to a successive
planarization of the folded cyclo-Es ligand resulting in a
completely planar ligand in 5 and 6, which is accompanied by
an overall significant shortening of all E-E distances. All
oxidation reactions are fully reversible upon addition of KCs.

The question arises how 1 and 2 will respond to a chemical
reduction. Compound 1 can be reduced using potassium
graphite in the presence of 2,2,2-cryptand to give [K(2,2,2-
cryptl[(Cp*Fe)(Cp’’Co)(um*m>-Ps)] (7) in crystalline yields of 44%
(Scheme 2). Compound 7 can be isolated as an extremely air-
and moisture-sensitive dark green solid. Crystals of 7 suitable
for single crystal X-ray structure analysis were obtained from a
concentrated solution in thf layered with hexane at —30°C. The
structure of 7 in the solid state (Figure 1) reveals a dinuclear
triple-decker complex with a strongly folded cyclo-Ps; middle
deck. The P ligand coordinates to the iron fragment in an n*
and to the cobalt fragment in an 1’ fashion. One P atom (P1) is
bent out of the plane by approx. 44.5°. All P-P distances are in
the range of single bonds. Compound 7 is paramagnetic. The
'"H NMR spectrum in thf-d;, shows three broad and strongly
shifted signals for the ‘Bu and Me groups of the Cp ligands,
while no signal for the H atoms directly attached to the Cp”’
ligand can be detected. The effective magnetic moment was
determined to be 2.01 yg by the Evans method corresponding
to about one unpaired electron. The EPR spectrum shows an
isotropic resonance with g values near to 2.0 indicating one
unpaired electron (293 K, solid, g,,=2.060, cf. Supporting
Information), while the spectra of 3 and 4 show rhombic
resonances.

The folding of the cyclo-Ps ligand in 1 is clearly dependent
on the oxidation state. The oxidation to the mono cation 3 and
the dication 5 leads to a successive planarization of the Ps
ligand, while the reduction inverts the folding and the P1 atom
turns from the coordination to Fel to Co1 accompanied by an
increase of the folding angle. For the reduction of the arsenic
complex 2, potassium graphite in the presence of 2,2,2-
cryptand was used (Scheme 2). Regardless of numerous
attempts, it was not possible to obtain crystals of the analog
arsenic complex [K(2,2,2-crypt)l[(Cp*Fe)(Cp’ Co)(un"m*-Ass)] (8)
yielding always only brown oily residues. But the presence of 8
was proved by paramagnetic signals in the 'H NMR spectrum of
the reaction mixture (mixture of 8, 9 and unknown compound,
cf. Supporting Information) and a strong isotropic resonance in
the EPR spectra of the precipitated solid of the reaction mixture
with g values near to 2 (77 K, solid: g,,,=2.123, r.t, solid: g;,,=
2.109). Leaving the Schlenk flasks with the oily residues of the
crystallization at room temperature for a few weeks, a large
amount of crystalline [K(2,2,2-crypt)]I[(Cp*Fe)(Cp”’Co)(pn*m*
Asg)] (9) could be obtained in isolated yields of 92% (Scheme 2).
The formation of 9 is reproducible. The 'H NMR spectrum of the
mother liquor reveals [(Cp*Fe)(Cp’Co)(um*m*-Asy)] as a side
product.”” The solid-state structure of 9 is shown in Figure 1.
The molecular structure reveals a dinuclear triple-decker
complex with a newly formed bent cyclo-As, ligand as middle
deck. All As—As bonds except As2-As3 are in the range of single
bonds (2.3441(5)-2.4420(5) A). The As2-As3 distance of
2.6907(5) A displays a strongly elongated As—As single bond
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indicated by a WBI of 0.52.%¥ The structural motif of 9 is
reminiscent of the isoelectronic cobalt complex [(Cp*
Co),(uM*Mm*-Ase)],?” however, in 9 as heterobinuclear complex.
The 'H NMR spectrum of 9 in thf-dg shows four singlets
centered at 6=4.14, 1.61, 1.53 and 1.35 ppm with an integral
ratio of 2:15:18:9.

While the reduction of 1 to 7 is fully reversible upon
addition of AgBF,, this is not the case for the arsenic derivate 2
due to the fragmentation of the As; ligand to yield 9.

The second scope of this work was the investigation of the
redox behavior of the mixed cobalt and nickel triple decker
complexes [(Cp"’Co)(Cp”’Ni)(un*n*-E5)] (E=P (10), As (11). Both
compounds can be easily prepared from the reaction of
[Cp’Ni(*-E5)] (E=P, As) with the cobalt toluene complex
[(Cp""Co),(uM*M*C,;Hg)] in gram scale. The synthesis of 10 was
already reported®” and the arsenic derivative 11 was prepared
analogously (cf. experimental section). To obtain a first insight
into possible redox processes of 10 and 11, cyclic voltammetric
measurements were conducted, which reveal several possible
redox processes (cf. Supporting Information). The oxidation of
10 and 11 with one equivalent Ag[FAI] leads to a color change
of dark brown to red-brown within one hour (10) and to an
immediate color change from dark green to brown (11),
respectively. The 'H NMR spectra in CD,Cl, of both reaction
mixtures after one hour reveal the formation of paramagnetic
species, which is in agreement with the abstraction of one
electron by the oxidation. Stirring the mixtures overnight and
recording another 'H NMR spectrum after one day shows the
formation of two new diamagnetic species each while the initial
paramagnetic compounds have disappeared completely. In the
3'P{'H} NMR spectrum of the reaction mixture of 10 with Ag[FAI]
in CD,Cl,, no signals could be detected after one hour, but, after
one day, a broad singlet centered at 6=140.2 ppm and a set of
a doublet (6 =789.0 ppm) and a triplet (6 =—218.0 ppm) with a
"Jpp coupling constant of 361 Hz and an integral ratio of 2:1
could be observed. The first species could be identified as
[(Cp"'Ni)y(m*>-P3)I[FAI] (14) (cf. Scheme 3), which had already
been reported, however with [GaCl,]” as a counterion.”® The
mixtures from the reaction of 10 and 11 with Ag[FAl],
respectively, were layered with hexane and left at —30°C for
crystallization. After a few days, red blocks of [(Cp”'Co),(un’m’-
P)I[FAIl (16) and brown blocks of [(Cp”'Co),(un*m>-Ass)I[FAI]
(17) could be isolated in 65% and 17% yields, respectively
(Scheme 3). The 'H and *'P{'H} NMR spectra of the mother
liquors show each an enrichment of the nickel complexes
[(Cp"Ni),(un*P-Py)IIFAIl (14) and  [(Cp’ Ni),(un>m>-As;)I[FAI]
(15). The identity of 14 was proven by comparison with the
NMR spectra of [(Cp”’Ni),(un*m*-P;)1[GaCl,1,*® and analytically
pure [(Cp'’Ni),(un*n?-As3)I[FAI] (15) could be obtained by the
oxidation of [Cp”/Ni(m*-As;)] with [FC®*][FAI] more selectively
(cf. experimental section). Obviously, a strong tendency of a
rearrangement to homometallic triple-decker complexes is
present. Before these rearrangement processes take place, the
oxidation of 10 and 11 to the heterometallic monocations
[(Cp”’Co)(Cp" ' Ni)(um>M*-Ey)I[FAI] (E=P (12), As (13)) displays the
first step. Compounds 12 and 13 could not be crystallized due
to their further transformation to 14/16 and 15/17 in solution,

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 3. Reaction of [(Cp/"Co)(Cp’”Ni)(p,n3:n3-E3)] (E=P (10), As (11) with i) Ag[FAI] in CH,Cl,, ii) leaving the reaction mixture at room temperature overnight

and iii) potassium graphite in dme in the presence of 2,2,2-cryptand.

respectively (Scheme 3). But the reaction can be stopped by
precipitation with hexane after a few minutes. The obtained
solids contain 12 and 13 as major compounds (determined by
NMR) and were further investigated by EPR spectroscopy. The
X-band EPR spectrum of a freshly prepared CH,Cl, solution (see
Figure3) of 12 at room temperature shows a rhombic
resonance (g;=2.023, g,=2.031, g;=2.014) with a well resolved
hyperfine coupling to cobalt (A, =60, A,°=64, A;°=63 MHz),
indicating that the oxidation occurred on the metal centers. The
EPR spectrum in frozen solution (77 K) shows one broad
resonance while the coupling is not resolved (cf. Supporting
Information). The solid compound 12 is EPR-silent at room
temperature and 77 K. For the arsenic derivative 13, a
resonance can be detected for the solid and of the frozen
CH,Cl, solution only at 77 K. This resonance at 77 K shows a
rhombic character (g,=2.155, g,=2.071, g;=2.016) without
any hyperfine couplings. Since the molecular structures could
not be determined by XRD, DFT calculations (BP86/def2-TZVP
level of theory) were performed starting either on the strongly
bent geometry of the cobalt complexes 16/17 or from the more
planar geometry of the nickel complexes 14/15. The bent
isomers 12-bent/13-bent are energetically favored by 20.3 and
3.5 kJ/mol, respectively, compared to their linear isomers 12-
linear/13-linear. The spin density of both isomers differs
significantly, being neither mainly located on the nickel atom
(12-bent/13-bent) nor on the cobalt atom (12-linear/13-linear)
(cf. Figure 3 and S83). In agreement with the EPR data of 12, the
linear isomer seems to be predominant in solution, albeit
energetically slightly disfavored. In the case of the arsenic

—— experimental
—— simulated

320 330 340 350
Field [mT]

12-bent

12-linear

Figure 3. X-band EPR spectrum of 12 in CH,Cl, at room temperature
(experimental (black) and simulated (blue)) and the isosurfaces of the
calculated spin densities in 12-bent and 12-linear.
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derivative 13, the bent isomer seems to be predominant in
frozen solution as well as in the solid state due to the absence
of a hyperfine coupling to cobalt and the presence of a rhombic
signal shape (the free electron is preferably located on a metal
center). Since 12 and 13 could not be obtained as analytically
pure compounds, no Evans NMR experiments were conducted.
The further rearrangement of the heterometallic cation 12/13
to the homometallic nickel (14/15) and cobalt (16/17) cations is
exothermic by 95.5 and 73.9 kJ/mol (related to 12-bent/13-
bent), respectively.

As already mentioned, leaving the reaction mixtures of the
oxidation experiments of 10 and 11 with Ag[FAI] for crystal-
lization yields single crystals of [(Cp”’Co),(un*1’-E3)I[FAI] (E=P
(16), As (17)) suitable for X-ray diffractions. The structures in the
solid state are depicted in Figure 4. The molecular structure
reveals a strongly bent triple-decker complex with an E; chain
ligand coordinated to two {Cp”’Co} fragments. The E; ligand
shows two short distances (P1-P2 2.1532(12) A, P2-P3
2.1516(21) A, As1-As2 2.3770(5) A, As2-As3 2.3638(5) A being in
the range between single® and double™ bonds, which is also
in agreement with the calculated WBIs of 1.07/1.07 (16) and
1.02/1.02 (17). The outer E atoms E1 and E3 are 3.2571(11) A
(16) and 3.5176(6) A (17) away from each other and clearly
represent no bond (WBIs of 0.17 (16) and 0.17 (17)). The Co--Co
distances of 2.6213(6) A (16) and 2.6827(6) A (17) are quite short
and an interaction could not be dismissed, supported by the
calculated WBIs of 0.18 (16) and 0.17 (17), respectively.
Compound 13 and 15 are isoelectronic and isostructural to the
starting materials 10 and 11, while 17 is isoelectronic and
isostructural to the mixed iron and cobalt complex
[(Cp*Fe)(Cp’Co)(um*m*-As;)1.2" Single crystals of the nickel
complexes [(Cp”’Ni),(L,1Pm>-E;)I[FAIl (E=P (14), As (15)) as the

second product were not obtained from these reaction
mixtures. Since the phosphorus derivative was already
reported,”” only the so far unknown arsenic complex 15 will be

discussed here. Single crystals of 15 were obtained from a
concentrated solution of the reaction mixture of the oxidation
of [Cp"’Ni(m>-As;)] with [FP™][FAI] in CH,Cl, layered with
pentane at room temperature. The structure in the solid state
(Figure 4) shows a triple-decker complex with an As; ligand
coordinated to two {Cp"’Ni} fragments. The As, ligand shows
two shorter distance (As1-As2 2.4179(4) A, As2-As3 2.4294(3) A)
and one long distance (As1-As3 2.8730(4) A). The short distance
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Figure 4. Molecular structures of 15, 16, 17, 22 and 23 in the solid state. Thermal ellipsoids are drawn with 50% probability level. Hydrogen atoms, solvent

molecules, anions and cations, respectively, are omitted for clarity.

is in the range between As—As single and double bonds
(calculated WBIs of 1.02 and 1.03) and the long distance is too
long to be considered as a bond, but since the distance is still
below the sum of van der Waals radii*? a weak interaction
could not be dismissed, which is underlined by the calculated
WBI of 0.36. The Ni atoms are 3.5434(5) A apart from each other,
which is clearly too long for an interaction (WBI of 0.05).

To obtain further proof of the transfer of the {Cp”’M}
fragments during the oxidation process, [(Cp"”’Co)(Cp”Ni)(-
unPm’-Py)1 (18) with two different Cp ligands was synthesized
by the reaction of [Cp”Ni(m*-P;)] with [(Cp"Co),(un"Mm"*-C;Hg)l.
Interestingly, the change from Cp”’ to Cp” leads to a significant
change in the geometry of the heterometallic triple-decker
complex in the solid state (Figure 5). Due to the lower steric
demand of the Cp” ligand, the geometry changes from a
slightly bent triple-decker complex such as in 10 to a structural
motif where the {Cp”Ni} fragment is almost in the plane of the
P; ligand (torsion angle of only 7.5°).

This geometry is energetically favored by 33.5kJ/mol
towards the stretched triple-decker geometry observed for 10

18 19

(cf. Figure S86). In the *'P{"H} NMR spectrum of 18 in C;D,, only
the bent isomer can be detected in solution, indicated by a
doublet centered at 6=356.0 and a triplet centered at d=
148.5 ppm with a 'J,, coupling constant of 360 Hz. In contrast,
for 10, the bent isomer is also energetically favored by 22.1 kJ/
mol, but both can be detected in solution in a solvent- and
temperature-dependent equilibrium.?” Due to the isolobal
analogy between {Cp*Ni} and P, complex 18 is isolobal to the
cyclo-P, complex [Cp”’Co(n*-P,)1.B” Contrary to expectations,
the reaction of 18 with Ag[FAI] does not lead to an oxidized
complex but instead to the coordination compound
[(Cp""Co)(Cp"Ni)(uam’1*m'm'-PsHAG(CH,CL)IIFAIL, (19)
(Scheme 4). Crystals suitable for X-ray single crystal structure
analysis could be obtained from a concentrated solution in
CH,Cl, layered with hexane at room temperature. The structure
in the solid state (Figure 5) shows a dimeric structural motif
with a central six-membered ring consisting of two Ag atoms
saturated each by a CH,Cl, molecule and two P atoms of each
molecule 18. Initially targeting to obtain the analog copper
coordination compound, we reacted 18 with [Cu(MeCN); ][FAI]

21

Figure 5. Molecular structures of 18, 19 and 21 in the solid state. Thermal ellipsoids are drawn with 50 % probability level. Hydrogen atoms, solvent molecules

and anions, respectively, are omitted for clarity

Chem. Eur. J. 2021,27,1-13 www.chemeurj.org

6 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

These are not the final page numbers! 77


https://doi.org/10.1002/chem.202100844

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/chem.202100844

Chemistry—A European Journal

u
[FAI]

[FAI]  + unidentfied side products

Scheme 4. Reaction of 18 with: i) Ag[FAI] and ii) [Cu(MeCN);s][FAI] in CH,Cl,
at room temperature.

(Scheme 4). Interestingly, a short time after the addition of the
copper salt to 18, a metal mirror was observed on the glass wall
and, after workup, single crystals of 16 could be obtained,
revealing clearly the transfer of {Cp*M} fragments during the
oxidation process. It was not possible to identify further Cp”Ni-
containing products. The question arises as to whether the
transfer of the metal fragments can be hindered. One possibility
would be to coordinate an innocent organometallic fragment
to the P, ligand prior to oxidation. For this reason, we used the
{W(CO).}-stabilized complex [(Cp"’Co)(Cp’’Ni)(ps P m'-Ps){W-
(CO9N (20)? and reacted it with Ag[FAI]. Directly after addition
of the silver salt, a metal mirror was observed and a 'H NMR
spectrum in CD,Cl, was recorded showing the formation of new
paramagnetic species. After stirring for one day, another NMR
spectrum was recorded showing that the paramagnetic species
was still present, not having disappeared as observed for the
oxidation of 10 and 11, respectively. After workup and
crystallization, single crystals of [(Cp"’Co)(Cp’ ' Ni)(usn’m’m'-P3)-
{W(CO) HIFAI] (21) (Scheme 5)were obtained. The structure in
the solid state reveals a strongly bent triple-decker geometry
where one of the outer P atoms is coordinated to a {W(CO)s}
fragment. Since both metal fragments contain the same Cp”’
ligand, a mixed occupancy could not be dismissed. The para-
magnetism of 21 is in agreement with two different metal
atoms. The X-band EPR spectra of the obtained crystals shows a
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Scheme 5. Oxidation of 20 with Ag[FAI] in CH,Cl,.
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rhombic resonance at room temperature and 77 K, the latter
being simulated (cf. Figure S12, g,=2.060, g,=2.007, g;=1.984,
Jis,=2.017). The 'H NMR spectrum in CD,Cl, reveals three very
broad signals centered at 6 =5.73, 2.01 and 1.74 ppm.

As already mentioned, the cyclic voltammograms of both
10 and 11 reveal possible reduction processes. The reduction of
10 and 11 yields [K(2,2,2-crypt)]I[(Cp”’Co)(Cp’'Ni)(us,n*m*-E;)]
(E=P (22), As (23), Scheme 3) in crystalline yields of 76% and
73%, respectively. Crystals suitable for X-ray single crystal
structure analysis could be obtained from a concentrated
solution in thf layered with hexane at room temperature. The
molecular structure in the solid state (Figure 4) shows a triple-
decker complex with both Cp” ligands being almost parallel to
each other (Cp”’NiCoCp’” angle of 174.1° (22) and 174.9° (23)).
The E; middle deck shows two shorter E—E bonds (P1-P2
2.1792(10) A, P2-P3 2.172(1) A, As1-As2 2362(12) A, As2-As3
24327(7) A) and two longer E-E contacts (P1-P3 2.5537(11) A,
As1-As3 2.7799)10) A). The short distances are in the range
between single and double bonds, indicated by the calculated
WBIs of 1.04/1.08 for 22 and 0.99/1.02 for 23. The long distances
are too long to be considered as bonds, but an interaction
should be present, indicated by the WBIs of 0.45 (22) and 0.68
(23). Compounds 22 and 23 are both paramagnetic, which
agrees with the addition of one electron by the reduction
process and no rearrangement as in the oxidations mentioned
above took place. The related '"H NMR spectra in thf-dg reveal
several broad and partially strongly shifted signals. The
magnetic moments in solution were determined by the Evans
method to be 1.92 (22) and 1.22 (23) pg corresponding to
roughly one unpaired electron each. At room temperature, the
X-band EPR spectra of solid 22 show only a very weak
resonance and, at 77 K, a strong resonance with a rhombic
character. In contrast, the spectra of a thf solution of 22 show at
room temperature a resonance with a poorly resolved hyperfine
coupling and, at 77K, a strong resonance with a hyperfine
coupling to cobalt and phosphorus (Figure 6). The latter was
simulated (g,=2.143, g,=2.120, g;=1.980, g;,=2.081, A, =
149 MHz, A,°=50 MHz, A,°=43MHz, A =14MHz, A=
36 MHz, A;’=42 MHz). Compound 23 is EPR-silent at room
temperature. The X-band EPR spectrum in a frozen thf solution
at 77 K shows a rhombic resonance with a poorly resolved
hyperfine coupling to cobalt, while the spectrum of solid 23
shows a rhombic signal without a resolved coupling (Figure 6,
g,=2.214, g,=2.142, g;=2.039, g,,=2.146). DFT calculations
(BP86/def2-TZVP level of theory) reveal that the spin density is
mainly located on the Co and only slightly on the Ni atom. In
the case of 22, also an additional small contribution of the P,
ligand is observed. The reduction of 10 and 11 to 22 and 23 is
fully reversible upon addition of AgBF,.

Conclusion

It was shown that heterobimetallic triple-decker complexes
possessing a polypnictogen ligand as middle deck show a
versatile redox chemistry. They respond to the redox reaction

either with slight changes in the geometry, in the fragmenta-
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Figure 6. Experimental (black) and simulated (blue) X-band EPR spectra of 22 (left) in frozen thf solution and 23 (right) in the solid state and the iso-surfaces
of the calculated spin density (BP86/def2-TZVP level of theory) in 22 (left middle) and 23 (right middle).

tion of the E, ligand or in the exchange of {Cp”’M} fragments
under formation of homometallic complexes. The iron and
cobalt triple-decker complexes [(Cp*Fe)(Cp’’Co)(un’n*-Es)] (E=
P (1), As (2)) can be oxidized twice and reduced once, although
the reduction of 2 is accompanied by a fragmentation of the
As; ligand into Asg and As;-containing species. The folding of
the cyclo-E; ligand is strongly dependent on the oxidation state.
While oxidation leads to a successive planarization of the
middle decks, reduction increases the fold angle and the
coordination of the bent E atom changes from iron to cobalt.
While in this case the outcome of the reduction is dependent
on the pnictogen atom, this does not apply for the cobalt nickel
triple-decker complexes [(Cp”’Co)(Cp'’Ni)(p,1n*m*-E3)] (E=P (10),
As (11). Both can be reduced to 22 and 21, while the oxidation
to the heterometallic cations 12 and 13 does not display the
end of the reaction, but a strong tendency to rearrange to the
homo-metallic cobalt complexes 16 and 17 and the nickel
complexes 14 and 15 is observed. The transfer of {Cp"’M}
fragments was further investigated by EPR and NMR spectro-
scopy. Directly after the reaction, paramagnetic species (12 and
13) are present, which completely convert within one day into
the homometallic diamagnetic compounds (14-17). Since both
metal fragments contain the same Cp’” ligand, the analog
starting material with two different Cp ligands was prepared
and analog reactions performed, revealing the same transfer of
{Cp’M} fragments upon oxidation. This transfer can be
remediated when an innocent ligand ({W(CO)s} is coordinated
prior to the oxidation. The reversibility of the mentioned redox
processes is very good for the mixed iron and cobalt complexes
1 and 2 (except reduction of 2) and comparable with the
homometallic triple-decker complexes mentioned in the intro-
duction. For the mixed cobalt and nickel complexes 10 and 11,
only the reduction is reversible, while the oxidation is
accompanied by an exchange of the {Cp"’M} fragments to form
homometallic species.

Experimental Section

Synthetic procedures: All manipulations were performed under an
atmosphere of dry argon using standard glove-box and Schlenk

Chem. Eur. J. 2021,27,1-13 www.chemeurj.org

techniques. All solvents were degassed and purified by standard
procedures. The compounds [Cp"’Ni(CO)1,,*" [(Cp*Fe)(Cp”’Co)(-
;,L,T]SIT]A-ES)] (E:P (1)' As (2))’[20,211 [ch]l[BZJ Ag[FAl],Bs] [CU-
(MeCN); s][FAI],BY [(Cp""Co)(Cp'Ni)(wn*m?*-P5)] (10),
[(Cp"Co)([Cp"Ni)(mPm* ' -PHW(CO) ] (20),2”  [Cp”Ni(nP-P5)1,=
[(Cp""Co),M*M*-C;Hg)1.2® 18-c-6 and 2,2,2-cryptand were purchased
commercially. The NMR spectra were recorded with a Bruker
Avance 400 spectrometer ('H: 400.13 MHz, *'P: 161.976 MHz). The
chemical shifts are given in ppm referenced to external SiMe, ('H)
and H;PO, ('P). Elemental analyses were determined with an
Elementar Vario EL Il apparatus. The X-Band EPR measurements
were carried out with a MiniScope MS400 device with a frequency
of 9.44 GHz and a rectangular resonator TE102 of the company
Magnettech GmbH. The LIFDI-MS spectra were recorded with a
Finnigan MAT 95 mass spectrometer. The ESI-MS spectra were
acquired on a ThermoQuest Finnigan MAT TSQ 7000 mass
spectrometer.

Synthesis of [Cp’Ni(n*-As;)]: A freshly prepared solution of yellow
arsenic in boiling xylene (starting from 5 g grey arsenic) was reacted
with [(Cp"’Ni(CO)], (800 mg, 6.248 mmol) under reflux for three
hours. Five batches were combined and worked up together. The
solvent was removed in vacuo, the residue dissolved in CH,Cl, and
SiO, was added. The preabsorbed reaction mixture was purified by
column chromatography (SiO,, hexane, 15x4.5 cm). Using hexane,
an intense red fraction was eluted. The solvent was removed in
vacuo and the oily residue dissolved in CH,Cl, and precipitated
with MeCN yielding a red powder. Yield: 3.70 g (57%). '"H NMR
(CD,Cl,, 25°C): 0 [ppm]l=5.45 (s, 2H, CsH,'Buy), 1.28 (s, 18H,
CsH,'Bus), 1.10 (s, 9H, CsH,'Bus). FD-MS (toluene): m/z=1250.0 (53 %,
[(Cp"Ni);Ass]),), 882.0 (100%, [(Cp"'Ni),As,),), 807.0 (63%,
[(Cp”’Ni),As,]), 515.9( 41%, [M]*). EA Cy,H,,NiAs;: calc [%]: C 39.50; H
5.66; found [%]: C 39.15; H 5.27.

Synthesis of [(Cp*Fe)(Cp’”’Co)(un’n>-P5)I[FAIl (3): A solution
of Ag[FAI] (233.8 mg, 0.157 mmol, 1 eq) in CH,Cl, was added to
a stirred solution of 1 (100 mg, 0.157 mmol, 1 eq) in CH,Cl, at
room temperature, while the color changed from dark red to
brown-green and a dark precipitate (Ag®) was obtained. After
stirring for 1 h, the reaction mixture was filtered over diatoma-
ceous earth. The solvent of the green solution was reduced,
layered with hexane and stored at —30°C. After a few days, 3
could be obtained as green plates. The supernatant was
decanted off, washed with hexane and dried in vacuo. Yield:
174 mg (55%). '"H NMR (CD,Cl,, 25°C): 8 [ppm]=5.66 (br, w,,=
13 Hz, 15H, CsMey), 3.76 (br, w,, =45 Hz 9H, C;H,'Bus), 3.29 (br,
w,,=42Hz 18H, CiH,'Bu;), —65.22 (br, w,,=622Hz, 2H,
CsH,'Bus). "°F{'"H} NMR (CD,Cl,, 25°C): 0 [ppm]=—112.6 (d, Jrr=
285 Hz, 6F), —117.1 (d, Jr.=279 Hz, 6F), —121.8 (d, Jr =279 Hz,
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3F), —127.9 (s, 6F), —130.6 (d, Jr. =274 Hz, 6F), —137.2 (d, Jrr=
276 Hz, 6F), —141.2 (d, Js =274 Hz, 3F), —154.3 (t, Jr =22 Hz,
6F), —165.0 (t, Jrr=18 Hz, 6F), —172.0 (s, AIF, 1F). *'P{'"H} NMR
(CD,Cl,, 25°C): & [ppm]=275.1 (br, »,,=2600 Hz, Ps). >'P NMR
(CD,Cl,, 25°C): 6 [ppm]1=275.1 (br, w,,=2600 Hz, P;). Evans-
NMR (CD,Cl,, 25°C): ue=2.04 pug corresponding to 1.27 un-
paired electrons. ESI-MS (CH,Cl,): m/z=638.1 (100%, [M]"),
607.1 (1%, [M—P]™). EA C4;H,,05AIF ,xPsFeCo: calc [%]: C 37.47; H
2.20; found [%]: C 37.46; H 2.31. X-band EPR (77 K, frozen CH,Cl,
solution) g, =2.155, g,=2.035, g;=1.948, A,°=290.125, A,“°=
55.125, A;<°=120.125 MHz, (77 K, solid) (overall shape similar to
(77 K, liquid), but coupling not resolved).

Synthesis of [(Cp*Fe)(Cp’’Co)(u,n*n’-As;)I[FAI] (4): A solution
of Ag[FAIl (173.5 mg, 0.1165 mmol, 1 eq) in CH,Cl, was added
to a stirred solution of 2 (100 mg, 0.1165 mmol, 1 eq) in CH,CI,
at room temperature, while the color changed from dark green
to brown-green and a dark precipitate (Ago) was obtained. After
stirring for 1 h, the reaction mixture was filtered over diatoma-
ceous earth. The solvent of the brown-green solution was
reduced, layered with hexane and stored at —30°C. After a few
days, 4 could be obtained as brown plates. The supernatant was
decanted off, washed with hexane and dried in vacuo. Yield:
165 mg (63 %). '"H NMR (CD,Cl,, 25°C): 6 [ppm]=3.84 (br, w,,=
167 Hz, 9H, CiH,'Bus), 2.74 (br, w,,=119 Hz, 18H, CsH,'Bus),
—1.09 (br, ,,=40 Hz, 15H, CsMe,). °F{'H} NMR (CD,Cl,, 25°C):
0 [ppml=—112.6 (d, Jr.e=285Hz, 6F), —117.1 (d, Je.r=279 Hz,
6F), —121.8 (d, Jr.y=279 Hz, 3F), —127.9 (s, 6F), —130.6 (d, Jrr=
274 Hz, 6F), —137.2 (d, Jr.y =276 Hz, 6F), —141.2 (d, Jr. =274 Hz,
3F), —154.3 (t, Jer=22Hz, 6F), —165.0 (t, Jrr=18Hz, 6F),
—172.0 (s, AIF, 1F). Evans-NMR (CD,Cl,, 25°C): por=1.90 g
corresponding to 1.14 unpaired electrons. ESI-MS (CH,Cl,): m/
z=2857.9 (100%, [M]*), 782.9 (67 %, [M—As]™), 708.0 (13 %, [M-
2As]*). EA C43H,,05AIF,,AssFeCo: calc [%]: C 33.79; H 1.98; found
[%]: C 34.06; H 2.01. X-band EPR (77 K, solid) g,=2.235, g,=
1.952, g;=1.896, (77 K, frozen CH,Cl, solution) g;,,=2.04, (r.t,
CH,CI, solution) g;,,=2.06, (r.t, solid) g;;, =2.04.

Synthesis of [(Cp*Fe)(Cp"’Co)(mn’n>-Ps)I[FAI]L, (5): A solution of
Ag[FAI] (238 mg, 0.160 mmol, 2.05 eq) in 0-C¢H,F, was added to a
stirred solution of 1 (50 mg, 0.078 mmol, 1 eq) in 0-C;H,F, at room
temperature, while the color changed from dark red to brown and
a dark precipitate (Ag°) was obtained. After stirring for 1h, the
reaction mixture was filtered over diatomaceous earth. The solvent
of the brown solution was reduced, layered with toluene and
stored at —30°C. After a few days, 5 could be obtained as brown
blocks. The supernatant was decanted off, washed with hexane and
dried in vacuo. Yield: 131 mg (49%). 'H NMR (CD,Cl,, 25°C): 6
[ppml=4.69 (s, 2H, CsH,'Bus), 1.49 (s, 18H, CsH,'Bus), 1.39 (s, 9H,
CsH,'Bus), 1.21 (s, 15H, CsMes). "F{"H} NMR (CD,Cl,, 25°C): & [ppm]=
—112.6 (d, Jr =285 Hz, 6F), —117.1 (d, Jrs =279 Hz, 6F), —121.8 (d,
Jeg=279 Hz, 3F), —127.9 (s, 6F), —130.6 (d, J.s =274 Hz, 6F), —137.2
(d, Jrs=276 Hz, 6F), —141.2 (d, Jr; =274 Hz, 3F), —1543 (t, Jp;=
22 Hz, 6F), —165.0 (t, J.y=18 Hz, 6F), —172.0 (s, AIF, 1F). *'P{'H}
NMR (CD,Cl,, 25°C): & [ppm]=54.7 (s, Ps). *'P NMR (CD,Cl,, 25°C): &
[ppm]=54.7 (s, Ps). ESI-MS (CH,Cl,): m/z=638.1 (100%, [M]"). ESI-
MS (0-C¢H4F,): m/z=638.1 (100%, [M]1*), 319.0 (7%, [MI*"). EA
CooH,,O6AlLF4,PsFeCo x CoH,F,: calc [%]: C 35.88; H 1.37; found [%]: C
35.58; H 1.42.

Synthesis of [(Cp*Fe)(Cp”’Co)(wn’n’-Ass)1[FAI], (6): A solution of
Ag[FAI] (375 mg, 0.2518 mmol, 2 eq) in o-C¢H,F, was added to a
stirred solution of 2 (108 mg, 0.1259 mmol, 1 eq) in 0-C¢H,F, at
room temperature, while the color changed from dark green to
brown and a dark precipitate (Ag°) was obtained. After stirring for
4 h, the reaction mixture was filtered over diatomaceous earth. The
solvent of the brown solution was reduced, layered with toluene
and stored at —30°C. After a few days, 6 could be obtained as
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brown blocks. The supernatant was decanted off, washed with
hexane and dried in vacuo. Yield: 344 mg (75%). 'H NMR (0-C4H,F,
+ C¢Dg capillary, 25°C): 6 [ppm]=4.20 (s, 2H, CsH,Bus,), 1.25 (s, 18H,
C,H,'Bus), 1.18 (s, 9H, CsH,'Bus), 0.86 (s, 15H, CsMes). °F{'H} NMR (o-
CeHLF, + CDg capillary, 25°C): 6 [ppm]=—112.6 (d, Jrr=285 Hz,
6F), —117.1 (d, J.r =279 Hz, 6F), —121.8 (d, Jr.r =279 Hz, 3F), —127.9
(s, 6F), —130.6 (d, Jrs=274Hz, 6F), —137.2 (d, Jrs=276 Hz, 6F),

—141.2 (d, Jeg =274 Hz, 3F), —154.3 (t, Jr.. =22 Hz, 6F), —165.0 (t,_J;.
=18 Hé, 6E, 17207 G, )AIF, 1F). Cetris (o—C6H4F25: m/z= L/

(56%, [M]*), 428.9 (100%, [MI**). EA CooH,,O4Al,Fs,PsFeCo: calc [%]:
C 32.84; H 1.22; found [%]: C 32.55; H 1.46.

Synthesis of [K(2,2,2-crypt)I[(Cp*Fe)(Cp”'Co)(un*m’-Ps)] (7): A
suspension of KCq (25 mg, 0.188, 1. 2 eq) in dme was added to a
stirred solution of 1 (100 mg, 0.1567 mmol, 1 eq) and 2,2,2-crypt
(59 mg, 0.1567 mmol, 1 eq) in dme, while the color changed from
dark red to brown green. After stirring for 3 h it was filtered over
diatomaceous earth. The solvent was reduced and layered with
hexane at room temperature. 7 could be obtained as dark green
blocks. The supernatant was decanted off and the crystals dried in
vacuo. Yield: 88 mg (44%) 'H NMR (thf-dg, 25°C): 6 [ppm]=6.24 (br,
9H, CH,'Bus), 4.15 (br, 15H, C:MeJ), 3.70 (br, 12H, crypt), 3.66 (br,
12H, cypt), 3.44 (br, 18H, CsH,'Bus), 2.66 (br, 12 H, crypt). EA
C,5HgoO6N,PsFeCoK: calc [%]: C 51.29; H 7.65; N 2.66; found [%]: C
51.21; H 7.35 N257. Evans-NMR (thf-dg, 25°C): u.+=2.01 pg
corresponding to 1.24 unpaired electrons. X-band EPR (77 K, solid)
Giso=2.047, (77 K, frozen dme solution) g,,=2.041, (rt, dme
solution) g, =2.078, (r.t, solid) g, =2.060.

Reaction of [(Cp*Fe)(Cp"’Co)(un’n*As;)] (2) with KCg: Compound
2 (100 mg, 0.1166 mmol, 1 eq), KCg (19 mg, 0.1399, 1.2 eq) and
2,2,2-crypt (43.9 mg, 0.1166 mmol, 1 eq) were weighed in together
and dimethoxyethane was added, while the color changed from
dark green to brown. After stirring for 5 minutes, it was filtered
over diatomaceous earth and the solvent was reduced. An excess
of hexane was used for precipitation. The microcrystalline solid was
washed with hexane (slight brown to green color) and dried in
vacuo. The 'H NMR spectrum in thf-dg reveals the formation of 9
beside the paramagnetic compound [K(2,2,2-crypt)][(Cp*Fe)(Cp”’-
Co)(pn*m>-Ass)] (8) (cf. Figure S24). X-Band EPR measurement of the
obtained solid reveals a strong isotropic resonance. Compound 8:
X-band EPR (77 K, solid) g, =2.123, (r.t, solid) g,,,=2.109.

Synthesis of [K(2,2,2-crypt)I[(Cp*Fe)(Cp”'Co)(un*n*-Ass)] (9):
Compound 2 (500 mg, 0.5827 mmol, 1 eq), KCq (88 mg, 0.651, 1.12
eq) and 2,2,2-crypt (219.5 mg, 0.5827 mmol, 1 eq) were weighed in
together and dimethoxyethane was added. After stirring overnight
(color change from green to brown), it was filtered over diatoma-
ceous earth. The solvent was reduced and layered with hexane at
room temperature. After a few days, an oily solid was observed at
the Schlenk wall. Leaving it for a few weeks, crystalline solid
(needles) of 9 were obtained. The supernatant was decanted off,
washed with hexane and the crystals dried in vacuo. The 'H NMR
spectrum of the brown-green mother liquor reveals [(Cp*Fe)(Cp”'-
Co)(pn’m*-As3)I?" as a major compound. Yield: 481 mg (92%). 'H
NMR (thf-dg, 25°C): 6 [ppm]=4.14 (s, 2H, CsH,'Bus), 3.61 (s, 12H,
C,5H36N,0g), 3.57 (overlapped with solvent signal, C,gH;6N,0q), 2.56
(t, *Jyy=4.4 Hz, 12H, C;gH3N,0q), 1.61 (s, 15H, CsMes), 1.53 (s, 18H,
C.H,'Bus), 1. 35 (s, 9H, C;H,'Bus). ESI-MS (dme): m/z=932.9 (100%,
[M]7). EA C4sHgOgN,AsFeCoK: calc [%]: C 40.08; H 5.98; N 2.08;
found [%]: C 40.60; H 6.12; N 1.94.

Synthesis of [(Cp"’Co)(Cp’Ni)(wn’mn?-As;)] (11): A solution of
[(Cp"Co),(un*M*C,Hg) (985 mg, 1.455 mmol, 1 eq) in hexane was
added to a stirred solution of [Cp”’Ni(n*-As;)] (1.50 mg, 2.91 mmol,
2 eq) in hexane at room temperature, while the color changed to
green. After stirring for one hour, the solvent was removed in
vacuo. The residue was dissolved in CH,Cl, and layered with MeCN
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and stored at room temperature. After a few days, 11 can be
obtained as green needles. The supernatant was decanted off and
the remaining crystals dried in vacuo. Yield: 2.05 g (85%). 'H NMR
(CeDg, 25°Q): 6 [ppm]=5.14 (s, 2H, CsH,Bus), 4.90 (s, 2H, CsH,Bus),
1.43 (s, 18H, CsH,'Bus), 1.34 (s, 18H, CsH,'Bus), 1.06 (s, 9H, CsH,Bus),
0.96 (s, 9H, CsH,'Bus). LIFDI-MS (toluene): m/z =808.0 (100%, [M]™).
EA C;,HssCoNiAs;: calc [%]: C 50.46; H 7.22; found [%]: C 50.07; H
6.84.

Reaction of [(Cp”’Co)(Cp”’Ni)(um*m>-P;)] (10) with Ag[FAIl: A
solution of Ag[FAI] (220 mg, 0.148 mmol, 1 eq) in CH,Cl, was added
to a stirred solution of 10 (100 mg, 0.148 mmol, 1 eq) in CH.Cl, at
—80°C. The reaction mixture was warmed to room temperature,
while a color change from brown to red-brown and a dark
precipitate (Ag°) was observed. The desired [(Cp’Co)(Cp’Ni)(-
wPm>-P3)IFAIl (12) was precipitated by addition of hexane, the
solvent was decanted off and the residue dried in vacuo. The
obtained solid was investigated by NMR and EPR spectroscopy,
revealing the paramagnetic character of 12. '"H NMR (CD,Cl,, 25°C):
0 [ppm]=3.65 (br, w,,=127 Hz, 27H, C;H,'Bu;), 2.96 (br, w,,=
53 Hz, 18H, CsH,'Bus), 2.49 (br, w,,=48 Hz, 9H, CH,'Bus). X-band
EPR (r.t, solution) g,,, =2.023, g, =2.023, g,=2.031, g;=2.014, A,“ =
59.56, A,"°=63.97, A;"°=62.83 MHz; (77 K, frozen CH,Cl, solution)
Giso=2.025.

Oxidation of [(Cp’Co)(Cp”’Ni)(mn’n*As;)] (11): A solution of
Ag[FAI] (92 mg, 0.062 mmol, 1 eq) in CH,Cl, was added to a stirred
solution of 11 (50 mg, 0.062 mmol, 1 eq) in CH,Cl, at —80°C, while
the color changed from green to red-brown. The reaction mixture
was warmed to room temperature and a dark precipitate (Ag®) was
observed. The desired [(Cp”’Co)(Cp”’Ni)(un*n?-As;)I[FAI] (13) was
precipitated by addition of hexane, the solvent was decanted off
and the residue dried in vacuo. The obtained solid was investigated
by '"H NMR and EPR spectroscopy, revealing the paramagnetic
character of 13. The residual solid was again dissolved in CH,CI,
and stirred for five days. The solvent was removed in vacuo and an
'H NMR spectrum in CD,Cl, was recorded, revealing the formation
of the two diamagnetic species [(Cp"’Co),(un*m?-As;)I[FAI] (17) and
[(Cp'"Ni),(um*m>-Ass)I[FAIl (15). Very few single crystals of 17
suitable for X-ray diffractions were obtained by layering a
concentrated solution of the reaction mixture in o-C¢H,F, with
pentane at —30°C. Analytically pure 15 can be obtained by the
oxidation of [Cp"’Ni(n*-As;)] with diacetyl-ferrocenium (vide infra).
Analytical data of 13: 'H NMR (CD,Cl,, 25°C): 6 [ppm]=3.04 (br,
18H, CsH,'Bus), 2.99 (br,9H, CsH,'Bus), 2.76 (br, 18H, CsH,'Bus), 2.25
(br, 18H, CsH,'Bus), —23.51 (br, 2H, CH,'Bus). X-band EPR (77 K,
solid) g;=2.155, g,=2.071, g;=2.016, (77 K, frozen CH,Cl, solution)
G1so=2.070.

Oxidation of [Cp’Ni(n*-As;)]: Addition of a blueish green solution
of [Fc®™][FAI] (83 mg, 0.05 mmol, 0.5 eq.) in CH,Cl, to a dark red
solution of Cp’”Ni(n3-A53) (52 mg, 0.1 mmol, 1eq.) in CH,Cl, at
—80°C afforded a rapid color change to dark brown. The reaction
mixture was left to warm to room temperature and stirred for
another 2 h. Afterwards pentane was added to precipitate 15 as a
brown powder. The supernatant was decanted off, the solid washed
two times with toluene and another two times with pentane. The
residue was dissolved in CH,Cl, and layered with pentane. After a
few days, 15 could be obtained as brown blocks. The supernatant
was decanted off and the crystals washed with hexane and dried in
vacuo. Yield: 55 mg (50%). '"H NMR (CD,Cl,, 25°C): 6 [ppm]=5.09 (s,
2H, CsH,Bus), 1.35 (s, 18H, C;H,'Bus), 0.96 (s, 9H, CsH,'Bus). ESI-MS
(CH,Cl,): m/z=841.1 (0.1 %, [M +H,0 + Q]), 807.1 (0.6%, [M]™), 373.2
(24%, [Cp”’Ni(MeCN),]), 332.2 (100%, [Cp'NiMeCN]). EA
CyoHss0sNiLAS;AIF,.¢: calc [%]: C 38.39; H 2.67; found [%]: C 38.61; H
2.70.
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Synthesis of [(Cp"’Co),(u,n*m>-P;)I[FAI] (16): A solution of Ag[FAI]l
(220 mg, 0.148 mmol, 1 eq) in CH,Cl, was added to a stirred
solution of 10 (100 mg, 0.148 mmol, 1 eq) in CH,Cl, at room
temperature, while the color changed from brown to red-brown
and a dark precipitate (Ag®) was obtained. The reaction was
completed by stirring for 20 h (dark red color, shorter reaction
times do not lead to a full conversion). The reaction mixture was
filtered over diatomaceous earth. The 'H and *'P{"H} NMR spectra in
CD,Cl, reveals the formation of [(Cp"’Co),(un*1’>-P3)IFAI] (16) and
[(Cp"”Ni),(un’m>-P3)IIFAI (14).%% The solvent of the red solution was
reduced, layered with toluene and stored at —30°C. After a few
days, 16 can be obtained as red rods. The supernatant was
decanted off, washed with hexane and dried in vacuo. Yield: 86 mg
(65%). 'H NMR (CD,Cl,, 25°C): 6 [ppm]=4.89 (s, 4H, CsH,Bus), 1.41
(s, 36H, C4H,'Bus), 1.23 (s, 18H, CsH,'Bus). 3'P{'"H} NMR (CD,Cl,, 25 °C):
& [opm]=789.0 (d, 'Jpp=361 Hz, 2P, Py), —218.0 (t, 'Jpp=361 Hz, 1P,
P,). *'P NMR (CD,Cl,, 25°C): 6 [ppm]=789.0 (d, "J»=361 Hz, 2P, P;),
—2180 (t, J,=361Hz, 1P, Py). F{'H} NMR (CD,Cl, 25°C): ¢
lopm]=-112.6 (d, Jrs=285Hz, 6F), —117.1 (d, Jpr=279 Hz, 6F),
—121.8 (d, Jos =279 Hz, 3F), —127.9 (s, 6F), —130.6 (d, Jy.r =274 Hz,
6F), —137.2 (d, J.s =276 Hz, 6F), —141.2 (d, Jr.- =274 Hz, 3F), —154.3
(t, Jrr =22 Hz, 6F), —165.0 (t, J., = 18 Hz, 6F), —172.0 (s, AlF, 1F). ESI-
MS (CH,CL): m/z=677.2 (100%, [M]*). EA C,oHssO,AIF,,Co,P;: calc
[%]: C 40.83; H 2.84; found [%]: C 40.91; H 3.12.

Synthesis of [(Cp"’Co),(w,n*n>-As;)I[FAI] (17):A solution of Ag[FAI]
(184 mg, 0.1235 mmol, 1 eq) in CH,Cl, was added to a stirred
solution of 11 (100 mg, 0.1235 mmol, 1 eq) in CH,Cl,, while the
color changed immediately from dark green to brown. The reaction
mixture was stirred overnight and filtered over diatomaceous earth.
The solvent was reduced, layered with hexane and stored at
—30°C. After a few days, 17 could be obtained as brown blocks,
with 15 remaining in the mother liquor. The mother liquor was
decanted off, the obtained crystals washed with hexane and dried
in vacuo. Yield: 45 mg (17 %).Analytical data of 17: '"H NMR (CD,Cl,,
25°C): & [ppm]=4.79 (s, 2H, CsH,'Bus), 1.35 (s, 18H, CsH,'Bus), 1.15 (s,
9H, C4H,'Bus). *F{'H} NMR (CD,Cl,, 25°C): & [ppml=—112.6 (d, Jrr=
285 Hz, 6F), —117.1 (d, J.y =279 Hz, 6F), —121.8 (d, J.- =279 Hz, 3F),
—127.9 (s, 6F), —130.6 (d, Jr.r =274 Hz, 6F), —137.2 (d, Jr.r =276 Hz,
6F), —141.2 (d, Jrs=274 Hz, 3F), —154.3 (t, Jr,=22 Hz, 6F), —165.0
(t, Jer=18 Hz, 6F), -172.0 (s, AIF, 1F).ESI-MS (CH,Cl,): m/z=2809.09
(100%, [M]7). EA CyoHs0,AIF 4C0,AS;x(CeH,F,)o 5 cale [%]: C 39.01; H
2.69; found [%]: C 38.89; H 2.62.

Synthesis of [(Cp”’Co)(Cp Ni)(un’n>-P;)] (18): A solution of
[(Cp"Co),(un*M*C,Hg) (680 mg, 1.00 mmol, 1 eq) in toluene was
added to a stirred solution of [Cp”Ni(?-P5)] (658 mg, 2.00 mmol, 2
eq) in toluene at room temperature. After stirring for one hour, the
solvent was removed in vacuo. The residue was dissolved in CH,Cl,
and layered with MeCN and stored at —30°C. After a few days, 18
was obtained as brown needles. The supernatant was decanted off
and the remaining crystals dried in vacuo. Yield: 730 mg (59%). 'H
NMR (CD, 25°C): O [ppml=4.96 (s, 1H, CsHyBu,), 4.81 (s, 2H,
CsH,'Bu,), 4.78 (s, 2H, CsH,'Bus), 1.39 (s, 18H, CsH,'Bus), 1.26 (s, 9H,
C,H,'Bus), 1.23 (s, 18H, CsH,'Bu,). *'P{"H} NMR (C4Dg, 25 °C): & [ppm] =
375.0 (d, Jpp=360 Hz, 2P, P,), 148.5 (t, 'Jpp=360 Hz, 1P, P,). LIFDI-
MS (toluene): m/z=620.1 (100 %, [M]"). EA C;,Hs,CoNiP5: calc [%]: C
57.99; H 8.11; found [%]: C 57.63; H 7.97.

Synthesis of [(Cp"’Co)(Cp”Ni)(u,m*m*n"m'-P;)Ag(CH,CL,)1,[FAI],
(19): A solution of Ag[FAI] (240 mg, 0.161 mmol, 1 eq) in CH,Cl, was
added to a stirred solution of 18 (100 mg, 0.161 mmol, 1 eq) in
CH,Cl,, while the color changed to red-brown. After stirring for two
hours, the volume of the solvent was reduced and layered with
hexane. After storage at room temperature for a few days, 19 could
be obtained as brown blocks. The supernatant was decanted off
and the remaining crystals dried in vacuo. Yield: 120 mg (29%). 'H
NMR (CD,Cl,, 25°C): 0 [ppm]=4.93 (br, 3H, CsH,'Bu,), 4.17 (br, 2H,
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CsH,'Bus), 1.51 (s, 9H, CiH,'Bus/CiH;'Bu,), 1.49 (s, 9H, CiH,'Bus/
CsHy'Buy), 1.43 (s, 9H, CH,'Bus/CHy'Buy), 1.22 (s, 18H, CsH,'Bus/
C.H,'Buy). 'P{'H} NMR (CD,Cl,, 25°C): & [ppm]=334.2 (br), 321.9
(br), 125.9 (br), 110.8 (br). ESI-MS (CH,Cl,): m/z=1477.5 (100%, [M+
F1*). EA CgH5,05CoNIPSAGAICLF,x 1.4 CH,Cly: calc [%]: C 35.42; H
2.39; found [%]: C 35.28; H 2.30.

Synthesis of [(Cp"’Co)(Cp’Ni)(u,n*n*n'-P;){W(CO)NIFAI]l (21):A
solution of Ag[FAI] (149 mg, 0.10 mmol, 1 eq) in CH,Cl, was added
to a stirred solution of 20 (100 mg, 0.10 mmol, 1 eq) in CH.Cl, and
stirred overnight, while the color changed from red to brown and a
dark precipitate (Ag®) was observed. The reaction mixture was
filtered over diatomaceous earth. The solvent was removed in
vacuo. The residue was washed with hexane (slightly brown),
dissolved in CH,Cl,, layered with hexane and stored at room
temperature. After a few days, few crystals of 21 could be obtained
in form of brown blocks. '"H NMR (CD,Cl,, 25°C): & [ppm]=5.73
(very broad, CsH,Buj), 2.01 (br, 36H, CsH,'Bus), 1.74 (br, 18H,
CsH,'Bus). F{'"H} NMR (CD,Cl,, 25°C): & [ppm]=—112.6 (d, Jrr=
285 Hz, 6F), —117.1 (d, J.x =279 Hz, 6F), —121.8 (d, J.s =279 Hz, 3F),
—127.9 (s, 6F), —130.6 (d, Jpr =274 Hz, 6F), —137.2 (d, Jr =276 Hz,
6F), —141.2 (d, Jrr=274 Hz, 3F), —154.3 (t, Jp.y=22 Hz, 6F), —165.0
(t, Jrr=18Hz, 6F), -172.0 (s, AIF, 1F). X-band EPR (293 K, solid)
rhombic spectrum similar to the spectrum at 77 K, no simulation
performed; (77 K, solid) g,,,=2.017, g,=2.060, g,=2.007, g;=1.984.

Synthesis of [K(2,2,2-crpyt)][(Cp’Co)(Cp” /Ni)(mn’m>-P3)] (22): A
suspension of KCg (25 mg, 0.18 mmol, 1.22 eq) in dimethoxyethane
was added to a stirred solution of 10 (100 mg, 0.1476 mmol, 1 eq)
and 2,2,2-cryptand (56 mg, 0.1476 mmol, 1 eq) in dimethoxyethane
at —50°C, while the color changed from brown to dark brown. The
reaction mixture was allowed to reach room temperature overnight.
The reaction mixture was filtered over diatomaceous earth, the
solvent removed in vacuo and washed with hexane. The residue
was dissolved in thf, layered with hexane and stored at room
temperature. After a few days, 20 could be obtained as brown
plates. The supernatant was decanted off, washed with hexane and
dried in vacuo. Yield: 123 mg (76%). '"H NMR (thf-dg, 25°C): &
[ppm]=3.65 (s, CigH;eN,O¢), 3.61 (s, CigHiN,Og), 2.78 (b,
CsH,'Bus),2.62 (s, CigH36N,06), 2.33 (br, CH,'Bus), 1.63 (br, CsH,'Bus).
Evans-NMR (thf-dg, 25°C): u.4=1.92 g corresponding to roughly

2.214, g,=2.142, g;=2.039, (77 K, solution) rhombic spectrum with
fine couplings, badly resolved, no simulation performed.

Crystallographic data: Deposition numbers 2064647 (3), 2064648
(4), 2064649 (5), 2064650 (6), 2064651 (7), 2064652 (9), 2064653
(11), 2064654 (15), 2064655 (16), 2064656 (17), 2064657 (18),
2064658 (19), 2064659 (21), 2064660 (22), 2064661 (23) and
2064662 ([Cp"’Ni(n;-As;)]) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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The redox chemistry of heterobime-
tallic triple-decker complexes (Fe/Co
and Co/Ni) with polypnictogen
ligands (E=P, As) was studied first by
cyclic voltammetry and then experi-
mentally. The complexes respond to
the addition and withdrawal of
electrons either by the rearrangement
of the triple-decker geometry, by the
fragmentation of the E, ligand and/or
by the exchange of {Cp"”’M}
fragments.
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