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& Polyphosphides

Selective P4 Activation by a Highly Reduced Cobaltate: Synthesis
of Dicobalt Tetraphosphido Complexes

Stefan Pelties,[a] Thomas Maier,[a] Dirk Herrmann,[a] Bas de Bruin,[b] Christophe Rebreyend,[b]

Stefanie G-rtner,[a] Ilya G. Shenderovich,[a] and Robert Wolf*[a]

Abstract: Although the chemistry of transition metal poly-

phosphide anions has attracted significant attention, there
are few reports of studies in which such species have been
synthesized directly from white phosphorus.

[K(OEt2)2{Co(BIAN)(cod)}] (1, BIAN = 1,2-bis(2,6-diisopropyl-
phenylimino)acenaphthene, cod = 1,5-cyclooctadiene), which

is readily prepared by ligand exchange from
[K(thf)x{Co(cod)2}] , reacts with P4 to afford

[{K(thf)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 a) in 61 % yield (isolated

product). [{K(OEt2)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 b) and
[K([18]crown-6)(MeCN)]2[{(BIAN)Co}2(m-h4 :h4-P4)] (2 c) were

obtained by recrystallizing 2 a from diethyl ether and aceto-

nitrile (and using [18]crown-6 in case of 2 c). Oxidation of 2 a
with [Cp2Fe]BArF

4 (one equivalent) and subsequent recrystal-
lization of the product from different solvents gave
[K(OEt2){(BIAN)Co}2(m-h4 :h4-P4)] (3 a) and [K(dme)4][{(BIAN)-

Co}2(m-h4 :h4-P4)] (3 b ; dme = 1,2-dimethoxyethane). Neutral
[{(BIAN)Co}2(m-h4 :h4-P4)] (4) was obtained in moderate yield

by oxidizing 2 a with two equivalents of [Cp2Fe]BArF
4. The

new complexes were characterized by NMR, EPR (in the case

of 3 a), and UV/Vis spectroscopy, and elemental analysis. The

molecular structures revealed by X-ray crystallography dis-
play planar cyclic or open-chain P4

4@ units sandwiched be-

tween {(BIAN)Co} fragments.

Introduction

Transition metal-mediated transformations are a potentially at-

tractive approach for the efficient and environmentally benign
activation of white phosphorus (P4).[1] Subsequent reactions of

the resulting polyphosphido complexes may give rise to inter-
esting new polyphosphorus compounds and may contribute
to the development of new, effective P4 functionalization pro-
tocols.[2]

Traditionally, transition metal-containing polyphosphide
anions have been prepared by reaction of alkali metal poly-
phosphides, for example, M3P7 (M = alkali metal), with transi-
tion metal carbonyls or transition metal halides,[3] or by reduc-
ing neutral polyphosphido complexes with electropositive

metals, such as sodium, potassium, or lanthanoid com-
plexes.[4–7] The synthesis of anionic cyclopentadienyl and b-di-

ketiminato polyphosphorus compounds by reduction of neu-
tral precursors has recently attracted particular attention.[5–7]

The [Nb(ODipp)3P3]@ anion (A, Dipp = 2,6-iPr2C6H3 ; Figure 1),

prepared in one step by reducing [NbCl2(OAr)3(thf)] with Na/
Hg in the presence of P4, is a landmark example for reactive
transition metal polyphosphide anions.[9] Anion A was used as

a P3
3@ transfer agent to synthesize elusive EP3 molecules (E =

As, Sb). Low-valent transition metallate anions can be used to

activate P4 directly, forming polyphosphide anions. However,
this approach has rarely been exploited to date. Ellis and co-
workers prepared the intriguing sandwich complex B (Figure 1)
by treating [Ti(C10H8)3]2@ (C10H8 = naphthalene) with P4.[10] We in-

vestigated the reactivity of the naphthalene ferrate
[Cp*Fe(C10H8)]@ with P4.[11] A mixture of several structurally di-
verse products was formed, including the crystallographically
characterized complexes C and D (Figure 1). This result shows
the potential complexity of this type of transformation.

In extension of our previous studies, we sought to prepare
new complex anions that are able to activate P4 more selec-

tively. Herein we report that the reaction of the new cobaltate
complex [K(OEt2)2{Co(BIAN)(cod)}] (1, cod = 1,5-cyclooctadiene)
with P4 affords the [(BIAN)Co}2(m-h4 :h4-P4)]2@ dianion, which we

have isolated in the form of three potassium salts

Figure 1. Anionic transition metal polyphosphido complexes directly ob-
tained by P4 activation. Cp* = C5Me5, Dipp = 2,6-iPr2C6H3.[9–11]
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[{K(thf)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 a), [{K(OEt2)}2{(BIAN)Co}2-
(m-h4 :h4-P4)] (2 b), and [K([18]crown-6)(MeCN)]2[{(BIAN)Co}2-

(m-h4 :h4-P4)] (2 c). Targeted preparative oxidations led to
[K(OEt2){(BIAN)Co}2(m-h4 :h4-P4)] (3 a) and [K(dme)4][{(BIAN)Co}2-

(m-h4 :h4-P4)] (3 b ; dme = 1,2-dimethoxyethane), containing the
[(BIAN)Co}2(m-h4 :h4-P4)]@ monoanion, as well as neutral [{(BIAN)-

Co}2(m-h4 :h4-P4)] (4). We describe the single-crystal X-ray struc-
tures, and the NMR, EPR, and UV/Vis spectroscopic properties
of these new complexes. Their molecular structures feature

structurally distinct P4
4@ fragments with cyclic and open-chain

arrangements. We discuss the influence of the redox-active bis-
(imino)acenaphthene scaffold and compare our complexes
with related b-diketiminato (nacnac) iron and cobalt com-

pounds that were recently reported by the groups of Driess
and Scheer.[7, 8]

Results and Discussion

Reaction of one equivalent of BIAN with Jonas’s complex

[K(thf)0.2{Co(cod)2}][12] in THF at room temperature produces

[K(OEt2){Co(BIAN)(cod)}] (1) in 71 % yield (isolated product)
after crystallization from diethyl ether (Scheme 1). The reaction

proceeds selectively according to 1H NMR monitoring.[13] Dark
green, almost black crystalline 1 is highly oxygen and moisture

sensitive and dissolves well in polar solvents, such as diethyl
ether and THF.

A single crystal X-ray diffraction (XRD) experiment revealed
the molecular structure of 1 (Figure 2 a), which adopts a distort-

ed square planar coordination environment for cobalt with
a twist angle of 17.68. The potassium cation is h4-coordinated
by the planar a-diimine framework of the BIAN ligand and ad-
ditionally by two THF molecules. The C1@N1 [1.380(3) a] , C2@
N2 [1.382(3) a] , and C1@C2 [1.383(3) a] bond lengths of the
[Co(BIAN)(cod)]@ anion are equal within experimental error.
The elongated C@N and shortened C@C bond lengths with re-

spect to the free BIAN molecule indicate the presence of
a BIAN2@ dianion (Figure 2 b).[14–17] It is noteworthy that the iso-

electronic complex [Ni(BIAN)(cod)] , synthesized by Stephan
and co-workers, features a monoanionic BIAN@ framework (C@
N 1.324–1.336 a; C@C 1.426–1.428 a).[17] The observation of

a BIAN2@ dianion in 1 is likely attributed to the low effective
nuclear charge and lower reduction potential of cobalt.

DFT optimization (B3LYP/def2-TZVP level, see the supporting
information for details) of the closed-shell singlet state gave

a close agreement between the computed structure and the
crystallographically determined one. Optimizations of the

open-shell singlet using the broken symmetry formalism con-

verged at the closed-shell structure, indicating that this repre-
sents the ground state.

One set of 1H NMR signals is observed for 1 in [D8]THF for
the BIAN fragment and coordinated cod. The latter gives rise

to two multiplets at d= 1.12 and 2.33 ppm for the diastereo-

topic methylene protons and another multiplet at d=

2.91 ppm for the methine protons. Signals at d= 32.6 and

64.1 ppm are observed in the 13C{1H} NMR spectrum.
[Co(cod)2]@ gives rise to similar NMR shifts.[12] A cyclic voltam-

mogram recorded in THF/[nBu4N](PF6) revealed a quasi-reversi-
ble one-electron oxidation process at a fairly negative potential
of E1/2 =@1.72 V vs. Fc/Fc+ (see the Supporting Information,

Figure S9), which presumably corresponds to the oxidation of
1 to give neutral [Co(BIAN)(cod)] .[18] The UV/Vis spectrum of

1 in THF shows one intense absorption at l= 289 nm, as well
as two bands in the visible region at l= 441 and 663 nm (see

the Supporting Information, Figure S10). The absorption maxi-
mum of the latter band is shifted to l= 485 nm in diethyl

ether. This substantial change may indicate positive solvato-
chromism, a phenomenon that is typically observed for unsym-
metrical ligand-to-ligand charge transfer (LL’CT) complexes.[19]

The reaction of 1 with white phosphorus gives
[{K(thf)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 a, Scheme 2) in 61 % yield

(isolated product). Monitoring by 1H and 31P{1H} NMR spectros-
copy showed that the reaction is highly selective in THF at

room temperature and proceeds to completion within several

hours. Crystals of [{K(OEt2)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 b) suitable
for single-crystal XRD were obtained by recrystallization from

diethyl ether. The structure shows a centrosymmetric [{(BIAN)-
Co}2(m-h4 :h4-P4)]2@ dianion with an inverted sandwich structure

(Figure 3, top). The two potassium cations are each connected
to two P atoms, one diethyl ether molecule, and the Dipp sub-

Scheme 1. Synthesis of 1.

Figure 2. a) Solid-state molecular structure of [K(thf)2{Co(BIAN)(cod)}] (1). The
hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at the
40 % probability level. Selected bond lengths [a] and angles [8]: Co1@C3
2.029(2), Co1@C4 2.028(2), Co1@C7 2.050(2), Co1@C8 2.012(2), Co1@N1
1.953(2), Co1@N2 1.936(2), C1@N1 1.380(3), C2@N2 1.382(2), C1@C2 1.383(3),
C3@C4 1.390(4), C7@C8 1.396(3) ; N1-Co1-N2 84.14(7). b) Average C@N and
C@C bond lengths of different oxidation states of known BIAN com-
plexes.[14–17]
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stituents. The salient feature of the structure is the rectangular
P4 unit located on the crystallographic inversion center. The

P1@P2 bond length [2.161(1) a] lies in the known range for ar-
omatic P4

2@ anions, for example, that in Korber’s tetraphos-

phide Cs2P4·2 NH3 [P@P 2.146(1) and 2.1484(9) a] .[20–22] P1@P2’
[2.500(1) a] is much longer than a typical P@P single bond, but

shorter than a van der Waals contact.[4b, 22, 23]

According to these structural parameters, a superposition
I$II of two resonance structures (see below, Figure 9 a), com-

prising two P2
2@ dianions (I) and a P4

4@ unit (II), appears to be
an apt description of the structural and electronic situation. As-
suming the presence of monoanionic BIAN@ ligands, as indicat-
ed by the structural parameters [C1@N1 1.348(2), C2@N2

1.343(4), C1@C2 1.404(4) a] ,[14–17] this would result in the two
cobalt atoms having the + II oxidation state.

To probe whether the potassium ions influence the shape of

the Co2P4 core,[24] [K([18]crown-6)(MeCN)]2[{(BIAN)Co}2(m-h4 :h4-
P4)] (2 c) with an ion-separated structure was synthesized by re-

crystallizing 2 a from acetonitrile in the presence of two equiv-
alents of [18]crown-6. The potassium cations do not interact

with the anion in the crystal structure (see the Supporting In-
formation, Figure S7). The anion of 2 c is similar to 2 b, but

shows slightly shorter P@P bond lengths in the P2
2@ units [P1@

P2 2.0862(6) a, that is, 0.075 a shorter than in 2 b] , and a slight-
ly longer separation between these units [P1@P2’ 2.5523(6) a,

elongated by 0.052 a compared to 2 b] .

The cyclic voltammogram of 2 a recorded in THF/
[nBu4N](PF6) features two reversible one-electron oxidation

processes at E1/2 =@1.98 V and @1.26 V vs. Fc/Fc+ , and an irre-
versible two-electron oxidation wave at Epa =@0.43 V vs. Fc/

Figure 3. Solid-state molecular structures of [{K(OEt2)}2{(BIAN)Co}2(m-h4 :h4-P4)]
(2 b, top), [K(OEt2){(BIAN)Co}2(m-h4 :h4-P4)] (3 a, center) and [{(BIAN)Co}2(m-
h4 :h4-P4)] (4, bottom). The hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at the 40 % probability level. Selected bond lengths [a]
and angles [8] for 2 b : Co1@Co1’ 3.2733(9), P1@P2 2.161(1), P1@P2’ 2.500(1),
Co1@P1 2.3209(9), Co1@P2 2.3342(9), Co1@P1’ 2.3195(9), Co1@P2’ 2.3285(9),
Co1@N1 1.930(2), Co1@N2 1.932(2), C1@N1 1.348(2), C2@N2 1.343(4), C1@C2
1.404(4) ; P1-P2-P1’ 89.45(4), P2-P1’-P2’ 90.55(4), N1-Co1-N2 83.32(9) ; 3 a :
Co1@Co1’ 3.469(3), P1@P2 2.224(4), P1@P2’ 2.226(4), Co1@P1 2.309(3), Co1@
P2 2.367(3), Co1@P1’ 2.315(3), Co1@P2’ 2.375(3), Co1@N1 1.938(7), Co1@N2
1.919(7), C1@N1 1.32(1), C2@N2 1.32(1), C1@C2 1.44(1) ; P1-P2-P1’ 86.8(1), P2-
P1’-P2’ 93.2(1), N1-Co1-N2 82.2(3) ; 4 a (major component): Co1@Co2
3.3807(4), P1@P2 2.215(3), P2@P3 2.274(2), P3@P4 2.202(3), P4@P1 2.268(2),
Co1@P1 2.310(2), Co1@P2 2.345(2), Co1@N1 1.914(1), Co1@N2 1.913(1), C1@
N1 1.344(5), C2@N2 1.336(5), C1@C2 1.444(6) ; P1-P2-P3 89.7(1), P2-P3-P4
90.17(8), N1-Co1-N2 84.2(2) ; 4 b (minor component): P1A@P2A 2.36(1), P2A@
P3A 2.17(1), P3A@P4A 2.34(2), P4A@P1A 3.18(2) ; P1A-P2A-P3A 104.2(4), P2A-
P3A-P4A 100.2(5).

Scheme 2. Synthesis of new dicobalt tetraphosphido complexes 2–4.
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Fc+ (Figure 4).[25] Additional weak irreversible waves at Epa =

@0.66 V and Epc =@1.58 V presumably arise from secondary
redox processes of the products formed by the irreversible oxi-

dation event.

Stimulated by these promising CV data, we synthesized the
monopotassium salt [K(OEt2){(BIAN)Co}2(m-h4 :h4-P4)] (3 a) and

the neutral complex [{(BIAN)Co}2(m-h4 :h4-P4)] (4) on a prepara-
tive scale by treating 2 a with [Cp2Fe]BArF

4 (one and two equiv-

alents, respectively) in THF (Scheme 2). Chemical oxidation of
2 a with an excess of [Cp2Fe]BF4 (eight equivalents) afforded

free P4 as the only species detected in the 31P{1H} NMR spec-

trum in [D8]THF. Using six equivalents of the ferrocenium salt,
a mixture of P4, 4, and an unidentified minor species showing

a singlet at d = 205.5 ppm was formed in a 65:30:5 ratio ac-
cording to 31P NMR integration.

Single-crystal XRD on 3 a (Figures 3 and 5) revealed a similar
overall arrangement as for 2 b and 2 c. However, the structure
of the central P4 moiety is different, showing a rhombic ar-

rangement [P1-P2-P1’ 86.8(1), P2-P1’-P2’ 93.2(1)8] with P@P
single bonds [2.224(4) and 2.264(4) a] throughout the ring.
These data indicate the presence of a cyclo-P4

4@ ligand (reso-
nance structure II, Figure 9 a), a framework that was previously

only observed for some Zr, Nb, and Ta complexes.[3, 22] Inspec-
tion of the C@N and C@C distances [C1@N1 1.32(1), C2@N2

1.32(1), C1@C2 1.44(1) a] indicates that monoanionic BIAN@

anions are present with little back-bonding of the metal.[17]

Compared to 2 b, the Co@Co distance increases by 0.2 a [Co1@
Co1’ 3.469(3) a, cf. 3.2733(9) a in 2 b] . The potassium ion is dis-
ordered over two positions and has the same ligand environ-

ment as in 2 b.
Complex 3 a is paramagnetic. The solution effective magnet-

ic moment [2.0(1) mB] determined in [D8]THF indicates the pres-

ence of one unpaired electron per molecule. As a consequence
of its paramagnetic nature, broad 1H NMR signals are observed

in the range of @0.9 to 19.3 ppm. The X-band EPR spectrum of
3 a (Figure 6) recorded in THF (ca. 0.1 m [nBu4N](PF6) added to

obtain a better glass) reveals a rhombic signal with cobalt hy-
perfine interactions characteristic for an S = 1=2 system. A

decent simulation of the experimental spectrum was obtained
assuming a hyperfine interaction (HFI) with two equivalent

cobalt nuclei (gx = 2.127, gy = 2.081, gz = 2.008; Ax
Co = 50 MHz,

Ay
Co = 200 MHz, Az

Co = 240 MHz). Other HFIs are not resolved,

indicating that the unpaired electron is primarily delocalized

over the two cobalt atoms.

The ion-separated structure 3 b was obtained by recrystalliz-

ing a sample of 3 a from 1,2-dimethoxyethane (DME). The
single-crystal XRD analysis (see the Supporting Information,

Figure S8) shows that, in contrast to 3 a, the Co2P4 core of 3 b
(Figure 5) features an open-chain tetraphosphabutadiene frag-
ment (III, Figure 9 a) with double bonds between the terminal

phosphorus atoms [P1=P2 2.0631(5) a] and an elongated
single bond between the internal P atoms [P2@P2’
2.3912(8) a] . The large distance between the terminal P atoms
[P1@P1’ 3.418(2) a] indicates the absence of a P@P bond.

Figure 4. Cyclic voltammogram of 2 a recorded in THF/[nBu4N]PF6 with a plat-
inum disc working electrode, a platinum wire as counter electrode, and
a silver wire as pseudoreference electrode. v = 100 mV s@1; potentials are ref-
erenced to the Fc/Fc+ couple; L = BIAN.

Figure 5. The Co2P4 cores shown along the Co-Co axis in the molecular
structures of 3 a, 3 b, and 4. Thermal ellipsoids are drawn at the 40 % proba-
bility level. Selected bond lengths [a] and angles [8] of 3 a : Co1@Co1’
3.469(3), P1@P2 2.224(4), P1@P2’ 2.226(4) ; P1-P2-P1’ 86.8(1), P2-P1’-P2’
93.2(1), N1-Co1-N2 82.2(3) ; 3 b : Co1@Co1’ 2.8455(5), P1@P2 2.0631(5), P2@P2’
2.3912(8), P1@P1’ 3.418(2), P1-P2-P2’ 104.411(5) ; 4 a (major component):
Co1@Co2 3.3807(4), P1@P2 2.215(3), P2@P3 2.274(2), P3@P4 2.202(3), P4@P1
2.268(2) ; P1-P2-P3 89.7(1), P2-P3-P4 90.17(8) ; 4 b (minor component, trans-
parent P atoms): P1A@P2A 2.36(1), P2A@P3A 2.17(1), P3A@P4A 2.34(2), P4A@
P1A 3.18(2) ; P1A-P2A-P3A 104.2(4), P2A-P3A-P4A 100.2(5).

Figure 6. Experimental and simulated X-band EPR spectrum of 3 a recorded
in THF (ca. 0.1 m [nBu4N](PF6) added to obtain a better glass). Experimental
parameters: microwave frequency 9.385050 GHz; microwave power 0.2 mW;
mod. ampl 4 G. The simulation was obtained by using the following para-
mters: gx = 2.127, gy = 2.081, gz = 2.008; Ax

Co = 50, Ay
Co = 200, Az

Co = 240 MHz
(two equivalent cobalt nuclei ; I = 7/2).
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The neutral compound [(BIAN)Co}2(m-h4 :h4-P4)] (4) was ob-
tained in 49 % yield by oxidizing 2 a with two equivalents of

[Cp2Fe]BArF
4. The solid-state molecular structure is disordered

(Figure 3 and 5) and consists of two components, a major

component 4 a (91 % occupancy) and a minor one 4 b (9 % oc-
cupancy). 4 a includes a rectangular, almost square-like, cyclo-

P4
4@ ligand [P1-P2-P3 89.7(1), P2-P3-P4 90.17(8)8] with P@P

bond lengths [2.202(3)–2.274(2) a] similar to those in monoa-
nionic 3 a. The C@N and C@C distances [C1@N1 1.344(5), C2@N2

1.336(5), C1@C2 1.444(6) a] indicate the presence of BIAN@

monoanions.[14–17] The Co@Co distance of 3.3807(4) a is slightly
shorter than in 3 a. The minor component 4 b includes a differ-
ent P4 fragment, which clearly has an open-chain structure

similar to that observed in 3 b (III, Figure 9 a). The low occu-
pancy of this fragment leads to some uncertainty in the P@P

distances, although the basic structural motif is unambiguous.

Hence, it is difficult to decide whether a P4
4@ tetraanion or

a P4
2@ dianion is present in 3 b.[26]

Diamagnetic 4 gives rise to one set of 1H NMR signals in
deuterated toluene; in addition, traces of the starting material

3 a are detected (see the Supporting Information, Figure S5),
which cannot be removed completely by recrystallization. The
31P{1H} NMR spectrum of 4 (Figure 7) shows distinct singlets at

d= 253.9 and 249.7 ppm in a 10:1 ratio. It is plausible that
these signals correspond to the major and minor components

4 a and 4 b observed in the single-crystal X-ray structure (vide
supra). A variable temperature 31P{1H} NMR experiment showed

only minor changes in the temperature range of @80 to 100 8C
(see the Supporting Information, Figure S6); coalescence of the

two signals was not observed. Similarly, 31P–31P EXSY spectra

did not reveal any cross peaks between the two signals. These
observations support the notion that 4 a and 4 b do not ex-

change in solution.[26]

Figure 8 a shows the 31P MAS NMR spectrum of polycrystal-
line 4. The simulation of the experimental spectrum demon-

strates that there are two sets of overlapping signals. Both res-
onances are characterized by fast relaxation and a large line-

width. The dominant signal at d= 256 ppm exhibits a large

chemical shift anisotropy. The intensity of the minor signal at
d= 245 ppm is about 5 % that of the major species. This signal

does not exhibit any measurable chemical shift anisotropy,
which might be tentatively attributed to the presence of dy-

namics on the millisecond or shorter timescale. Taking into ac-
count the results of the solution NMR and XRD investigations,

the dominant signal should be attributed to 4 a and the minor
one to 4 b.

The electronic spectra of 2–4 in THF (see the Supporting In-

formation, Figure S11) show medium intense bands in the NIR
range at l= 795 and 1135 nm (for 2 a), 777 and 1319 nm (for

3 a), and 884 nm (for 4). These low-energy bands presumably
arise from LL’CT transitions. The spectra feature additional in-

tense absorptions in the UV and visible regions [2 a and 2 c :
345 and 585 nm; 3 a and 3 b : 342 and 575 nm; 4 : 336, 427,

547, and 693 nm]. The UV/Vis spectrum of 2 c is identical to

that of 2 a, while 3 b gives the same spectrum as 3 a, despite
the compounds having an ion-contact structure vs. an ion-sep-

arated structure in the solid state. 2 a and 2 c give rise to sin-
glets at d =@45.9 ppm for 2 a and d =@44.0 ppm for 2 c in the
31P{1H} NMR spectra recorded in [D7]DMF. The similar electronic
spectra and chemical shifts indicate similar structures for these
compounds in solution.

Comparing the molecular structures of 2–4 (Figure 9), we
can conclude that an oxidation or reduction of the whole com-
plex apparently hardly affects the oxidation state of the P4

4@

fragment. Thus, according to the structural data, the electronic
structure of 2 b and 2 c may be described as a superposition of
two mesomeric forms I$II. Resonance form I comprises two

separated P2
2@ units (I, Figure 9 a,b), whereas II represents

a P4
4@ ring. The solid-state structures of mixed-valence 3 a and

3 b feature a rhombic cyclo-P4
4@ and a chain-like catena-P4

4@

fragment, respectively. The oxidation 2 a!3 a/b thus appears
to be a metal-centered redox process; the oxidation state of

the tetraphosphorus fragment remains the same. Remarkably,
even neutral 4, obtained by two-electron oxidation of 2 a fea-

tures a cyclo-P4
4@ unit for the major component 4 a of the dis-

ordered structure. The oxidation state of the catena-P4
x@ unit

of the minor species 4 b is uncertain.[26] To summarize, the P4
4@

ligand undergoes remarkable structural transformations, but
retains its highly reduced tetraanionic character in the neutral,

anionic, and dianionic forms of the complex. Nonetheless, its
structure appears to be very sensitive to subtle changes in the

Figure 7. 31P{1H} NMR spectrum of 4 in [D8]toluene at room temperature.

Figure 8. MAS (6 kHz) 31P NMR spectrum of 4 at 300 K: a) Experimental spec-
trum; b) simulated spectrum (diso = 256.0 ppm, d11 = 580 ppm, d22 = 130 ppm,
d33 = 60 ppm, linewidth&700 Hz); c) simulated spectrum (diso = 245.0 ppm,
linewidth&900 Hz).
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oxidation state of the cobalt atoms and the presence of differ-

ently solvated potassium countercations. Similar observations
were previously made for cyclopentadienyl complexes

[CpR
2M2P4] (CpR = substituted cyclopentadienyl ligand, M = Fe

and Co), where the substitution pattern on the cyclopenta-
dienyl ligand has a profound effect on the structures of the

P4
x@ fragment.[23b,28]

Furthermore, the structures of 2–4 can be distinguished

from related b-diketiminato iron and cobalt complexes E–L
(Figure 9) recently reported by the groups of Driess and
Scheer.[7, 8] Driess and co-workers prepared [{(nacnac1)Co}2(m-

h4 :h4-P4)]@ (G, nacnac1 = CH[CMeN(2,6-Et2C6H3)]2), [{(nac-
nac2)Co}2(m-h4 :h4-P4)]@ (H, nacnac2 = CH[CHN(2,6-iPr2C6H3)]2),

and [{(nacnac2)Fe}2(m-h2 :h2-P2)2]@ (K) by reducing the neutral
precursors E, F, and J (Figure 9 c).[7] Scheer and co-workers
compared the steric influence of different nacnac ligands in re-
lated neutral species [{(nacnac3)Fe}2(m-h4 :h4-P4)] (L, Figure 9 c,

nacnac3 = CH[CMeN(2,6-iPr2C6H3)]2), [{(nacnac4)Fe}4(m4-
h2 :h2 :h2 :h2-P8)] (M, nacnac4 = CH[CMeN(2,6-Me2C6H3)]2), and
[{(nacnac5)Fe}4(m4-h2 :h2 :h2 :h2-P8)] (N, nacnac5 = CH[CHN(2,6-

Me2C6H3)]2).[8] The Co2P4 complexes E and F feature an unusual
neutral cyclo-P4 ligand (Figure 9 c, V), which transforms into

a cyclo-P4
2@ dianion (IV) upon one-electron reduction to afford

G and H, respectively. Notably, 3 a and 3 b are isoelectronic

with the Co2P4 complexes G and H. Whereas the latter feature

a dianionic P4
2@ framework, the more strongly electron-donat-

ing {(BIAN)Co} units apparently induce the presence of a tetraa-

nionic P4
4@ moiety in 3 a as well as 3 b and even in 4 a (see

above). The Fe2P4 species J and K include non-interacting P2
2@

units (I, Figure 9 a), whereas closely related L, with more steri-
cally encumbering Dipp substituents, features a cyclo-P4

2@ dia-

nion (III) very similar to that in the cobalt compounds G and

H. In contrast to E–L, the Fe4P8 complexes M and N (not
shown in Figure 9) bear smaller 2,6-dimethylphenyl substitu-

ents. As a result, they have a tetranuclear structure where

a P8
4@ ligand with a realgar-like structure coordinates to four

{(nacnac)Fe} fragments.[8] Subtle differences in the steric inter-

action of the ligand substituents thus appear to strongly affect
the oxidation state of the central P4 unit and the structure of

the Fe2P4 core.

Conclusion

New dinuclear cobalt tetraphosphido complexes [{(BIAN)-
Co}2(m-P4)]x (x = 0, 1@, 2@) were obtained in three different
oxidation states by treating the complex anion
[K(OEt2){Co(BIAN)(cod)}] (1) with P4 and subsequent preparative

oxidation of the reaction product [{K(thf)}2{(BIAN)Co}2(m-h4 :h4-
P4)] (2 a). The molecular structures of the resulting complexes
feature a P4

4@ framework.[25] Its structure is significantly influ-

enced by oxidation and reduction, as well as by coordination
by the potassium cation. Thus, a cyclic P4

4@ moiety is found in

the molecular structures of 3 a and 4 a, whereas an open-chain
P4

4@ unit is observed in 3 b. The use of the redox-active BIAN

ligand appears crucial for achieving a high degree of P4 reduc-

tion.[25, 29] This observation underlines the exceptional electron-
releasing and -accepting properties of the Co(BIAN) moiety.

The subsequent reactivity of tetraphosphido complexes 2–4 is
currently under investigation. Beyond P4 activation, the reactiv-

ity of 1 and related complexes is being pursued, including po-
tential catalytic applications.

Figure 9. a) Schematic representation of possible structures for a planar P4 framework; b) summary of structural data of BIAN complexes 2–4 (L = BIAN);
c) summarized structural data of b-diketiminato complexes E–M prepared by the groups of Driess and Scheer.[7, 8]
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Experimental Section

General procedures and starting materials

All experiments were performed under an atmosphere of dry
argon using standard Schlenk techniques or an MBraun UniLab
glovebox. Solvents were dried and degassed with an MBraun
SPS800 solvent-purification system. Tetrahydrofuran and toluene
were stored over molecular sieves (3 a). Diethyl ether and n-
hexane were stored over a potassium mirror. NMR spectra in solu-
tions were recorded on Bruker Avance 300 and Avance 400 spec-
trometers at 300 K, if not stated otherwise, and internally refer-
enced to residual solvent resonances. The solid-state 31P NMR mea-
surement was performed on an Infinityplus spectrometer (Agilent)
operated at 7 Tesla, equipped with a 6 mm pencil CPMAS probe.
The spectrum was indirectly referenced to H3PO4 (85% in H2O). The
experimental X-band EPR spectrum of 3 a was recorded on
a Bruker EMX spectrometer (Bruker BioSpin Rheinstetten) equipped
with a He temperature-control cryostat system (Oxford Instru-
ments). Simulations of the EPR spectra were performed by iteration
of the anisotropic g- values and linewidths by using the EPR simu-
lation program W95EPR, available on request from Prof. F. Neese
(MPI CEC Melheim a/d Ruhr). Melting points were measured on
samples in sealed capillaries on a Stuart SMP10 melting-point ap-
paratus. UV/Vis spectra were recorded on a Varian Cary 50 spectro-
photometer. NIR spectra were recorded on a Bruins Instruments
Omega 20 spectrometer. Elemental analyses were carried out by
the analytical department of Regensburg University. The starting
materials [K(thf)0.2{Co(1,5-cod)2}][12] and BIAN[14c] were prepared ac-
cording to previously reported procedures.

Synthesis

1: A solution of BIAN (1.005 g, 2.01 mmol, 1.0 equiv) in THF (70 mL)
was added to a solution of [K(thf)0.2{Co(1,5-cod)2}] (660 mg,
2.01 mmol, 1.0 equiv) in THF (10 mL). An immediate color change
to dark green was observed. After stirring the reaction mixture for
two hours, the solvent was removed and the residue was taken up
in diethyl ether (200 mL). Insoluble material was removed by filtra-
tion and the filtrate was concentrated to 75 mL and stored at
room temperature. Dark green microcrystals of 1 formed upon
storing for one day. Crystals suitable for X-ray diffraction were ob-
tained by diffusion of n-hexane into a concentrated THF solution
of 1. The compound contained a variable amount of THF mole-
cules after drying in high vacuum, which could be determined by
1H NMR spectroscopy and elemental analysis. Yield 1.116 g (71 %);
m.p.>230 8C (decomp. to a black oil) ; 1H NMR ([D8]THF, 300 K,
400.13 MHz): d= 0.96 (br m, 12 H, CH(CH3)2), 1.12 (br m, 10 H, Et2O/
cod-CH2), 1.38 (br m, 12 H, CH(CH3)2), 2.33 (br m, 4 H, cod-CH2), 2.91
(br m, 4 H, cod-CH), 4.50 (br m, 4 H, CH(CH3)2), 4.89 (br m, 2 H,
CHBIAN), 6.20 (br m, 2 H, CHBIAN), 6.28 (br m, 2 H, CHBIAN), 7.00–
7.09 ppm (br m, 6 H, m-/p-CHDipp) ; 1H NMR ([D8]THF, 333 K,
400.13 MHz) d= 0.96–0.99 (br m, 16 H, CH(CH3)2/cod-CH2), 1.41 (d,
3J(H,H) = 6.6 Hz, 12 H, CH(CH3)2), 2.34 (br m, 4 H, cod-CH2), 2.90
(br m, 4 H, cod-CH), 4.48 (sept. , 3J(H,H) = 6.6 Hz, 4 H, CH(CH3)2), 5.01
(d, 3J(H,H) = 6.3 Hz, 2 H, CHBIAN), 6.28 (t, 3J(H,H) = 7.7 Hz, 2 H, CHBIAN),
6.34 (t, 3J(H,H) = 7.7 Hz, CHBIAN), 7.01–7.08 ppm (br m, 6 H, m-/p-
CHDipp) ; 13C{1H} NMR ([D8]THF, 300 K, 100.61 MHz) d= 24.9
(CH(CH3)2), 25.4 (CH(CH3)2), 28.1 (CH(CH3)2), 32.6 (cod-CH2), 64.1
(cod-CH), 114.3 (CHBIAN), 118.6 (CHBIAN), 122.7 (CHDipp), 122.9 (CHDipp),
127.3 (CHBIAN), 127.5 (CBIAN), 135.8 (CBIAN) 137.8 (CBIAN), 143.5 (CBIAN),
145.2 (o-CHDipp), 154.8 ppm (ipso-CHDipp) ; UV/Vis (THF): lmax (e) = 289
(26 000), 441 (12 000), 663 nm (8500 L mol@1 cm@1) ; UV/Vis (Et2O):
lmax (e) = 284 (24 000), 436 (8500), 485 nm (9000 L mol@1 cm@1) ; ele-

mental analysis calcd for C52H72N2CoKO2 (855.19): C 73.03, H 8.49, N
3.28; found: C 73.32, H 7.59, N 3.59.

2 a, 2 b, and 2 c : P4 (26 mg, 0.21 mmol, 1.0 equiv) was added at
room temperature to a solution of 1 (328 mg, 0.420 mmol,
2.0 equiv) in THF (10 mL). After stirring the resulting violet reaction
mixture for one day, the solution was filtered and the solid re-
moved by filtration further taken up in THF (2 mL). The combined
filtrates were concentrated to approximately 7 mL and layered
with diethyl ether (ca. 25 mL). Dark microcrystals of
[{K(thf)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 a) formed upon storing the solu-
tion for one week at room temperature. Isolated 2 a contained ap-
proximately two THF molecules per formula unit after drying
under high vacuum, as determined by 1H NMR spectroscopy and
elemental analysis. Yield 188 mg (61 %); 1H NMR ([D7]DMF, 300 K,
400.13 MHz) d= 0.78 (br m, 24 H, CH(CH3)2), 1.40 (br m, 24 H,
CH(CH3)2), 4.32 (br m, 8 H, CH(CH3)2), 5.07 (br m, 4 H, CHBIAN), 6.31
(br m, 4 H, CHBIAN), 6.53 (br m, 4 H, CHBIAN), 7.05 ppm (br m, 12 H, m-/
p-CHDipp) ; 13C{1H} NMR ([D7]DMF, 300 K, 100.61 MHz) d= 25.8
(CH(CH3)2), 26.0 (CH(CH3)2), 27.9 (CH(CH3)2), 114.2 (br s, CHBIAN), 118.0
(br s, CHBIAN), 122.2 (br s, meta-CDipp), 123.2 (br s, para-CDipp), 128.1
(br s, CHBIAN), 128.7 (br s, CBIAN), 137.2 (br s, CBIAN), 141.5 (br s, CBIAN),
144.0 (br s, o-CDipp), 157.6 ppm (br s, ipso-CDipp), one 13C NMR signal
of a quarternary carbon atom of the BIAN ligand was not be de-
tected, probably due to line broadening and signal overlap;
31P{1H} NMR ([D7]DMF, 300 K, 161.98 MHz) d=@45.9 ppm (s); UV/
Vis (THF): lmax (e) = 345 (24 200), 585 nm (35 200 L mol@1 cm@1) ; NIR
(THF): lmax (e) = 795 (14 000), 1135 nm (6500 L mol@1 cm@1) ; elemen-
tal analysis calcd for C80H96N4Co2K2O2P4 (1465.63): C 65.56, H 6.60, N
3.82; found: C 64.78, H 6.24, N 3.83. Crystals of
[{K(OEt2)}2{(BIAN)Co}2(m-h4 :h4-P4)] (2 b) were obtained by storing
a concentrated diethyl ether solution of 2 a at room temperature
for one day; the spectroscopic data are identical to those of 2 a.
Crystals of [K([18]crown-6)(MeCN)]2[{(BIAN)Co}2(m-h4 :h4-P4)] (2 c)
were obtained by dissolving 2 a in acetonitrile, adding [18]crown-6,
and diffusing diethyl ether into this solution over one day; charac-
terization data for 2 c : 1H NMR ([D7]DMF, 300 K, 400.13 MHz) d=
0.75 (d, 3J(H,H) = 6.0 Hz, 24 H, CH(CH3)2), 1.37 (d, 3J(H,H) = 6.0 Hz,
24 H, CH(CH3)2), 3.62 (s, 48 H, [18]crown-6), 4.30 (br m, 8 H,
CH(CH3)2), 5.07 (br m, 4 H, CH), 5.06 (br m, 4 H, CH), 6.28 (t, 3J(H,H) =
7.4 Hz, 4 H, CH), 6.52 (br m, 4 H, CH), 6.98 (br m, 4 H, CH), 7.04 ppm
(d, 3J(H,H) = 7.4 Hz, 8 H, CH); 31P{1H} NMR ([D7]DMF, 300 K,
161.98 MHz) d=@44.0 ppm (s) ; UV/Vis (THF): lmax (e) = 346 (24 500),
581 nm (36 000 L mol@1 cm@1) ; elemental analysis calcd for
C100H134N6Co2K2O12P4·2 C2H3N (2012.75): C 62.01, H 7.01, N 5.56;
found: C 61.46, H 6.65, N 5.19.

3 a and 3 b : A solution of [Cp2Fe]BArF
4 (55 mg, 0.053 mmol,

1.0 equiv) in THF (1 mL) was added dropwise to a suspension of
2 a (77 mg, 0.053 mmol, 1.0 equiv) in THF (3 mL). An immediate
color change to dark blue was observed. After stirring the reaction
mixture for 24 h, the solvent was removed and the residue was
washed with n-hexane (7 mL). After extracting the residue with di-
ethyl ether (8 mL), the filtrate was concentrated to 3 mL and
stored at room temperature. Dark blue X-ray-quality crystals of 3 a
formed upon storing for five days. Yield: 29 mg (41 %); effective
magnetic moment ([D8]THF): meff = 2.0(1) mB ; 1H NMR ([D8]THF, 300 K,
400.13 MHz) d=@0.9 (br s), 0.8 (br s), 1.2 (br s, overlap with Et2O),
3.4 (br s, overlap with Et2O), 7.3 (br s), 17.4 (br s), 19.3 ppm (br s);
UV/Vis (THF): lmax (e) = 342 (44 000), 575 nm (66 500 L mol@1 cm@1) ;
NIR (THF): lmax (e) = 777 (25 000), 1319 nm (2000 L mol@1 cm@1) ; ele-
mental analysis calcd for C76H90N4Co2KOP4 (1356.44): C 67.30, H
6.69, N 4.13; found: C 68.29, H 6.73, N 4.11. Crystals of [K(dme)4]
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[{(BIAN)Co}2(m-h4 :h4-P4)]] (3 b) were obtained after one week by dis-
solving 3 a in DME and slow vapor diffusion of n-hexane into this
solution; characterization data for 3 b : 1H NMR ([D8]THF, 300 K,
400.13 MHz) d=@1.2 (br s), 0.8 (br s), 1.2 (br s, overlap with Et2O),
3.2 (br s), 7.3 (br s), 17.8 (br s), 19.7 ppm (br s); UV/Vis (DME): lmax

(e) = 340 (40 000), 575 nm (56 000 L mol@1 cm@1) ; elemental analysis
calcd for C80H100N4Co2KO4P4 (1462.56): C 65.70, H 6.89, N 3.83;
found: C 65.88, H 6.64, N 3.82.

4 : A solution of [Cp2Fe]BArF
4 (157 mg, 0.149 mmol, 2.2 equiv) in

THF (3.5 mL) was added dropwise to a suspension of 2 a (100 mg,
0.068 mmol, 1.0 equiv) in THF (3 mL). A color change to dark red
was observed. After stirring the reaction mixture for 24 h, the sol-
vent was removed. The residue was extracted with diethyl ether
(10 mL) and subsequently with toluene (8 mL). The resulting tolu-
ene extract was concentrated to 3 mL and stored at room temper-
ature. Dark red X-ray-quality crystals of 4 formed upon layering the
solution with n-hexane (6 mL) and storing for seven days. Yield
48 mg (49 %); 1H NMR ([D8]toluene, 300 K, 400.13 MHz) d= 0.93 (d,
3J(H,H) = 6.8 Hz, 24 H, CH(CH3)2), 1.28 (d, 3J(H,H) = 6.8 Hz, 24 H,
CH(CH3)2), 4.17 (sept. , 3J(H,H) = 6.8 Hz, 8 H, CH(CH3)2), 6.54 (br m,
2 H, CHBIAN), 6.60 (t, 3J(H,H) = 8.0 Hz, 4 H, CHBIAN), 7.20 (d, 3J(H,H) =
7.6 Hz, 8 H, meta-CHDipp), 7.34 (t, 3J(H,H) = 7.6 Hz, 4 H, para-CHDipp),
7.48 ppm (d, 3J(H,H) = 8.0 Hz, 4 H, CHBIAN) ; 13C{1H} NMR ([D8]toluene,
300 K, 100.61 MHz) d= 24.5 (CH(CH3)2), 25.0 (CH(CH3)2), 29.0
(CH(CH3)2), 120.3 (CHBIAN), 123.8 (meta-CDipp), 125.7 (CHBIAN), 127.2
(para-CDipp), 129.6 (CHBIAN), 133.4 (CBIAN), 134.6 (CBIAN) 139.8 (o-CDipp),
154.2 (ipso-CDipp), 161.1 ppm (CBIAN), one 13C NMR signal of a quarter-
nary carbon atom of the BIAN ligand was not detected probably
due to line broadening and signal overlap; 31P{1H} NMR
([D8]toluene, 300 K, 161.98 MHz) d= 253.9 (s), 249.7 ppm (s); UV/Vis
(THF): lmax (e) = 336 (47 500), 427 (30 500), 547 (34 000), 693 nm
(22 000 L mol@1 cm@1) ; NIR (THF): lmax (e) = 884 nm
(28 500 L mol@1 cm@1) ; elemental analysis calcd for
C72H80N4Co2P4·2 C7H8 (1427.50): C 72.36, H 6.78, N 3.92; found: C
71.84, H 6.65, N 3.58.
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