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Preface

Some of the presented results have been published during the preparation of this thesis
(vide supra). The relevant content is reprinted with the permission of WILEY-VCH
publishing. The corresponding citation and license number are given at the beginning of

the respective chapters.

Each chapter includes a list of authors. At the beginning of each chapter the individual
contribution of each author is described. Additionally, if some of the presented results have
already been discussed in other thesis, it is stated at the beginning of the respective
chapters.

To ensure uniform design of this work, all chapters are divided into “Introduction”, “Results
and Discussion”, “Conclusion”, “Supporting Information” and “References”. Furthermore,
all chapters have the same text settings, numeration of compounds, figures, schemes and
tables begins anew. The depicted molecular structures may differ in their style. A general
“Introduction” and the “Research Objectives” are given at the beginning of this thesis. In

addition, a comprehensive “Summary” of this work is presented at the end of this thesis
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1. Introduction

1.1 Phosphorus and its heavy Analog Arsenic

Phosphorus can be described as an element of life next to carbon. It is omnipresent in daily
life and an average human contains approx. 700 g of phosphorus in its organism, starting from
building blocks in DNA (nucleotides) over ATP as an energy source in biological systems, part
of bones and teeth. 1-1.2 g phosphorus has to be taken up every day by daily diet. On the
other hand, phosphorus compounds are widely used as fertilizer in agriculture or agents for
fire prevention.[l In public opinion phosphorus has a bad reputation e.g. due to its use as
firebombs in world war Il. It was discovered in 1669 by the alchemist Hennig Brand, who tried
to create the “philosophers stone” when he evaporated urine and heated the residue under
exclusion of air. By that way the luminescent material was found which was named phosphorus
(greek for light bearer). The element can be present in different crystalline modifications like
white, violet, fibrous, black phosphorus and the amorphous red one. The white phosphorus
consists of P4 tetrahedra and is the most reactive allotrope, which is self-igniting under air.1?! It
melts at 44.25 °C and boils at 280.5 °C. At temperatures over 200 °C a transition into the
amorphous red phosphorus takes place. Red phosphorus can be tempered at ca. 600 °C to
yield another crystalline modification, the violet, also called Hittorf’s phosphorus.®!l This
allotrope consist of pentagonal tubes based on P2, P3, Pg and Py units cross linked by P-P
bonds (Figure 1). A similar modification can be obtained when gaseous phosphorus is cooled

down very slowly.

P “\ “\
L >p 22D R N L —F
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Figure 1. Selected allotropic modifications of phosphorus and arsenic.
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By this way fibrous phosphorus is obtained. This allotrope shows similar tubes like violet
phosphorus, but only linked to double strands.® Violet phosphorus can be transformed under
pressure to black phosphorus which shows a layer structure based on six membered rings,
while single layers are in zigzag conformation.! This orthorhombic black modification can be
transformed to rhombohedral and cubic, metallic black phosphorus depending on the applied
pressure. The structural motif of the rhombohedral black phosphorus is the same as for grey
arsenic, what is the stable modification at ambient conditions.[ Yellow arsenic, the analog
modification of white phosphorus (Ass tetrahedron) can be obtained from grey arsenic upon
heating as an As4 vapor. This vapor can be transported via a gas stream and quenched in a
solvent of choice,®! which then can be used for subsequent chemistry,[” what was reported by
Bettendorf for the first time.[8]

1.2 E4 activation - E, Ligand Complexes

Due to the high oxophilicity of phosphorus it cannot be found in its elemental form in nature,
but in many different minerals (e.g. apatite) as salts of phosphoric acid. In industry different
kind of apatites are used to produce white phosphorus (in industry called yellow phosphorus)
on large scale in an extremely energy consuming process in an electric arc furnace. Ca3z(PQOas)2
is transferred in the presence of quartzite and coke to P4 and stochiometric amounts of CaSiOs;
(Scheme 1).11

P
1542 kJ + Cas(POy), + 3 SiOy + 5 C — 3 CaSiO3 + 5 CO + Py —» P<_\
P

g

P

N\

Scheme 1. Industrial synthesis of Pa.

For the synthesis of organophosphorus compounds white phosphorus is oxidized with chlorine
gas (formation of PCl3) and subsequently reacted with alcohols (formation of P(OR)3) or with
organolithium/Grignard reagents (formation of PR3, Scheme 2). These processes share one
problem: A stochiometric amount of waste (HCI, LiCl, MgCIX) is produced.l® Therefore, a direct
route would be desired avoiding the use of chlorine gas. A suitable way is the activation and
transformation of P4 and subsequently also of As, in the coordination sphere of transition metal

fragments.



1. Introduction 3

P(OR)3
ROH

\ Cly
/ \ — 2+ + (Hei, Licl, mgeix )
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L \
PR

direct route desired

3

e

Scheme 2. Synthesis of organophosphorus compounds in industry.

The activation of white phosphorus and yellow arsenic has become a large field of research.
In 1971 Ginsberg and Lindsell reported the first polyphosphorus (P.) ligand complex
[Rh(PPh3)CI(n?-P4)] (D9, Interestingly, the first polyarsenic (Asn) ligand complex
[Co(CO)3(n3-Ass)] (Il) was already reported in 1969 by Dahl starting from AsMes as an arsenic
source (Figure 2).'"l Starting from that, a plethora of polypnictogen (En) ligand complexes have
been synthesized with up to 24 P atoms!'? and 18 As atoms, respectively.['l The most
convenient synthetic route displays the thermolysis of P4/Ass with suitable carbonyl complexes
of the type [(CpRM(CO)n).] (e.g. M = Cr,['415 Mo,[6-181 W 1191 Fe, [20-22] Ry, 211 Col23], Nil24-261) or
photolysis of [CpRM(CO)4] (e.g. M = V,[271 Nb [28.29 Tg[?8]) yielding a large variety of compounds.
Another approach is the reaction of transition metal complexes bearing labile ligands (e.g.

ethene, toluene, acetonitrile, ...) with P4 and Ass under mild conditions.20-31]

Cl

co
PhsP R’h/PPhg oc_ Clo/CO
/ \P
-
I/l
p—FP

Figure 2. First reported Pn and Asn ligand complexes.

One principle of ordering polypnictogen ligand complexes is to sort by the number E atoms
incorporated. The cyclic derivatives have a special aromatic character and in this introduction
only complexes with cyclic E, ligands including Cp ligands are considered for n = 3-6. For
n =1, the E4 ligand can either be terminal like in [(NsN)W=E] (E = P (llla),®2 As (llIb)&%) or
bridging two to four metal fragments like in [{CpW(CO){Cr(CO)s}(us-E)IB4 (E = P (IVa),
As(IVb)) as an example. For n = 2, the E> units can be part of tetrahedral complexes based on
group six metals [(CpM(CO)2)2(u,n?:n?-E2)] (M = Cr (V), Mo (VI), W (VII); E = P,[16.:3536] Agl371) or
two E; ligands can also be incorporated in triple-decker complexes like in
[(Cp”’Co)2(M,n%:Nn?>-E2)2] (E = P (VIlla),l2% As (VIIIb)®38]). Cyclo-E3 ligands can arise as end-deck
in the Ni complexes [CpRNi(n3-Es)] (E = P (IXa)®8], As(IXb)?4), in group six complexes of the
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type [CpRM(CO)2(n3-E3)] (M = Cr (E = P (Xa)i3%39, As (Xb)“041) Mo (E = P (Xla)“2, As (XIb)“3),
W (E = P (Xlla)*4, As (XIIb)“%])) or as middle decks like in [(Cp’’Ni)2(u,n3:n3-P3)]“e! (XIII).
Cyclo-E4 ligands can be incorporated in group five metal complexes of the type
[CPRM(CO)2(n*-E4)] (M =V (E = P (XIV)),271 Nb (E = P (XVa)??, As(XVb)“), Ta (E = P
(XV1))2848]) or as end deck in the sandwich complex [Cp’’Co(n*-P4)] (XVII) which was reported
in 2017.B3%1 Cyclo-P4 ligands have also been reported stabilized by {Cr(CQO)s} or {Cp”Fe(CO).}
fragments like [CpRCo(Mds,n*:N":N":N"-P4){Cr(CO)s}s] (XVII),# [CpRM(us,n*:n":n":n":n"-Ps)
{Cr(CO)s}4] (M = Co (XIXa),5 Rh (XIXb)5') and [(Cp”Fe)}(u,n*:n'-Ps)}{Cp”’Fe(CO)2}] (XX).52
The cyclo-Es ligand is present in the ferrocene analog complexes pentaphospha- and
pentaarsaferrocene [CpRFe(n®-Es)] (E = P (XXla),2%21 As (XXIb)i?2), the ruthenium analog
compound [CpRRu(n%-Es)] (E = P(XXlla),?" As(XXIIb)®3]) or as middle deck in triple-decker
complexes of group six or seven elements [(CpRM)2(4,n%:n%Es)] (M = Cr (E = P (XXIlla)554],
As (XXIIIb)“0:551) ' M = Mo (E = As(XXIV)B8l), M = Mn (E = P(XXV)57))). The benzene analogous
cyclo-Eg ligand can only be stabilized as middle-deck in triple-decker complexes of the type
[(CpRM)2(u,n®:n8-E¢)] (M = Ti (E = P (XXVI)B8]), V (E = P (XXVID'), Nb (E = P (XXVIII)[29:59),
Mo (E = P (XXIXa),l'”1860] As (XXIXb)B'), W (E = P (XXX)!"?) while it has to be noted, that the
Ti complex shows a Ps middle deck in zigzag conformation and not planar as in all other cases.
Examples of En ligand complexes are depicted in Figure 3. While all mentioned triple-decker
complexes are homometallic, there are also heterobimetallic compounds known. They can be
prepared by thermolysis or photolysis of suitable carbonyl complexes with preformed E, ligand

complexes, with complexes containing labile ligands or with cationic transition metal moieties.
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Figure 3. Selected En ligand complexes.
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This chemistry was investigated for [CpRFe(n®-Es)] (E = P (XXIla), As (XXIb)). The reaction of
XXla,b with {CpFe'} fragments yields the cationic triple-decker complexes
[(CpRFe)(CpFe)(u,n%n%-Es)][PFs] (E = P (XXXla),®2 As (XXXIb)®3) which represent no
heterobimetallic complexes but still consist of two different CpRFe fragments. Reacting XXla,b
with [M(CO)3(MeCN)3] (M = Cr, Mo, W) gives [(Cp*Fe)(M(CO)3)(u,n%n%Es)] (M =Cr (E =P
(XXXlla), As (XXXIIb)), Mo (E = P (XXXllla), As (XXXIlIb)), W (E = As (XXXIV))].t4 The
cothermolysis of XXla,b with [Cp”Ta(CO)4] yields selectively the heterobimetallic
[(Cp*Fe)(Cp”Ta)(u,n*:n3%-Es)] (E = P (XXXVa)®3l, As (XXXVb)©8]). XXla,b can be reacted with
the rhodium and iridium carbonyls [(Cp*M(CO))2] (M = Rh, Ir) and [Cp*Ir(CO),] to yield for
E = As the rhodium complex [(Cp*Fe)(Cp*Rh(CO))(u,n%:n?*-Ass)] (XXXVI)®] and for E = P a set
of iridium complexes with one, two and four {Cp*Ir(CO)} fragments in
[(Cp*Fe)(Cp*Ir(CO))(u,n%n?-Ps)] (XXXVINE?L [(Cp*Fe)(Cp*Ir(CO))2(M,n*:n":n'-Ps)] (XXXVIII)©S]
and [(Cp*Fe)(Cp*Ir(CO))s(u,n*:n%Nn":n"n"-Ps)] (XXXIX).®51  All mentioned heterometallic

complexes are depicted in Scheme 3.

= <z
= s
Fe /_\_E
J== E \
ESg=F E\\\/E\E
oc”™~co "
R
€0 < @TR
M = Cr, E = P (XXXIla), As (XXXIIb) i T i b o
M = Mo , E = P (XXXllla), As (XXXIIlb) E—lg / =P a)
M =W, As (XXXIV) / \ E = As (XXXVb)
R
- E = P (XXla)
E~f e
E;q;‘E lm
Fe R R R
CI7 Fle Fle
E = P (XXXla) Fe /_\} Ml—o7 \\
E = As (XXXIb) E==E, ,P/ R M] P F’\
}E\E/E PP, P /P\P
U M o | M
M] M]

[M] = [Cp*Rh(CO)] , E = As (XXXVI)

[M] = [CpHIr(CO)] . E = P xxxvity [M1= [CPIF(CO) XXXV - [M] = [Cp*Ir(CO)] (XXXIX)

Scheme 3. Selected heterometallic En ligand complexes. Reaction of XXla,b with i) [CpFe]" units, ii)
[M(CO)3(MeCN)3] (M = Cr, Mo, W), iii) [Cp”Ta(CO)4] and iv) [(Cp*M(CO))2] (M = Rh, Ir) and [Cp*Ir(CO)2].
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1.3 Reactivity of E,, Ligand Complexes

The frontier molecular orbitals of [Cp*Fe(n®-Es)] (E = P (XXla), As (XXIb)) reveal that both
HOMO and LUMO are mainly located at the cyclo-Es ligand suggesting a possible reactivity
towards electrophiles and nucleophiles.®® The frontier molecular orbitals have been
recalculated on the B3LYP/def2-TZVP level of theory and are depicted in Figure 4.

E [eV]
A .

*% o0 2 %
1.752 eV 6’ 4

AC Xy 1800 eV ' o doi

ATV Lee/
Q %) - %0 5 900 eV “@
b 4

v 0aeal! |\ amle
.)8-) -6.250 eV ++ 'l—VT' Q
-6.256 & - g

++ Lss ’

-6.479 eV
[Cp*Fe(n®>-P,)] (XXla) [Cp*Fe(n®>-As,)] (XXIb)

Figure 4. Frontier molecular orbitals of XXla (left) and XXIlb (right) (B3LYP/def2-TZVP level of theory).

The chemistry of [Cp*Fe(n®Ps)] XXla has been widely investigated. It has been used for
supramolecular coordination chemistry involving coinage metal salts, in which molecular,
oligomeric, polymeric (1D - 3D) or supramolecular aggregates (fullerene analog) are
accessible depending on the reaction conditions. The reaction of XXla with CuX (X = ClI, Br, 1)
yields 1D and 2D polymers® (e.q. [Cp*Fe(us,n®n':n'-Ps)CuCl], (XL) or fullerene-like
supramolecular aggregates.l’ For the arsenic compound [Cp*Fe(n%-Ass)] XXIb this kind of
chemistry was also investigated, but to far less extend (e.g.
[Cp*Fe(u4,n%:n?%n?%n"-Ass)(CuCl)s(MeCN)]n (XLI) from the reaction with CuCl).168 The Cu atoms
in XL are coordinated by two P atoms of two molecules XXla in a n' mode, while in XLI the Cu
atoms are coordinated by one edge of the Ass ligand in n? mode and additionally by one As
atom of a neighbored molecule XLI in n' mode (for two of three Cu atoms). The third copper
atom is saturated by an acetonitrile molecule. When instead coinage metals salts containing
weakly coordinating anions like [TEF] (= {Al(OC(CF3)4}) are used, cationic soluble polymers
like [Cp*Fe(us,n°:n%n"-Ps)Ag][TEF]. (XLII) are formed (Scheme 4).[7"]
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Scheme 4. Selected reactions of XXla,b with CuCl and Ag[TEF], [Fe] = Cp*Fe, L = MeCN.

The redox chemistry of the phosphorus complex XXla was studied by Geiger and Winter by
spectroelectrochemical methods indicating a set of possible redox processes.’?l The
preparative oxidation of XXla to [(Cp*Fe)2(u,n*:n*-P10)]>* (XLIII) was achieved by our group
using thiathrenium hexafluoroantimonate.[”® The abstraction of one electron leads formally to
the radical species [Cp*FePs]* which dimerizes to XLIIl. On the other hand, the reduction with
KH transfers one electron and a related radical species [Cp*FePs] " is formed which dimerizes
to [(Cp*Fe)z(u,n*:n*-P10)]> (XLIV). When instead an excess of elemental potassium is used,
the dianion [Cp*Fe(n*-Ps)]> (XLV) can be isolated. While these redox reactions are quite
selective, the reduction of the analog arsenic compound XXIb does not proceed selectively
and several fragmentation products are obtained, namely [(Cp*Fe)2(y,n%Nn%-Asz)2]" (XLVI),
[(Cp*Fe)2(u,n*n*-As10)]> (XLVII), [(Cp*Fe)2 (u,n%n%n?%n3-As14)]> (XLVIIl) and [(Cp*Fe)s
(M2,n*:n%n%N%N%Nn"Nn"-As1g)]* (XLIX).['S The attempts to oxidize XXIb were not successful so

far. All mentioned redox reactions are depicted in Scheme 5.
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Scheme 5. Reactivity of XXla,b towards i) thianthrenium hexafluoroantimonate, ii) KH, iii) K(exc) and iv) KH, [Fe] =
Cp*Fe.

The reactivity of XXla towards main group nucleophiles was investigated in our group. The
cyclo-Ps ligand can be functionalized with carbon-, nitrogen- and phosphorus based
nucleophiles like LiCH,SiMes;, LiNMe,, NaNH, or LiPH..["4l In these reactions, anionic
complexes of the type [Cp*Fe(n*-PsR)] are first formed. For R = CH,SiMes and NMe; these
complexes display the final products (L and LI). In the case of NaNH; and LiPH, subsequent
reactions take place and the complexes [(Cp*Fe)2(u,n*:n*-(Ps)2N)]*- (LII), [Cp*Fe(n*-PsPH.)]
(LI and [(Cp*Fe)2(u,n*:n*(Ps)PH)]?> (LIV). The anionic complexes L and LI can be quenched
with [(Cp”’MX)2] (M = Cr (X = ClI), Co (X = ClI), Ni (X = Br)) yielding the substituted triple-decker
complexes [(Cp*Fe)(Cp’’Cr)(d,n%n*PsCH.SiMes)] (LV), [(Cp*Fe)(Cp’”’Fe)(u,n®n*-PsNMe;)]
(LVI) and [(Cp*Fe)(Cp’’M)(u,n%:n*-PsR)] (M = Co (R = CHzSiMes (LVII), NMe; (LVIII)), Ni (R

= NMe: (LIX)).[’>! All mentioned reactions are depicted in Scheme 6.
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2. Research Objectives

The redox chemistry and reactivity of [Cp*Fe(n%-Ps)] and [Cp’’Ni(n3-P3)] towards main group
nucleophiles was investigated in our group. In these reactions products with functionalized
cyclo-P3 and cyclo-Ps ligands were obtained and sometimes a further fragmentation and/or
aggregation of the phosphorus ligands was observed. The long existing gap in the series of
sandwich complexes with cyclo-P, (n = 3 (Ni), 5 (Fe, Cr), 6 (Mo)) ligands was closed with the
synthesis of [Cp’”Co(n*-P4)] by Fabian Dielmann and reported in 2017, although no reactivity

studies have been performed. Accordingly, the first research objectives of this work were:

< Investigation of the redox chemistry of [Cp”’Co(n*-P4)]

< Investigation of the reactivity of [Cp”’Co(n*-P4)] towards main group nucleophiles

The oxidation chemistry of [(CpRMo)2(4,n8:n8-Pe)] and [(CpMo(CO).)2(u,n%:Nn%-E2)] (E = P - Bi)
was also investigated. The oxidation of the first one leads only to a distortion of the Pg ligand
while in the second case an E-E bond formation takes place. An interesting complex for the
investigation of the redox chemistry is [(Cp”’Co)2(M,n%Nn%*-E2)] (E = P, As) which carries two
independent E> units coordinated each by two {Cp’’Co} fragments. The question is, how this
complex will respond the addition or withdrawal of electrons. Therefore, the second research

objective of this work was:

< Investigation of the redox chemistry of [(Cp’’Co)2(u,n%:n%-E2)] (E = P, As)

R/

+ Electrophilic quenching of the obtained anionic products

The investigation of the redox chemistry should also be extended to heterobimetallic triple-
decker complexes. Fabian Dielmann reported in his Ph. D. thesis the synthesis of two new
representatives of this category: [(Cp*Fe)(Cp’’Co)(u,n%:n*-Ps)] and [(Cp’”Co)(Cp’’Ni)(u,n3:n3-
P3)]. Since only the synthesis has been reported and their properties were not studied, the third

scope of this work has been:

@,

+ Reproduction of the synthesis of both triple-decker complexes and the investigation of
their dynamic behavior in solution and blocking of the processes by coordination of
{W(CO)s} fragments

% Synthesis of the arsenic analogous complex [(Cp*Fe)(Cp”’Co)(u,n%n*Ass)] and its
chemistry

% Investigation of the redox chemistry of [(Cp*Fe)(Cp”’Co)(u,n%n*Es)] (E = P, As) and

study the reactivity of them towards main group nucleophiles.
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3.1 Introduction

Abstract: The redox chemistry of [(Cp’’Co)2(u,n*:n?*-E2)2] (E = P (1), As (2); Cp”” = 1,2,4-
tritertbutyl-cyclopentadienyl) was investigated. Both compounds can be oxidized and reduced,
each of them twice. That way, the monocations [(Cp’’Co)2(u,n*:n*-E4)][X] (E = P, X = BF4 (3a),
[FAI] (3b), E = As, X = BF4 (4a), [FAI] (4b)), the dications [(Cp’"Co)s(u,n*:n*-E4)J[TEF]. (E = P
(5), As (6)) and the monoanions [K(18-c-6)(dme),][(Cp’’Co)2(u,n*:n*E4)] (E = P (7), As (8))
were isolated. A further reduction of 7 leads to the dianionic complex [K(18-c-6)(dme);][K(18-
c-6)J[(Cp’’Co)2(u,n*:n3-P4)] (9), in which the cyclo-P4 ligand rearranges to a chain-like P4 ligand
in 9. Further reduction of 8 can be achieved with an excess of potassium under the formation
of [K(dme)4J[(Cp’’Co)2(u,n’:n3-Ass)] (10) and the elimination of an Ass unit. 10 represents the
first example of an allylic Ass ligand incorporated in a triple-decker complex. All compounds
were comprehensively characterized and their electronic structures were elucidated by DFT

calculations.

Oxidation and reduction reactions have been widely used for element-element bond formation
or cleavage reactions. For example, the elemental modifications of sulfur (Ss), phosphorus (P4
or red phosphorus) or grey arsenic can be easily degraded in reduction processes by bond
cleavages to the corresponding Sg%, P3 or As® units, respectively.[!l On the other hand,
oxidation reactions lead, in general, to bond formation reactions. In the case of Sg, one new S-
S bond is formed by the oxidation to Sg?*, while for the oxidation of white phosphorus an
additional aggregation takes place to form a Pg* moiety.?) An analogous reactivity can be
observed for cyclic phosphines or arsines such as BusE4 (E = P, As).[¥l Both compounds can
be reduced and degraded to E; fragments by using elemental potassium.[“l While this behavior
is particularly true for saturated main group compounds containing lone pairs, the situation is
different for unsaturated species. In this case, the reduction leads in general to the population
of * orbitals and formation of radical anions which can lead to bond formation.>-8 For
example, phosphinines,®! diboryl compounds® and (TPB)Cu* (TPB = tris[2-
(diisopropylphosphino)-phenyl]borane)”! form new formal one electron bonds (P-:-P, B:::-B and
Cu---B) upon reduction. Polypnictogen ligands in the coordination sphere of transition metals
reveal also an interesting redox chemistry. The redox chemistry of pentaphosphaferrocene
[Cp*Fe(n®-Ps)] (Cp* = pentamethyl-cyclopentadienyl) was studied spectroelectrochemically by
Winter and Geiger,®! and experimentally by our group resulting in one oxidized and two
reduced products.['%) Depending on the reducing agent, one or two electrons can be transferred
to [Cp*Fe(n®-Ps)]. When potassium hydride was used, a single-electron transfer occurred
leading to a proposed intermediate [Cp*FePs] dimerizing to the dinuclear complex
[(Cp*Fe)2(u,n*:n*P10)]>. When elemental potassium was used in excess, the reaction led to

the dianionic species [Cp*Fe(n*-Ps)]> (A, scheme 1). On the other hand, when using
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thianthrenium hexafluoroantimonate as a strong oxidant, the dinuclear compound
[(Cp*Fe)2(u,n*:n*P10)]** (B) was isolated. In these reactions, the polyphosphorus ligand in
[Cp*Fe(n®-Ps)] responds to the addition or withdrawal of one electron either by folding the Ps
ring or/and by forming a new external P-P bond.l'% The redox chemistry of the analogous
arsenic compound [Cp*Fe(n®>-Ass)] leads, via reduction, to a mixture of anionic species
containing Ass, As1o, As14 and Asig ligands, while all attemps at an oxidation have failed so
far.'l A similar behavior including the formation of external E-E bonds upon oxidation was
reported for the complexes [{CpMo(CO)z}2(u,n%:n?*-E2)] (E = P — Bi), which result for E = P, As

in the formation of complexes C and D (Scheme 1).['Z

fFe 1% [ / ] [Mo] 2
e
E
/ A I\
e pa L P—P N \\[M°]
s Pemp”y NP E \ /
p~ i\ | [Mo]
Rr==—p
I/
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N‘o ° By
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Pl

Scheme 1. Selective examples of reduced and oxidized polypnictogen ligand complexes.

Not only sandwich complexes with an E, ligand as a lower-deck show an instructive redox
chemistry but also homometallic triple-decker complexes with the corresponding E, ligand as
a middle deck. [(CpRMo)2(u,n®:n®-Ps)], as an example, can be easily oxidized to
[(CpRMo)2(u4,n8:n8-Ps)]* (E) retaining its initial triple-decker geometry in the solid state, whereas
the cyclo-Ps ligand in E tends to slightly distort in a bis-allylic manner.['® Therefore, in contrast
to the usual polypnictogen complexes, oxidations have the opposite effect of elongating P-P
bonds, but strengthening Mo-Mo bonds.

Intrigued by the diversity of the structural changes upon oxidation and/or reduction of the
polypnictogen (E.) ligand complexes, we were interested in using E, ligand complexes that
combine the features of triple-decker complexes and separated E, units, and we were keen to
explore, if the redox behavior follows the traditional path (oxidation: forming a bond; reduction:
cleaving a bond) or whether new avenues to novel and structurally unprecedented products
are opened. Therefore, we decided to investigate the redox chemistry of the cobalt complexes
[(Cp’Co)2(M,n%:N?>-E2)2] (E =P (1), As (2); Cp”” = 1,2,4-tritertbutyl-cyclopentadienyl), which are
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easily accessible by the reaction of the toluene complex [(Cp”’Co)2(u,n*:n*-C7Hs)] with white

phosphorus or yellow arsenic in gram scale.['4.19]

3.2 Results and Discussion

To obtain a first insight into their redox properties, the frontier molecular orbitals of 1 and 2
were computed (Figure 1). The HOMO shows bonding character within the E, units and
antibonding character between them. Therefore, the abstraction of electrons by oxidation
should induce a cyclization, whereas the E-E distance of the former E> unit will be elongated.
The situation for the LUMO, which is a linear combination of * orbitals of the E2 units, is vice
versa. It shows bonding character between the two separated E. units and antibonding
character within the E; unit. Again, the population of this orbital by adding electrons by
reduction should induce a cyclization to form an E4 ligand while the bond within every E> unit

will be elongated.
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Figure 1. Frontier molecular orbitals of 1 (left) and 2 (right). BP86/def2-TZVP level of theory.
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To obtain an overview of how redox processes proceed, cyclic voltammetry measurements
were performed in different solvents. We found that the nature of the redox processes is
strongly dependent on the solvent used. In the case of 1, there are two reversible oxidation
processes in CHxCl, at -367 and 351 mV and a, most likely, irreversible reduction
around -2350 mV (against [Cp2Fe]/[Cp2Fe]*). When the solvent is changed to thf, only one
reversible oxidation at -336 mV and one reversible reduction at -2304 mV are found (Figure
2). The cyclic voltammogram of 2 in dme shows two reversible oxidations at -463 and 8 mV

and two reversible reductions at -2144 and -2644 mV against [CpzFe]/[Cp2Fe]* (cf. Figure 3).
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Figure 2. Cyclic voltammogram of 1 in CH2Clz (left) and in thf (right) against [CpzFe]/[CpzFe]* (electrolyte "BusNPFs,

scan rate: 100 mV/s. temperature: r.t.).
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Figure 3. Cyclic voltammogram of 2 in dme against [CpzFe]/[CpzFe]* (electrolyte N"BusPFs, scan rate: 100 mV/s.
temperature: r.t.).

For the chemical oxidation, we chose Ag* as a suitable oxidant, due to the rather low oxidation
potentials of 1 and 2.0

Both compounds can be oxidized using one equivalent of an Ag(l) salt containing a weakly
coordinating anion [X] (X = BF4 or [FAI] ([FAKOCeF10(CsFs)}s])) leading to the isostructural
compounds [(Cp’’Co)2(u,n*:n*-E4)][X] (E = P, X = BF4 (3a) (66 %), [FAI] (3b) (56 %), E = As, X
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= BF4 (4a) (65 %), [FAI] (4b) (42 %)) (Eq. 1), in which two new E-E bonds were formed to
obtain a new triple decker sandwich complex with a cyclobutadiene-like formal E4* middle
deck.

) 'B £ ‘Bu |
" “@B
?O\Bu (/30\ u
E,/E\\E/E + Ag[?)(] E,/E_-\E—E X ()
\Cé '8 CH2C|2’ r.t. Cé ‘B
u u
tBu‘@“Bu lBu@tBu_
E=P(1) E =P, X =BF, (3a, 66 %), [FAl] (3b, 56 %)
E=As(2) E = As, X = BF, (4a, 65 %), [FAI] (4b, 42 %)

Crystals suitable for single crystal X-ray structure analysis are obtained from concentrated
solutions in CH2Cl,, layered with pentane (3b, 4a, 4b) or hexane (3a) at -30 °C. Since the
compounds 3a/3b and 4a/4b are isostructural and differ solely in the used anion, only the
structures of 3a and 4a in the solid state are depicted in Figure 4. The structures reveal triple-
decker complexes with cyclo-E4 ligands coordinating in n*n* fashion to two {Cp”’Co}
fragments. The geometry of the cyclo-E4 ligand is slightly distorted and differs a little in all
compounds. For 3a and 4a, there are rectangular cyclo-E4 ligands with two shorter E-E bonds
(P1-P2 2.1860(9), P2-P3 2.1837(8), As1-As2/As3-As4 2.3882(2) A) and two longer E-E bonds
(P1-P4 2.3022(8), P2-P3 2.2960(8), As1-As4/As2-As3 2.5198(2) A), which might be viewed
as cyclo-butadiene-like units. In 3b, the E4 ligand has a trapezoid shape with three shorter P-
P bonds (P1-P2 2.2205(6), P2-P3 2.2358(6), P3-P4 2.2069(7) A) and one longer one (P1-P4
2.3139(6) A). In 4b, the As, ligand is disordered over three positions with site occupancies of

5, 25 and 70 %, preventing the accurate description of the Ass unit.

Figure 4. Structure of the cations in 3a (left) and 4a (right) in the solid state. Thermal ellipsoids are shown at 50 %

probability level. Hydrogen atoms, anions and solvent molecules are omitted for clarity.

The DFT optimization of the geometries of 3a and 3b (BP86/def2-TZVP level of theory; 3a°¢,

3b°) reveals a rectangular E4 ligand (similar to that observed in the crystal structure) for 3a and



3. Element-Element Bond Formation upon Oxidation and Reduction 21

a trapezoid-shaped ligand for 3b, which is more widened than in 3b (2.51332 A (optimized
geometry of 3b°) and 2.3139(6) A (experimental structure of 3b)). The geometry optimizations
were both started from the atomic coordinates obtained from the X-ray structure. However,
starting from a symmetric cyclo-P., this geometry is retained in the optimized structure of 3a°¢,
the same as for the finally trapezoid-shaped ligand in 3b°. The energy difference between the
two isomers is only 3 kJ/mol, with the trapezoid isomer being favored. Both geometries
represent minima on the energy hypersurface (cf. Sl). The structural differences between 3a
and 3b can be attributed to packing effects, since the size of the counter ion differs significantly.
DFT calculations show a similar behavior for the arsenic compounds 4a and 4b. The formation
of one P-P bond and of a trapezoid-shaped ligand are reminiscent of the coordination of 1 to
{W(CO)s} fragments leading to ([(Cp’’Co)2(u,n*:n*Nn":n'-Ps{W(CO)s}.]).l'"1 However, in this
complex, the P1-P2 and P3-P4 distances are significantly shorter (2.070(8) and 2.093(9) A),
the P2-P3 distance is quite the same (2.276(8) A) and the P1-P4 distance is longer (2.962(8)
A) than the corresponding distances in 3b. An analogous As compound is unknown. The
compounds 3a/3b and 4a/4b are paramagnetic. The 'H NMR spectra in solution at room

temperature reveal strongly shifted broad signals for the Cp™” ligands. The EPR spectra (solid
and in frozen solution at 77K) show an isotropic resonance with the gis, values indicating one
unpaired electron each (77 K, solid: 3a: giso = 2.037, 3b: gisoc = 2.024, 4a: giso = 2.121, 4b: giso
= 2.094, cf. Sl). The Evans NMR reveals an effective magnetic moment of 1.23 s for 3b and
2.01 ug for 4b corresponding to about one unpaired electron each.

The pnictogen ligands in the starting material 1 and 2 can be described as separated E»? units
(if Co'""moieties are assumed). By oxidation, one electron is removed and, formally, a cyclo-
E4* ligand is formed. The SOMO (3a: a-188, 4a: a-224, cf. Sl) reveals that the unpaired
electron is located mainly on the E4* ligand (electron density within the short E-E bonds and
between them with a minor contribution of the Co atoms, cf. Sl). The spin density is
homogenously distributed over all E und Co atoms, and the absence of a hyperfine coupling
to Co in the EPR spectra also underlines the presence of a formal cyclo-E4% ligand. Likewise,
the decrease of the formal charges (Mulliken charges, cf. Sl) of the E4 ligand as compared to
the starting complexes emphasizes this description. It has to be noted that, this description of
3a and 4a is only a formalism, while the electron density in the SOMOs is also distributed over
both Co atoms and Cp’’ ligands and the covalent character of the bonding between the E4
ligand and metal has to be considered.

By reacting 1 and 2 with Ag[TEF] ([TEF] = [A{OC(CFs)s}4)], the dications
[(Cp’Co)2(M,n*:N*EL)][TEF]. (E = P (5), As (6)) are obtained in crystalline yields of 68 and
69 %, respectively (Eq. 2), which now represent cyclo-E4?>* middle decks with four equivalent

bonds.
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Figure 5. Structure of the dications in 5 (left) and 6 (right) in the solid state. Thermal ellipsoids are shown at 50 %

probability level. Hydrogen atoms, anions and solvent molecules are omitted for clarity.

The structures of 5 and 6 in the solid state (Figure 5) show triple-decker complexes with a
cyclo-E4 ligand as a middle deck. In 5, the P4 unit is planar with very similar P-P distances
(2.236(2) and 2.239(2) A), representing single bonds, which is confirmed by the Wiberg bond
indices (WBI) of 0.92.1'8 The P-P bond lengths in 5 are longer than in the complexes with a
cyclo-P4 ligand as an end-deck as in [Cp’’Co(n*-P4)] (2.1557(18)-2.1699(14) A).['% In contrast
to 5, the cyclo-Ass ligand in 6 is slightly folded (fold angle 3 °). The As-As bond lengths are
between 2.4355(9) and 2.4759(9) A and lie in the range of single bonds, confirmed by WBIs
between 0.80 and 0.93 (the DFT optimized geometry reveals a trapezoid-shaped Ass ligand
with a fold angle of 6.4 °).'" The As-As distances are also longer than in complexes with a
cyclo-As, ligand as an end-deck such as [Cp*Nb(CO)2(n*-Ass)] (2.345(4)-2.409(4) A).2% The
structural motif of the dication is reminiscent of the Cp®! (CsMe4Bu)-substituted compound
[(Cp®UCo)2(H,n*:n*-As4)][CosCls(thf)z], obtained, however, by starting from As(SiMes)s as an
As source.2"l This complex shows As-As distances of 2.4552(10) and 2.4680(11) A). In the 'H
NMR spectrum of 5, two broad singlets centered at & = 1.82 and 1.71 ppm for the ‘Bu groups
of the Cp’” ligand can be detected, but no signals for the H atoms bonding the Cp ring,
indicating a dynamic process in solution. The 3'P{'H} NMR spectrum at room temperature
shows one broad singlet at & = 494.0 ppm (w12 = 4000 Hz). Upon cooling to -80 °C, the signals

in the '"H NMR spectra broaden further and still no resonance for the Cp bond H atoms can be
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found. The signal in the 3'P{"H} NMR spectra broadens too and eventually disappears
completely. Warming an NMR sample of 5 in o-difluorobenzene containing a CsDs capillary to
80 °C, the signals in the '"H NMR spectra remain unchanged. In the *'P{'"H} NMR spectrum, a
singlet can be observed whose intensity decreases at 80 °C. In the 'TH NMR spectrum of 6,
three singlets centered at 6 = 6.50, 1.66 and 1.50 ppm can be detected, with the signal for the
Cp bond H atoms (6.50 ppm) being low field shifted by ca. 2 ppm in comparison to the starting
material. Both 5 and 6 are EPR-silent.

The abstraction of another electron of the E4* ligand in 3 and 4 leads to a further change in
the geometry and the ligand can now be described as a cyclo-E4* unit. Identical P-P bonds in
the completely planar middle deck in 5 indicate the presence of an aromatic P4* ligand. The
HOMO of 5 shows the electron density to be homogenously distributed between all P atoms
(indicating four equivalent bonds) and on both Co atoms (shape of a d orbital, cf. Sl). In the
case of 6, the As4? ligand is not completely planar and the As-As distances differ slightly from
each other. The optimized geometry shows a trapezoid-shaped ligand with one side being
more open than the structure in the solid state suggests. Therefore, the HOMO shows electron
density within the three shorter As-As bonds and located at the Co atoms (d orbitals). Since
the formal charges (Mulliken charges, cf. Sl) of the E4 ligand in 5 and 6 decrease further
compared to the monocations and related to 1 and 2, the formal description of the ligand as
E4> seems appropriate. All mentioned oxidations of 1 and 2 are fully reversible. The addition
of the stoichiometric amounts of KCs yields selectively back the starting materials 1 and 2.

In the related cyclic voltammograms, both compounds 1 and 2 show reversible reduction
processes at rather negative redox potentials. Potassium graphite was chosen as a suitable
reduction agent. By using a small excess over 1 eq. of KCs, the monoanions
[K(18-c-6)(dme)2][(Cp”’Co)2(u,n*:n*-E4)] (E = P (7), As (8)) can be obtained in crystalline yields
of 56 and 40 %, respectively, which now represent cyclo-butadiene-like E4> middle decks (Eq.
3). Due to their anionic character, 7 and 8 are extremely sensitive towards air and moisture.
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Figure 6. Structure of the anions in 7 (left) and 8 (right) in the solid state. Thermal ellipsoids are shown at 50 %

probability level. Hydrogen atoms, cations and solvent molecules are omitted for clarity.

The structures in the solid state (Figure 6) reveal a rectangular cyclo-E4 middle deck for both
compounds. Two shorter E-E bonds (P1-P2/P3-P4 2.1288(9), As1-As2/As3-As4 2.3074(16)
A) and two longer E-E bonds (P1-P4/P2-P3 2.3606(8), As1-As4/As2-As3 2.5852(15) A) are
present. All bonds are in the range of shortened and elongated single bonds, respectively, also
confirmed by the WBIs for the short (7: 1.18, 8: 1.15) and long bonds (7: 0.68, 8: 0.63).[18.22]
Compounds 7 and 8 are both paramagnetic as indicated by the paramagnetic shift of the
signals of the Cp”” ligand in the "H NMR spectra in solution and by the absence of signals in
the 3'P{'"H} NMR spectrum (for 7). Both compounds are EPR-active and show resonances in
solution (frozen solution) and in the solid state (room temperature and at 77 K). The spectra of
both compounds show a rhombically structured signal at 77 K in the solid state (7: g« = 2.0840,
gy = 2.0638, g, = 1.9897, 8: g« = 2.2765, g, = 2.0724, g, = 2.0752). The effective magnetic
moment was determined by the Evans method to be 1.93 pg (7) and 2.35 pg (8), respectively,
corresponding to about one unpaired electron each.

The DFT calculations reveal that the SOMO (7: a-189, 8:0-225) is mainly located between E1-
E4 and E2-E3 in a binding fashion with some participation of a d orbital of the Co atoms and
an antibonding = orbital of the Cp’” ligands. The spin density is spread over the E4 ligand and
the Co atoms while mainly being located on Co, explaining the rhombic signals in the EPR
spectra of 7 and 8. The summed Mulliken charges (cf. Sl) also indicate that the additional
electron was transferred to the E4 ligand and the formal description as E4> moieties seems to
be appropriate, although the spin density distribution, indicates a partly charge delocalization

also on Co atoms and Cp’” ligands.

According to the cyclic voltammograms, 1 shows only one reversible reduction while 2 reveals
two of them. Based on this observation, we attempted to access the doubly reduced product
of 1. Indeed, the reduction of 1 leads to the dianionic compound

[K(18-c-6)(dme)2][K(18-c-6)][(Cp’’C0)2(u,n%Nn3-P4)] (9) obtained in crystalline yields of 75 %
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(Eq. 4). Probably, during the reaction, first the monoanion 7 is formed followed by a further
reduction to the dianion 9. The second reduction step occurs by the cleavage of a P-P bond in
7 followed by the rearrangement of the P4 unit. Compound 9 is extremely sensitive towards air

and moisture.

<0 o—
tBu~©}3u 0. N .08
I By o. ,;.:-3’0
Co, K
4 \\,P +2KCy/18-c-6 e

tBu‘cé}a'uBu Bu\@}CO—/—P/ ?g(
t

1

[K(18-c-6)(dme),]
9 (75 %)

Figure 7. Structure of the dianion in 9 with one coordinating counterion in the solid state. Thermal ellipsoids are

shown at 50 % probability level. Hydrogen atoms, the second cation and solvent molecules are omitted for clarity.

The structure of 9 in the solid state (Figure 7) reveals a prismatic structural motif consisting of
two {Cp’’Co} fragments and four P atoms. There are two shorter P-P bonds (P1-P2 2.1582(11),
P3-P4 2.1615(11) A) and one longer one (P2-P3 2.2646(10) A).The P1---P4 distance is with
2.8396(12) A too long for a P-P bond, but below the sum of the van der Waals radii (Zvaw =
3.80 A).123 Therefore, an interaction between the two nuclei can be expected. This is indeed
confirmed by the WBI of 0.24. The P4 ligand can be best described as being butadiene-like.
The CoyPs prismatic structural motif is reminiscent of the samarium complex
[(Cp’’C0)2(Cp*2Sm)(u3,n%n%:n?-P4)].24l The Co.P4?- scaffold is also isoelectronic to the NizPs4
unit in the complex [(CpPNi)2(u,n3:n3-P4)].2%

In the 3'"P{"H} NMR spectrum of 9 in thf two doublets centered at & = 20.6 and -7.5 ppm with a
Jpp coupling constant of 263 Hz can be assigned due to the two inequivalent P atoms in 9.
The fact that the cyclic P4 ligand in 7 rearranges upon addition of another electron is not

obvious. The first step of the reaction would be formally a reduction to [(Cp”’Co)2(u,n*:n*-P4)]*
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(1-9a). But, in comparison to the anion of 9, 1-9a is 41.46 kdJ/mol higher in energy. The
coordination of a [K(18-c-6)]* unit to the edge of the P4 ligand in 9 contributes with
193.73 kJ/mol to the stabilization of the product. Interestingly, when the potassium counterions
are fully separated from the P, ligand complex by using 2,2,2-cryptand instead of 18-c-6, no
formation of 9 can be observed. Thus, by reacting 1 with an excess of potassium graphite in
the presence of the 2,2,2-cryptand yields only the monoanion 7.

Both reductions of 1 and the reduction of 2 are fully reversible. The addition of stoichiometric
amounts of AgBF. to 7, 8 and 9, respectively, yields selectively the related starting materials.
While the CozAss prism is known as a structural motif of the samarium compound
([(Cp’C0)2(Cp*2Sm)(u3,n3:n3n3-As4)]),?8 it cannot be obtained by the reduction of 2 with two
equivalents of potassium graphite. Probably, an additional coordination to a Lewis acid such
as Cp*2Sm is needed to obtain a stable compound. From the stoichiometric reaction, only the
monoanion 8 can be isolated. Using an excess of potassium (four fold or higher), one arsenic
atom is abstracted and [K(dme)s][(Cp’”’Co)2(H,n%n3-Ass)] (10) can be isolated in crystalline
yields of 26 % (Eq. 5).
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In this reaction, the formation of a black precipitate is observed. Compound 10 is extremely

sensitive towards air and moisture.
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Figure 8. Structure of the monoanion in 10 in the solid state. Thermal ellipsoids are shown at 50 % probability level.

Hydrogen atoms, cations and solvent molecules are omitted for clarity.
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The structure in the solid state (Figure 8) reveals a bent triple-decker complex with an allylic
As; ligand. The As1-As2 (2.4216(4) A) and As2-As3 (2.4055(4) A) bonds are in the range of
single bonds, which is also confirmed by WBIs of 0.99.'8 The distance As1-As3 is 3.0224(5) A,
being too long to be considered as a bond. Since the distance is still below the sum of the van
der Waals radii (Z.aw = 3.76 A), an interaction between the two atoms can be expected, which
is confirmed by a WBI of 0.20.12% Alternatively, 10 can be described as a nido cluster with a
Co2As3 core according to the Wade and Mingos rules. There are barely any triple-decker
sandwich complexes known including Cp ligands and a P3 ligand as a middle deck, and none
with an As; ligand. The Ni compounds [(Cp’’Ni)2((4,n%:n3-P3)]7, [(Cp’”Ni)2((4,n%n3-P3)] and the
heterobimetallic [(Cp”’Co)(Cp’”’Ni)((u,n%:n3-P3)]] have been reported.?”! While the nickel
complexes formally possess one or two electrons more than 10, the latter is isoelectronic to
10. Therefore, 10 represents the first example of a triple-decker complex with an allylic As;

ligand.

3.3 Conclusion

It could be shown that the cobalt complexes [(Cp”’Co0)2(4,n%:N%*-E2):] (E = P (1), As (2)) exhibit
a unique redox chemistry far from the usual behavior of a triple decker complex or of
polypnictogen rings and cages. Instead, they display a distinctive platform where E-E bond
formations can be performed using both oxidation and reduction reactions, with these
processes being completely reversible. Via reduction and oxidation, the two separate E,?- units
in 1 and 2, respectively, can be transformed into cyclobutadiene-like E+*- moieties (3a, 3b, 4a,
4b) and E.*> moieties (7, 8), respectively, or finally into cyclo-E4? ligands in 5 and 6. Further
reduction of the monoanions 7 und 8 leads either to the cleavage of a P-P bond followed by
the rearrangement into a Co.P4 scaffold or, in the case of an (Asz)2 unit, to the abstraction of
one arsenic atom to yield a bent triple decker complex with an allylic Ass ligand as a middle
deck (10), which represents the first example of a triple-decker complex with such a ligand. All
redox processes (except for the formation of 10) are fully reversible and can be selectively
reversed when stoichiometric amounts of KCg or AgBF4, respectively, are added. Even the
formation of two P-P bonds as well as the cleavage of one P-P bond in the formation of 9 can
be reverted stepwise upon addition of one or two equivalents of AgBF4. Moreover, these results
show also clearly the similarities and the different behavior of the (Asz). entity in 2 and the (P2)2

moiety in 1 within these redox processes.
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3.4 Supporting Information

3.4.1 Synthetic procedures and experimental details

Synthetic Procedures: All manipulations were performed under an atmosphere of dry argon
using standard glove-box and Schlenk techniques. All solvents were degassed and purified by
standard procedures. The compounds [(Cp”’C0)z2(d,n%N%-P2)2]" (1), [(Cp”’Co0)2(M,n%Nn%-
As;)2]'%1 (2), Ag[TEF]®?8], Ag[FAI]=2%, KCg* were prepared according to literature procedures.
Ag[BF4], 18-c-6, K and KH were purchased commercially.

The NMR spectra were recorded with a Bruker Avance 400 spectrometer (H: 400.13 MHz,
31P: 161.976 MHz). The chemical shifts are given in ppm referenced to external SiMes (H) and
HsPO4 (3'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 ESI-MS spectra were acquired on a ThermoQuest Finnigan MAT TSQ 7000 mass

spectrometer.

3.4.1.1 Synthesis of [(Cp’”’Co)2(4,n*:n*-P4)][X] (X = BF4 (3a), [FAI] (3b))

AgX (X = BF4: 27.5 mg, 0.14 mmol, 1 eq, X = [FAI]: 204 mg, 0.14 mmol, 1 eq) was dissolved
in CH2Cl,. The silver salt was added to a stirred solution of [(Cp’’Co)2(u,n?%:n?-P2)2] (1) (100 mg,
0.14 mmol, 1 eq) in CH2Cl,. The color changed from dark purple to green to brown and a black
precipitate (AgP) is obtained. After stirring for 1h it was filtrated over diatomaceous earth and
the solvent removed in vacuo. The residue was dissolved in CHCl;, layered with hexane and
stored at -30 °C. After a few days 3a and 3b can be obtained as green blocks. The supernatant
was decanted off, the resulting crystals were washed with hexane three times and dried in
vacuo. Yield: 3a: 73 mg (66 %), 3b: 164 mg (56 %).

3a: '"H NMR (CD:Clz, 25 °C): & [ppm] = 2.87 (s, 9H, CsH2'Bus), 2.70 (s, 18H, CsH2'Bus), -29.97
(bl’, w12 = 696 Hz, 2H, C5H2tBU3).

31p{'H} NMR (CD:Cl;, 25 °C): no signal detectable between -600 and +600 ppm

(paramagnetic).
F{'"H} NMR (CD,Cl,, 25 °C): & [ppm] = -152.4 (s, BFa).
X-band EPR (77 K, frozen solution) giso = 2.037, (77 K, solid) giso = 2.037.

ESI-MS (CH.Cl,): m/z = 677.2 (100 %, [M-P]*),
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EA C34HssC02P4BF4 x 0.3 CH.Cly: calc [%]: C 50.19; H 7.20; found [%]: C 50.57; H 7.16.

3b: "H NMR (CD.Cly, 25 °C): & [ppm] = 2.88 (s, 9H, CsH2'Bus), 2.71 (s, 18H, CsH2'Bus), -24.76
(br, W12 = 124 HZ, 2H, C5H2tBU3).

3P{'H} NMR (CD.Cl;, 25 °C): no signal detectable between -600 and +600 ppm

(paramagnetic).

19F{1H} NMR (CD,Clz, 25 °C): & [ppm] = -112.6 (d, Jr.r = 285 Hz, 6F), -117.1 (d, Jr.r = 279 Hz,
6F), -121.8 (d, Jr-r = 279 Hz, 3F), -127.9 (s, 6F), -130.6 (d, Jr-r = 274 Hz, 6F), -137.2 (d, Jrr =
276 Hz, 6F), -141.2 (d, Jrr = 274 Hz, 3F), -154.3 (t, Jr.r = 22 Hz, 6F), -165.0 (t, Jrr = 18 Hz,
6F), -172.0 (s, AIF, 1F) .

Evans-NMR (CD.Cl,, 25 °C): uesr = 1.23 ps corresponding to 0.59 unpaired electrons.
X-band EPR (77 K, frozen solution) giso = 2.029, (77 K, solid) giso = 2.024.
ESI-MS (CHxCl,): m/z = 677.3 (100 %, [M-P]*).

EA C7oHs503AIF46C02P4: calc [%]: C 40.21; H 2.80; found [%]: C 40.73; H 2.95.

3.4.1.2 Synthesis of [(Cp’”’Co)2(u,n*:n*-As4)][X] (X = BF4 (4a), [FAI] (4b))

AgX (X = BF4: 22 mg, 0.11 mmol, 1 eq, X = [FAIl: 168 mg, 0.11 mmol, 1 eq) and
[(Cp’’Co0)2(M,n%:Nn?-As2)2] (2) (100 mg, 0.11 mmol, 1 eq) were weighed in together and dissolved
in CH2Cl,. No color change was observed. After stirring for 1h it was filirated over
diatomaceous earth, where a dark residue remains (Ag®) and the solvent was removed in
vacuo. The residue was dissolved in ortho-difluoro benzene (4a) and CH.CI; (4b), layered with
hexane (4a) and pentane (4b) and stored at -30 °C. After a few days 4a and 4b can be obtained
as green blocks. The supernatant was decanted off, the resulting crystals washed with hexane

three times and dried in vacuo.
Yield: 4a: 72 mg (65 %), 4b: 174 mg (68 %).

4a: 'H NMR (CDCl,, 25 °C): & [ppm] = 2.78 (s, 9H, CsH2'Bus), 2.57 (s, 18H, CsH2!Bus), -23.93
(br, 2H, CsH-'Bus).

19F{'"H} NMR (CD:Cl,, 25 °C): & [ppm] = -150.4 (s, BF3).

X-band EPR (77 K, frozen solution) giso = 2.118, (77 K, solid) giso = 2.121, (293 K, solid) giso =
1.993.

ESI-MS (CH.Cl): m/z = 809.1 (95 %, [M-As]*), 825.1 (20 %, [M-As+OJ*), 915.9 (100 %,
[M+20]*), 931.9 (80 %, [M+30]"*).
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EA Cis4HssC02As4BF4: calc [%]: C 42.05; H 6.02; found [%]: C 42.12; H 5.85.

4b: "H NMR (CD:Cly, 25 °C): & [ppm] = 2.86 (s, 9H, CsH2'Bus), 2.65 (s, 18H, CsHa'Bus), -24.70
(br, 2H, CsttBU3),

19F{'H} NMR (CD,Clz, 25 °C): & [ppm] = -112.5 (d, Jr-r = 279 Hz, 6F), -117.1 (d, Jr.r = 280 Hz,
6F), -121.7 (d, Jrr = 275 Hz, 3F), -127.8 (s, 6F), -130.6 (d, Jrr = 279 Hz, 6F), -137.0 (d, Jr.r =
279 Hz, 6F), -140.9 (d, Jrs = 279 Hz, 3F), -154.1 (t, Jr.r = 21 Hz, 6F), -164.8 (t, Jr.r = 20 Hz,
6F), -172.0 (s, AIF, 1F).

Evans-NMR (CDCl,, 25 °C): uerr = 2.01 g corresponding to 1.25 unpaired electrons.

X-band EPR (77 K, frozen solution) giso = 2.118, (293 K, liquid) giso = 2.078, (77 K, solid) giso
=2.094.

ESI-MS (CH.Cl): m/z = 809.1 (100 %, [M-As]*), 825.1 (5 %, [M-As+OJ*), 931.9 (15%,
[M+30]*).

EA C70Hss03AIF46C02As4: calc [%]: C 37.11; H 2.58; found [%]: C 37.39; H 2.80.

3.4.1.3 Synthesis of [(Cp’”’C0)2(4,n*:n*-P4)][TEF]2 (5)

Ag[TEF] (324 mg, 0.28 mmol, 2.1 eq) and [(Cp”’C0)2(4,n%Nn>P2)2] (1) (100 mg, 0.14 mmol, 1
eq) were weighed separately and dissolved in CH2Cl,. The silver salt was added to 1 while the
color changed from dark purple to brown and a dark precipitate (Ag°®) was obtained. After
stirring for 1h it was filtrated over diatomaceous earth and the solvent removed in vacuo. The
residue was dissolved in CHxCl, layered with hexane and stored at -30 °C. After a few days 5
can be obtained as brown blocks. The supernatant was decanted off, the resulting crystals

washed with hexane three times and dried in vacuo.

Yield: 278 mg (75 %)

"H NMR (CD:Cl,, 25 °C): & [ppm] = 1.82 (s, 18H, CsH2'Bus), 1.71 (s, 9H, CsHa'Bus).
31P{'H} NMR (CDCl,, 25 °C): & [ppm] = 494.2 (br, w12 = 4432 Hz, P.).

3P NMR (CD.Cly, 25 °C): & [ppm] = 494.0 (br, w12 = 4198 Hz, P.).

®F{'H} NMR (CD-Cl,, 25 °C): 6 [ppm] = -75.6 (s, [TEF]).

ESI-MS (CH2Cl,): m/z =708.1 (50 %, [M]*), 374.1 (100 %, [(Cp*‘Co)Po+F+H]*).

EA CesHssOsAl2F72C02P4: calc [%]: C 29.99; H 2.21; found [%]: C 29.89; H 2.28.
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3.4.1.4 Synthesis of [(Cp’’Co0)2(u,n*:n*-As4)][TEF]2 (6)

Ag[TEF] (281.6 mg, 0.23 mmol, 2 eq) and [(Cp’’Co)2(u,n?:n?*-Asz2):] (2) (100 mg, 0.11 mmol, 1
eq) were weighed separately and dissolved in CH2Cl,. The silver salt was added to 2 while the
color changed from dark green to olive green and a dark precipitate (Ag®) was obtained. After
stirring for 1h the it was filirated over diatomaceous earth and the solvent removed in vacuo.
The residue was dissolved in CHxCls, layered with hexane and stored at -30 °C. After a few
days 6 can be obtained as green blocks. The supernatant was decanted off, the resulting

crystals washed with hexane three times and dried in vacuo.
Yield: 254 mg (80 %)

'H NMR (CD:Clz, 25 °C): & [ppm] = 6.50 (s, 4H, CsH2'Bus), 1.66 (s, 18H, CsH2'Bus), 1.50 (s,
9H, CsttBU3).

19F{'H} NMR (CD:Cl,, 25 °C): & [ppm] = -75.5 (s, [TEF]).
ESI-MS (CH,Clo): m/z = 442.1 (100 %, [M]*).

EA CeeHss0sAlF72C02As4: cale [%]: C 28.12; H 2.07; found [%]: C 28.56; H 2.40.

3.4.1.5 Synthesis of [K(18-c-6(dme)2][(Cp’’C0)2(4,n*:n*-P4)] (7)

[(Cp’’Co0)2(M,n%Nn?-P2)2] (1) (100 mg, 0.14 mmol, 1 eq), 18-c-6 (45 mg, 0.14 mmol, 1 eq) and
KCs (22 mg, 0.16 mmol, 1.1 eq) were weighed in together and dissolved in dimethoxyethane.
The color changed from dark purple to green. After stirring for 1 h it was filtrated over
diatomaceous earth and the solvent removed in vacuo. The green residue was dissolved in
dimethoxyethane, layered with hexane and stored at -30 °C. After a few days 7 can be obtained
as green plates. The supernatant was decanted off, the resulting crystals washed with hexane

three times and dried in vacuo.
Yield: 93 mg (56 %)

H NMR (thf-ds, 25 °C): & [ppm] = 3.70 (s, 24H, 18-c-6), 3.18 (br, w12 = 92 Hz, 18H, CsH2'Bus),
2.21 (br, W12 = 89 HZ, 36H, C5H2tBU3).

3P{'H} NMR (CD.Cl;, 25 °C): no Signal detectable between -600 and +600 ppm

(paramagnetic).
Evans-NMR (thf-ds, 25 °C): uer = 1.93 s corresponding to 1.17 unpaired electrons.

X-band EPR (77 K, liquid) giso = 2.0297, (77 K, solid), gx = 2.0840, g, = 2.0638, g, = 1.9897,
g/'so = 20458
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ESI-MS (dme): m/z = 677.1 (100 %, [M-P").

EA C16Hs206KC02P4: calc [%]: C 54.59; H 8.17; found [%]: C 54.34; H 7.89.

3.4.1.6 Synthesis of [K(18-c-6(dme)2][(Cp’’Co0)2(1,n*:n*-As4)] (8)

[(Cp’’C0)2(M,n%Nn?-As2)2] (2) (100 mg, 0.11 mmol, 1 eq), 18-c-6 (29mg, 0.11 mmol, 1 eq) and
KCs (16 mg, 0.12 mmol, 1.1 eq) were weighed in together and dissolved in dimethoxyethane.
The color changed from dark green to brown. After stirring for 1 h it was filtrated over
diatomaceous earth and the solvent removed in vacuo. The brown residue was dissolved in
dimethoxyethane, layered with hexane and stored at -30 °C. After a few days 8 can be obtained
as brown blocks. The supernatant was decanted off, the resulting crystals washed with hexane

three times and dried in vacuo.
Yield: 110 mg (71 %)

TH NMR (thf-ds, 25 °C): & [ppm] = 3.69 (s, 24H, 18-c-6), 3.22 (br, w12 = 122 Hz, 18H, CsH2Bus),
2.65 (br, w1z = 110 Hz, 36H, CsH2'Bus).

Evans-NMR (thf-ds, 25 °C): e = 2.35 ug corresponding to 1.55 unpaired electrons.

X-band EPR (77 K, liquid) gio = 2.1181, (77 K, solid) gx = 2.2765, g, = 2.0724, g, = 2.0752,
giso = 2.1414, (293 K, solid) giso = 2.0883.

ESI-MS (dme): m/z = 809.9 (100 %, [M-As]").

EA Cs4H102010KCo02As4: calc [%]: C 47.41; H 7.52; found [%]: C 47.84; H 7.06.

3.4.1.7 Synthesis of [K(18-c-6(dme)2][K(18-c-6)][(Cp’’’C0)2(M,n3:n3-P4)] (9)

[(Cp’’Co0)2(M,n%Nn?-P2)2] (1) (100 mg, 0.14 mmol, 1 eq), 18-c-6 (90 mg, 0.28 mmol, 2 eq) and
KCs (44 mg, 0.32 mmol, 2.2 eq) were weighed in together and dissolved in dimethoxyethane.
The color changed from dark purple to brown. After stirring for 1 h it was filtrated over
diatomaceous earth and the solvent removed in vacuo. The brown residue was dissolved in
dimethoxyethane, layered with hexane and stored at -30 °C. After a few days 9 can be obtained
as brown blocks. The supernatant was decanted off, the resulting crystals washed with hexane

three times and dried in vacuo.

Yield: 150 mg (75 %)
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"H NMR (thf-ds, 25 °C): & [ppm] = 4.13 (s, 4H, CsH,'Bus), 3.65 (s, 24H, 18-c-6), 3.43 (s, dme,
8H), 3.27 (s, dme, 12H), 1.40 (s, 18H, CsH2'Bus), 1.33 (s, 9H, CsH2!Bus).

31P{'H} NMR (thf-ds, 25 °C): & [ppm] = 20.6 (d, 'Jr.p = 263 Hz, 2P, P4), 7.5 (d, 1Jp.p = 263 Hz,
2P, P,).

3P NMR (thf-dg, 25 °C): & [ppm] = 20.5 (d, 'Jr.p = 263 Hz, 2P, Py), -7.5 (d, "Jr.p = 263 Hz, 2P,
P.).

ESI-MS (dme): m/z = 677.2 (45 %, [M-P]"), 646.2 (45 %, [M-2P]"), 354.0 (100 %, [Cp”’CoP2]).

EA CesH126016K2C02P4: calc [%]: C 52.99; H 8.49; found [%]: C 52.52; H 8.04.

3.4.1.8 Synthesis of [K(dme)4][(Cp’”’C0)2(M,n*:n-As3)] (10)

[(Cp’Co0)2(M,n?%:N?-As2)2] (1) (100 mg, 0.11 mmol, 1 eq) and K (20 mg, 0.50 mmol, 4.5 eq) were
weighed in together and dimethoxyethane was added. The color changed from dark green to
brown within 3 days. It was filtrated over diatomaceous earth and the solvent removed in
vacuo. The brown residue was dissolved in dimethoxyethane and layered with hexane at room
temperature. After a few days 10 can be obtained as brown blocks. The supernatant was

decanted off, the resulting crystals washed with hexane three times and dried in vacuo.
Yield: 35 mg (26 %)

'H NMR (thf-ds, 25 °C): & [ppm] = 4.46 (s, 4H, CsH,Bus), 1.30 (s, 18H, CsH2!Bus), 0.92 (s, 9H,
C5H2tBU3).

ESI-MS (dme): m/z = 809.1 (15 %, [M]"), 516.9 (100 %, [Cp”’CoAss]).

EA C42H7804KCo2Ass: calc [%]: C 49.02; H 7.65; found [%]: C 48.72; H 7.35.
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3.4.2 EPR studi
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es

3.4.2.1 [(Cp’”’Co)2(,n*:n*P4)][X] (X = BF4 (3a), [FAI] (3b))
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Figure S1: X-Band EPR spectra of 3a and 3b solid and in frozen solution at 77K.

3.4.2.2 [(Cp’’Co)a(m,n*:n*-As4)][X] (X = BF4 (4a), [FAI] (4b))
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Figure S2: X-Band EPR spectra of 4a and 4b solid and in frozen solution at 77K.
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3.4.2.3 [K(18-c-6(dme)2][(Cp’’C0)2(u,n*:n*-Pa)] (7)

— 7 N, frozen solution
— 7 N, solid
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Figure S3: X-Band EPR spectrum of 7 solid and in frozen solution at 77K and r.t.
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Figure S4: X-Band EPR spectrum of 7 (solid at 77K) and simulated spectrum.

The EPR spectrum has been simulated with the EasySpin program.&'l Sys.HStrain = [ 300 110570 ];

g« = 2.0840, g, = 2.0638, g, = 1.9897, giso = 2.0458 Exp.mwFreq = 9.440920;
Sys.S=1/2; Exp.Range = [274.4295 394.4625];
Sys.g = [ 2.0638 2.0840 1.9897]; Exp.nPoints = 4096;
Sys.lw=[1.52]; Exp.Temperature = 77;

Exp.ModAmp = 0.2;
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3.4.2.4 [K(18-c-6(dme)2][(Cp’’Co)2(M,n*:n*-As4)] (8)
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Figure S5: X-Band EPR spectrum of 8 solid and in frozen solution at 77K and r.t.
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Figure S6: X-Band EPR spectrum of 8 (solid at 77K) and simulated spectrum.

The EPR spectrum has been simulated with the EasySpin program.©'! Exp.mwFreq = 9.440920;
gx=2.2765, g, = 2.0724, g, = 2.0752, giso = 2.1414 Exp.Range = [251.36753 402.1245];
Sys.S = 1/2; Exp.nPoints = 4096;

Sys.g =[2.27651 2.07237 2.07521]; Exp.Temperature = 77;

Sys.lw =[3.79479 |; Exp.ModAmp = 0.05;
Sys.HStrain = [ 954.3 237.4 6.9 ];
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3.4.3 NMR studies
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Figure S7: Various temperature 3'P{'"H} NMR study of 5. Solvent CD2Cl2 (193 K - 273 K) and difluorobenzene with
CsDs capillary (300 K — 353 K). Unstable lock at 353 K.

3.4.4 Details on single crystal X-ray structure analysis

The X-ray diffraction experiments were performed on either an Gemini Ultra diffractometer
(Oxford diffraction) with an AtlasS2 detector with Cu-Ka radiation (A = 1.54178 A) (5) and Mo
radiation (A = 0.71073 A) (3a, 3b, 4a) or a GV 50 diffractometer (Rigaku, formerly Agilent
Technologies) with TitanS2 detector from applying Cu-Ka radiation (A = 1.54178 A) (4b, 7, 8,
9, 10) or SuperNova (Agilent Technologies) with an Atlas detector applying Cu-Ka radiation (A
= 1.54178 A) (6). All measurements were performed at 123 K. An analytical absorption
correction®? (3a, 3b, 4a, 4b, 5, 7, 8, 9), a numerical absorption correction based on gaussian
integration over a multifaceted crystal model using CrysAlis Pro (10) or a multi-scan absorption
correction using CrysAlisPro (6) using spherical harmonicsas implemented in SACLE3
ABSPACK was applied.?3 All structures were solved by direct methods with ShelXT®34 and
Olex2B and refined by full-matrix least-squares method against F? in anisotropic
approximation using ShelXLP4. Hydrogen atoms were refined in calculated positions using
riding on pivot atom model.

CCDC-1973590 (3a), CCDC-1973591 (3b), CCDC-1973592 (4a), CCDC-1973593 (4b),
CCDC-1973594 (5), CCDC-1973595 (6), CCDC-1973596 (7), CCDC-1973597 (8), CCDC-
1973598 (9) and CCDC-1973599 (10) contain the supplementary crystallographic data for this

paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html

(or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: + 44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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3.4.4.1 [(Cp’”’Co0)2(M,n*:n*-P4)][BF] (3a)

Compound 3a crystallizes from a concentrated solution in CH.CI, layered with hexane
at -30 °C in the triclinic space group P1 as dark green blocks. The asymmetric unit contains
one complete and two half units of the cation (located on symmetry center), two BF4 anions
and four CH2Cl, molecules. One BF4 anion is disordered over two positions (occupancy 0.22
and 0.78), three CHxCI, are disordered over two positions (occupancy of 0.07 and 0.93, 0.14
and 0.86, 0.28 and 0.72), one CHClI; is disordered over three positions (occupancy 0.26, 0.29
and 0.45). The restraints DFIX, SADI and SIMU were applied to describe the disorder of the
CH2Cl, molecules and the restraints DANG, SADI, SIMU and RIGU were applied to describe
the disorder of the BF4 anion. The structure in solid state is shown in Figure S8 and S9. The

given bond lengths and angles are taken from to the non-disordered cation.

Qc
H

JB
@c1

Figure S8: Molecular structure of 3a in solid state. Thermal ellipsoids are drawn with 50 % probability level.

Co2

Figure S9: Molecular structure of 3a in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anions
and solvent molecules are omitted for clarity. Only the complete cation within the asymmetric unit is depicted here.
Selected bond lengths [A] and angles [°]: P1-P2 2.1860(9), P2-P3 2.3022(8), P3-P4 2.1837(8), P4-P1 2.2960(8),
Co1-Co2 3.3629(6), P1-P2-P3 89-39(3), P2-P3-P4 90.44(3), P3-P4-P1 89.61(3), P4-P1-P2 90.55(3).
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3.4.4.2 [(Cp’’Co)2(,n*:n*-P4)][FAI] (3b)

Compound 3b crystallizes from a concentrated solution in CH.Cl, layered with hexane
at -30 °C in the triclinic space group P1 as dark green blocks. The asymmetric unit contains
one set of cation and anion. Solvent molecules could not be determined in distinct positions
due to heavy disorder. A solvent mask was calculated and 267.0 electrons were found in a
volume of 990.0 A3 in one void. This is consistent with the presence of two CH,Cl, and one
hexane per formula unit which account for 268.0 electrons. The structure in solid state is shown
in Figure S10 and S11.

3
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Figure $10 Molecular structure of 3b in solid state. Thermal ellipsoids are drawn with 50 % probability level.
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Figure S11: Molecular structure of 3b in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anion
is omitted for clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.2358(6), P2-P3 2.2069(7), P3-P4 2.3139(6),
P4-P1 2.2205(6), Co1-Co2 3.3762(6), P1-P2-P3 90.57(2)), P2-P3-P4 89.75(2), P3-P4-P1 88.24(2)(3), P4-P1-P2
91.44(2).
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3.4.4.3 [(Cp’’Co0)2(u,n*:n*-As4)][BF 4] (4a)

Compound 4a crystallizes from a concentrated solution in ortho-difluoro benzene layered with
hexane at -30 °C in the triclinic space group P1 as dark green blocks. The asymmetric unit
contains two half units of the cation (located on symmetry center), one BF4 anion and three
molecules of o-difluorobenzene. The BF, anion is disordered over two positions (occupancy
0.20 and 0.80) and one o-difluorobenzene molecule is disordered over two positions
(occupancy 0.47 and 0.53). The restraints DELU and SIMU were applied to describe the
disorder of the BF4 anion. The restraints SADI and SIMU were applied to describe the disorder
of the o-difluorobenzene molecule. The structure in solid state is shown in Figure S12 and S13.
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Figure $12: Molecular structure of 4a in solid state. Thermal ellipsoids are drawn with 50 % probability level.

As2 ', 2 As4
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Figure S13: Molecular structure of 4a in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anion
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: As1-As2 2.3882(3), As1-
As2’ 2.5198(2), As1’-As2’ 2.3882(3), As1’-As2 2.5198(2), Co1-Co1’ 3.4335(5), As1-As2-As1’ 90.180(6), As2-As1’-
As2’ 89.820(6), As1’-As2’-As1 90.180(6), As2’-As1-As2 89.820(6).
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3.4.4.4 [(Cp’’Co)a(p,n*:n*-As4)][FAI] (4b)

Compound 4b crystallizes from a concentrated solution in CH.ClI, layered with pentane at -30
°C in the triclinic monoclinic space group P2+/c as dark green blocks. The asymmetric unit
contains one cation, one anion and a CHxCl, with an occupancy of 0.75. The As4 middle deck
of the cation is disordered over three positions (occupancy of 0.05, 0.25 and 0.70) and the
CHCIl. is disordered over three positions (occupancy of 0.15, 0.20 and 0.40). The bond lengths
and angles were taken from the part with the highest occupancy (Figure S8). The structure in

solid state is shown in Figure S14 and S15.
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Figure S14: Molecular structure of 4b in solid state. Thermal ellipsoids are drawn with 50 % probability level.

Figure S$15: Molecular structure of 4b in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anion
and solvent molecules are omitted for clarity, only part 1 (occupancy 0.7) is depicted. Selected bond lengths [A]
and angles [°]: As1-As2 2.429(6), As2-As3 2.561(3), As3-As4 2.4254(17), As4-As1 2.429(3), Co1-Co2 3.3902(9),
As1-As2-As3 88.32(14), As2-As3-As4 88.56(10), As3-As4-As1 91.52(12), As4-As1-As2 91.58(15).



42 3. Element-Element Bond Formation upon Oxidation and Reduction

3.4.4.5 [(Cp’”’Co)2(u,n*:n*-P4)][TEF]: (5)

Compound 5 crystallizes from a concentrated solution in CH2Cl» layered with hexane at -30 °C
in the monoclinic space group P2+/n as dark brown blocks. The asymmetric unit contains half
a cation (located on symmetry center), one [TEF] anion and one CH>CIl> molecule. The P ligand
is disordered over two positions (occupancy of 0.40 and 0.60), two ‘Bu groups of the Cp’”
ligand are disordered over two positions (occupancy of 0.40 and 0.60, 0.48 and 0.52) all four
OC(CF3); groups of the anion are disordered over two positions and the CH.Cl, molecule is
disordered over two positions (occupancy of 0.41 and 0.59). The restraints SADI and SIMU
were applied to describe the disorder of the CH.Cl> molecule. The restraints SADI and SIMU
were applied to describe the disorder of the cation. The restraints SADI, SIMU and ISOR were
applied to describe the disorder of the [TEF] anion. The bond lengths and angles were taken
from the part with the highest occupancy. The structure in solid state is shown in Figure S16

and S17.

Figure S$16: Molecular structure of 5 in solid state. Thermal ellipsoids are drawn with 50 % probability level.

Figure S17: Molecular structure of 5 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anion
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.239(2), P2-P1’
2.236(2), P1’-P2’ 2.239(2), P2’-P1 2.236(2), Co1-Co1’ 3.3814(10), P1-P2-P1’ 89.98(7), P2-P1’-P2’ 90.02(7), P1’-
P2’-P1 89.98(7), P2'-P1-P2 90.02(7).
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3.4.4.6 [(Cp’”’Co0)2(M,n*:n*-As4)][TEF]2 (6)

Compound 6 crystallizes from a concentrated solution in CH2Cl, layered with hexane at -30 °C
in the monoclinic space group P21/c as green blocks. The asymmetric unit contains one cation,
two [TEF] anions and one half CH,Cl,. The CHCl; is disordered over two positions (occupancy
of 0.25 and 0.25) and one CF3 group of the [TEF] anion is disordered over two positions
(occupancy of 0.36 and 0.74). The restraints SADI and DFIX were applied to describe the
disorder of the CH2Cl, molecule. The restraints SADI and SIMU were applied to describe the
[TEF] anions. The structure in solid state is shown in Figure S18 and S19.
%
Qr1
JAs
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Figure S18: Molecular structure of 6 in solid state. Thermal ellipsoids are drawn with 50 % probability level.

Figure S19: Molecular structure of 6 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Anions
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: As1-As2 2.4476(9). As2-
As3 2.4759(9), As3-As4 2.4520(9), As4-As1 2.4355(9), Co1-Co2 3.4105(12), As1-As2-As3 89.49(3), As2-As3-As4
89.46(3), As3-As4-As 90.33(3), As4-As1-As2 90.51(3).
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3.4.4.7 [K(18-c-6)(dme)2][(Cp’’Co)2(p,n*:n*-P4)] (7)

Compound 7 crystallizes from a concentrated solution in dimethoxyethane layered with hexane
at-30 °C in the triclinic space group P1 as green plates. The asymmetric unit contains one half
cation and half an anion. The crown ether is disordered over two positions (occupancy of 0.36
and 0.64). The structure in solid state is shown in Figure S20 and S21.

Qc
H

Figure S20: Molecular structure of 7 in solid state. Thermal ellipsoids are drawn with 50 % probability level.
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Figure S21: Molecular structure of 7 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Cation
is omitted for clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.1288(9), P2-P1’ 2.3606(8), P1-P2’
2.1288(9), P2-P1 2.3606(8), Co1-Co1’ 3.4136(7), P1-P2-P1’ 89.96(3), P2-P1-P2’ 90.04(3), P1’-P2’-P1 89.96(3),
P2’-P1-P2 90.04(3).
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3.4.4.8 [K(18-c-6)(dme)2][(Cp’’Co0)2(u,n*:n*-As4)] (8)

Compound 8 crystallizes from a concentrated solution in dimethoxyethane layered with hexane
at -30 °C in the triclinic space group P1 as brown blocks. The asymmetric unit contains one
half cation and half an anion. The Ass middle deck is disordered over two positions (occupancy
of 0.20 and 0.80) and the crown ether is disordered over two positions (occupancy of 0.37 and
0.63). The restraint SADI was applied to describe the disorder of the As ligand. The two parts
of the As, unit differ strong from each other. The major part (0.8) has a rectangular shape and
while the second part (0.2) possesses a trapezoid shape. Therefore, only the bond lengths and
angles are given for the first part (Figure S16). The structure in solid state is shown in Figure
S22 and S23.

Figure S$22: Molecular structure of 8 in solid state. Thermal ellipsoids are drawn with 50 % probability level.

Co1
/% As3
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Figure S23: Molecular structure of 8 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Cation
is omitted for clarity. Selected bond lengths [A] and angles [°]: As1-As2 2.3074(16), As2-As1’ 2.5852(15), As1’-As2’
2.3074(16), As2’-As1 2.5852(15), Co1-Co1’ 3.4864(14), As1-As2-As1’ 88.19(5), As2-As1’-As2’ 92.81(5), As1’-As2’-
As1 88.19(5), As2’-As1-As2 92.81(5).
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3.4.4.9 [K(18-c-6)(dme)2][K(18-c-6)][(Cp’’Co)2(u,n3:n3-P4)] (9)

Compound 9 crystallizes from a concentrated solution in dimethoxyethane layered with hexane
at -30 °C in the monoclinic space group P2/n as brown blocks. The asymmetric unit contains
one dianion, two potassium cations chelated by two crown ethers and three dimethoxyethane
molecules in total. One crown ether is disordered over two positions (occupancy of 0.38 and
0.72) and one dimethoxyethane molecule is disordered over two positions (occupancy of 0.40

and 0.60). The restraints SADI and SIMU were applied to describe the disorder. The structure

in solid state is shown in Figure S24 and S25.

Figure S$25: Molecular structure of 9 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Cation
is omitted for clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.1581(11), P2-P3 2.2646(10), P3-P4
2.1614(11), P1-P4 2.8396(12), Co1-Co2 3.4882(6), P1-P2-P3 83.78(4), P2-P3-P4 84.14(4), P1-Co1-P4 77.99(3),
Co1-P4-Co2 100.96(3), P1-Co2-P4 78.38(3), Co1-P1-Co2 102.15(3), P1-P2-Co2 61.24(3), P1-Co2-P2 57.12(3),
P2-P1-Co2 61.64(3), Co1-P1-P2 99.23(4), P2-P3-Co1 94.98(3), P1-Co1-P3 82.01(3), Co1-P3-P4 61.88(3), P3-P4-
Co161.42(3), P3-Co1-P4 56.70(3), P3-P2-Co2 94.93(4), P2-Co02-P4 82.44(3), Co2-P4-P3 98.48(3).
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3.4.4.10 [K(dme)4][(Cp’’C0)2(M,n3:n3-As3)] (10)

Compound 10 crystallizes from a concentrated solution in dimethoxyethane layered with
hexane at room temperature in the triclinic space group P1 as brown blocks. The asymmetric
unit contains one anion and one potassium complexed by four dimethoxyethane molecules.

The structure in solid state is shown in Figure S26 and S27.

Qc
H

Figure $26: Molecular structure of 10 in solid state. Thermal ellipsoids are drawn with 50 % probability level.
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Figure S27: Molecular structure of 10 in solid state. Thermal ellipsoids are drawn with 50 % probability level. Cation
is omitted for clarity. Selected bond lengths [A] and angles [°]: As1-As2 2.4216(4), As2-As3 2.4055(4), As1-As3
3.0224(5), Co1-Co2 3.5089(5), As1-As2-As3 77.527(12)
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3.4.4.11 Crystallographic information

Table S1: Crystallographic data for all compounds

3a 3b 4a 4b 5 6
Formula 1973590 1973591 1973592 1973593 1973594 1973595
Dearc/ g cm® C72H124B2ClsCo:FsPs C77H7AICI,C0ozF 4603P4 CszH70As:BCozF 10 Cr0.75Hs05AIAS4Cl1 5C02F 4603 CasH31AICI,CoF3504P2 Cas.5Hs0Al2AS,CIC0OzF 7208
p/mm-’ 1.410 1.679 1.619 1.808 1.832 1.943
Formula 1.147 0.694 3.122 6.627 5.968 6.336
Weight
Colour 1930.40 2331.88 1313.43 2329.38 1406.34 2861.08
Shape clear dark green clear dark green clear dark green green clear dark brown brown
Size/mm? block block plate block block plate
TIK 0.43x0.40%0.18 0.38x0.21%0.08 0.45x0.25%0.13 0.15%0.12x0.11 0.36x0.23%0.21 0.27x0.17%0.02
Crystal 123 123 123(1) 122.99(11) 123.15 123.0(2)
System
Space Group triclinic triclinic triclinic monoclinic monoclinic monoclinic
alA P-1 P-1 P-1 P2i/c P2i/n P2i/c
bIA 10.0364(2) 14.2453(3) 9.99870(10) 23.4066(7) 14.50660(10) 16.2595(2)
c/A 20.0826(5) 17.2300(3) 12.6065(2) 19.8495(6) 13.58360(10) 26.4319(4)
al 22.7052(6) 19.7170(6) 21.7726(3) 20.2867(6) 26.1495(2) 23.4564(3)
B 94.451(2) 100.723(2) 81.2550(10) 90 90 90
% 91.257(2) 96.353(2) 84.4430(10) 114.792(4) 98.2550(10) 103.971(2)
VIA 94.428(2) 101.113(2) 85.8030(10) 90 90 90
z 4547.17(19) 4611.61(19) 2694.98(6) 8556.7(5) 5099.42(7) 9782.6(2)
z' 2 2 2 4 4 4
Wavelength/A 1 1 1 1 1 1
Radiation 0.71073 0.71073 0.71073 1.54184 1.54184 1.54178
type
Ominl” MoK, MoK, MoK, CuKa CuKq CuKa
Omaxl” 3.337 3.284 3.336 3.047 3.299 3.262
Measured 30.034 30.034 32.374 75.644 72.877 73.873
Refl.
Independent 106013 80878 78809 55940 22649 39471
Refl.
Reflections 26546 26864 17950 17063 9875 19235
with | > 2(I)
Rint 19787 20905 15610 14689 9327 12713
Parameters 0.0316 0.0312 0.0263 0.0474 0.0178 0.0601
Restraints 1175 1153 761 1306 1277 1496
Largest Peak 557 0 332 192 982 91
Deepest Hole 1.101 1.432 0.561 1.347 0.840 1.058
GooF -0.625 -0.403 -0.260 -0.918 -0.528 -1.332
wR:2 (all data) 1.040 1.041 1.049 1.037 1.030 0.993
WR2 0.1211 0.0932 0.0538 0.1874 0.1566 0.1879
R (all data) 0.1099 0.0873 0.0515 0.1764 0.1538 0.1760
R1 0.0634 0.0525 0.0312 0.0695 0.0576 0.0914
0.0441 0.0375 0.0235 0.0617 0.0553 0.0663
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7 8 9 10
Formula 1973596 1973597 1973598 1973599
Doarc/ g cm™ Cs4H102C02KO10P4 Cs4H102A54C0,KO010 CroH136C02K>018P4 CsoHgeAs3C0.KOs
plmm-’ 1.270 1.449 1.245 1.347
Formula 6.140 7.485 5.151 7.182
Weight
Colour 1192.19 1367.99 1685.72 1209.00
Shape clear light green brown clear dark brown clear dark brown
Size/mm? plate block block block
TIK 0.41x0.36x0.10 0.27x0.23%0.13 0.41x0.25%0.15 0.27x0.24%0.18
Crystal 122.99(16) 122.99(13) 123.01(15) 122.99(10)
System
Space Group triclinic triclinic monoclinic triclinic
alA P-1 P-1 P2iin P-1
bIA 11.3685(4) 11.2938(7) 15.2061(4) 13.2319(2)
c/A 12.5908(5) 12.6909(7) 20.4275(7) 14.1119(2)
al’ 12.8137(5) 12.8681(6) 27.5269(9) 16.9382(3)
e 114.715(4) 114.916(5) 90 93.2780(10)
74 92.097(3) 92.121(5) 98.231(3) 106.789(2)
VIAS 107.720(3) 107.415(5) 90 98.1480(10)
z 1558.36(12) 1567.42(17) 8462.4(5) 2981.33(9)
z 1 1 4 2
Wavelength/A 05 05 1 1
Radiation 1.54184 1.54184 1.54184 1.54184
type
Ominl” CuK, CuKa CuK, CuKa
Omaxl” 3.868 3.857 2.704 2.740
Measured 67.072 67.051 67.077 67.078
Refl.
Independent 16261 16305 45051 32115
Refl.
Reflections 5548 5553 15066 10596
with | > 2(I)
Rint 5297 5231 12825 9946
Parameters 0.0472 0.0434 0.0536 0.0292
Restraints 414 432 1089 603
Largest Peak 0 1 166 0
Deepest Hole 0.699 0.862 0.767 1.008
GooF -0.335 -1.909 -0.395 -0.503
wR:2 (all data) 1.042 1.071 1.049 1.024
wR2 0.1104 0.1805 0.1539 0.0843
R (all data) 0.1086 0.1778 0.1451 0.0826
R1 0.0425 0.0611 0.0607 0.0344
0.0406 0.0590 0.0524 0.0319
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3.4.5 Computational details

Gaussian 09 programi®®! was used throughout. Density functional theory (DFT) in form of
Becke’s three-parameter hybrid functioncal B3LYPRE with def2-SVP or def2-TZVP all electron
basis setl*®! or BP86[* (Becke’'s exchange and Perdew 86 correlation functional) with def2-
SVP or def2-TZVP all electron basis set was employed. Solvents effects has been accounted
for by using continuous polarizable continuum model (CPM).4% The dielectric constant of
dichloromethane (¢ = 8.93) has been used in the calculations of the cations (3a, 3b, 4a, 4b, 5,
6) and the dielectric constant of thf (¢ = 7.4257) has been used in the calculations of the anions
(7, 8, 9, 10). The Natural Bond Orbital (NBO) analysis has been performed with the NBO6
program.®'l The dispersion correction GD3BJ was applied.[*?l The figures for the supporting

information concerning the DFT calculations were created with Chemcraft.[43]

The results from the calculations using B3LYP/def2-SVP without the correction GD3BJ are in
good agreement with the data obtained from single crystal X-ray structure analysis for the
cations 3a, 3b, 4a, 4b, 5, 6 and anion 10, but not for the neutral compounds 1 and 2 and the
anions 7, 8, 9. (cf. Table S3).

The results from the calculations using BP86/def2-SVP without the correction GD3BJ are in
good agreement with the data obtained from single crystal X-ray structure analysis for the
neutral compounds 1, 2, cations 5, 6, anions 7, 8, 9, 10, but not for the cations 3a, 3b, 4a, 4b.
(cf. Table S4).

The results from the calculations using BP86/def2-TZVP including the correction GD3BJ are
in good agreement with the data obtained from single crystal X-ray structure analysis except
for 3b, 4b (cf. Table S5). The data from the crystal structures reveal for 3a, 4a a rectangular
E. ligand, while for 3b a trapezoid shape is revealed. For 4b no clear result can be given due
to a threefold disorder of the middle deck. The DFT calculations for 3a and 4a display the real
situation quite good, while for 3b and 4b the trapezoid shape is more widened than in the
crystal structure. For 3a, 3b the nature of the stationary points has been checked by frequency
analysis which show no imaginary frequencies and display minima on the energy hyper
surface. Therefore, the differences between 3a and 3b and 4a and 4b are probably due to

packing effects.
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Table S2: Total energies for all optimized geometries (BP86/def2-TZVP level of theory) including solvent effects

and dispersion correction GD3BJ.

total energy [Ha]

1 [(Cp™"Co)2(M,n%N?-P2)e]
2 [(Cp’Co0)2(M,n?%:n?-As2)2]
3a [(Cp™’Co)2(p,n*n*Pa)]*
3b [(Cp’Co)2(u,n*:n*-P4)]"
4a [(Cp™"Co)2(p,n*n*-Ass)]*
4b [(Cp™’Co)z(u,n*:N*-As4)]*
5 [(Cp’Co)2(p,n*:n*-Pa)J?*
6 [(Cp”’Co)2(u,n*n*-Ass)?*

7 [(Cp™’Co)2(p,n*:n*-Pa)]
8 [(Cp™COo)2(M,n*:N*-Asa)I
9 [(Cp”’Co)2(M,n*Nn-Pa)*
10 [(Cp”’C0)2(M,n3:Nn%-Ass)]

1-9a [(Cp’’Co)2(u,n*:N*-P4)]*

[K(18-c-6)]*

I-9b [K(18-c-6)] [(Cp™'Co0)2(H,n*n3Pa)]

-5463.1272277
-13042.1875737
-5462.9657223
-5462.9669736
-13042.0297028
-13042.0305076
-5462.7648132
-13041.8392395
-5463.2278009
-13042.2816847
-5463.2967325
-10806.0801740
-5463.28094029
-1523.36443541
-6986.71916472

Table S3: Summarized bond distances and Wiberg Bond Indices (black: from structure in solid state, blue: from
DFT calculations, red: related WBIs, BP86/def2-SVP level of theory, including solvent effects, no dispersion
correction GD3BJ).

1 2 3a 3b 4a 4b 5 6 7 8 9 10
Col- 3.1639(8) 3.2508(8) 3.3629(6) 3.3762(6) 3.4335(5) 3.3902(9) 3.3814(10) 3.4105(12) 3.4136(7) 3.4864(14) 3.4882(6) 3.5089(5)
Co2
3.17899 3.28775 3.31725 3.30896 3.44241 3.41930 3.37828 3.45304 3.37919 3.47170 3.54673 3.54755
0.08 0.08 0.12 0.12 0.10 0.1 0.10 0.10 0.13 0.12 0.14 0.22
EA- 2.052(3) 2.2795(5) 2.1860(9) 2.2205(6) 2.3882(2) 2.429(6) 2.236(2) 2.4355(9) 2.1288(9) 2.3074(16) 2.1582(11) 2.4216(4)
E2
2.10397 2.31441 2.20849 2.20276 2.41061 2.40763 2.29132 2.45431 2.15783 2.37125 2.21134 2.46809
1.29 1.26 1.04 1.04 1.03 1.03 0.93 0.96 1.13 1.1 1.06 0.96
E2- 2.664(2) 2.8209(4) 2.2960(8) 2.2358(6) 2.5198(2) 2.429(6) 2.239(2) 2.4520(9) 2.3606(8) 2.5852(15) 2.2646(10) 2.4055(4)
E3
2.71663 2.86746 2.29168 2.28268 2.58850 2.50535 2.29318 2.49597 2.48518 2.66664 2.31339 2.46083
0.36 0.38 0.89 0.90 0.75 0.85 0.92 0.90 0.62 0.62 0.91 0.97
E3- 2.052(3) 2.2795(5) 2.1837(8) 2.2069(7) 2.3882(2) 2.4254(17) 2.236(2) 2.4759(9) 2.1288(9) 2.3074(16) 2.1615(11) 3.0224(5)
E4
2.10397 2.31441 2.21511 2.252793 2.41061 2.42765 2.29132 2.54399 2.15783 2.37125 2.21422 3.02001
1.29 1.26 1.03 1.01 1.03 1.00 0.93 0.85 1.13 1.1 1.06 0.22
E1- 2.664(2) 2.8209(4) 2.3022(8) 2.3139(6) 2.5198(2) 2.561(3) 2.239(2) 2.4476(9) 2.3606(8) 2.5852(15) 2.8396(12)
E4
2.71663 2.86746 2.54523 2.55332 2.58850 2.68266 2.29318 2.49581 2.48518 2.66664 2.84817
0.36 0.38 0.60 0.59 0.75 0.64 0.92 0.90 0.62 0.62 0.22
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Table S4: Summarized bond distances and Wiberg Bond Indices (black: from structure in solid state, blue: from
DFT calculations, red: related WBIs, B3LYP/def2-SVP level of theory, including solvent effects, no dispersion
correction GD3BJ).

1 2 3a 3b 4a 4b 5 6 7 8 9 10
Cot- 3.1639(8) 3.2508(8) 3.3629(6) 3.3762(6) 3.4335(5) 3.3902(9) 3.3814(10) 3.4105(12) 3.4136(7) 3.4864(14) 3.4882(6) 3.5089(5)
Co2
3.15077 3.29552 3.49056 3.48690 3.57164 3.57203 3.45701 3.52607 3.40722 3.55453 3.49401 3.54124
0.06 0.06 0.10 0.10 0.09 0.09 0.08 0.08 0.09 0.08 0.08 0.1340
E1- 2.052(3) 2.2795(5) 2.1860(9) 2.2205(6) 2.3882(2) 2.429(6) 2.236(2) 2.4355(9) 2.1288(9) 2.3074(16) 2.1582(11) 2.4216(4)
E2
2.06233 2.28570 2.20512 2.19801 2.41269 2.40975 2.26720 2.45177 2.12024 2.34511 2.19040 2.45501
1.41 1.33 1.05 1.06 1.04 1.05 0.97 0.98 1.24 1.21 1.10 0.98
E2- 2.664(2) 2.8209(4) 2.2960(8) 2.2358(6) 2.5198(2) 2.429(6) 2.239(2) 2.4520(9) 2.3606(8) 2.5852(15) 2.2646(10) 2.4055(4)
E3
2.81810 2.90266 2.31176 2.28934 2.51952 2.50067 2.26947 2.47823 2.55627 2.71006 2.28543 2.45302
0.28 0.35 0.91 0.94 0.90 0.92 0.97 0.95 0.57 0.62 0.95 0.98
Ea- 2.052(3) 2.2795(5) 2.1837(8) 2.2069(7) 2.3882(2) 2.4254(17) 2.236(2) 2.4759(9) 2.1288(9) 2.3074(16) 2.1615(11) 3.0224(5)
E4
2.06233 2.28570 2.20506 2.21599 2.41269 242514 2.26720 2.50266 2.12024 2.34511 2.18992 3.05157
1.41 1.33 1.056 1.04 1.04 1.08 0.97 0.92 1.24 1.21 1.10 0.19
E1- 2.664(2) 2.8209(4) 2.3022(8) 2.3139(6) 2.5198(2) 2.561(3) 2.239(2) 2.4476(9) 2.3606(8) 2.5852(15) 2.8396(12)
E4
2.81810 2.90266 2.31225 2.33264 2.51952 2.52974 2.26947 247732 2.55627 2.71006 2.97910
0.28 0.35 0.91 0.89 0.90 0.89 0.97 0.95 0.57 0.62 0.14

Table S5: Summarized bond distances and Wiberg Bond Indices (black: from structure in solid state, blue: from
DFT calculations, red: related WBIs, BP86/def2-TZVP level of theory, including solvent effects and dispersion
correction GD3BJ).

1 2 3a 3b 4a 4b 5 6 7 8 9 10
Col- 3.1639(8) 3.2508(8) 3.3629(6) 3.3762(6) 3.4335(5) 3.3902(9) 3.3814(10) 3.4105(12) 3.4136(7) 3.4864(14) 3.4882(6) 3.5089(5)
Co2
3.16431 3.2260 3.30199 3.26452 3.36322 3.33403 3.32414 3.37722 3.33241 3.38668 3.47834 3.47049
0.03 0.03 0.04 0.05 0.04 0.04 0.04 0.04 0.05 0.05 0.06 0.09
E1- 2.052(3) 2.2795(5) 2.1860(9) 2.2205(6) 2.3882(2) 2.429(6) 2.236(2) 2.4355(9) 2.1288(9) 2.3074(16) 2.15682(11) 2.4216(4)
E2
2.08555 2.30690 2.18312 2.17849 2.40173 2.39475 2.26214 2.44891 2.14259 2.36550 2.18602 2.44809
1.34 1.32 1.07 1.07 1.04 1.05 0.92 0.93 1.18 1.15 1.12 0.99
E2- 2.664(2) 2.8209(4) 2.2960(8) 2.2358(6) 2.5198(2) 2.429(6) 2.239(2) 2.4520(9) 2.3606(8) 2.5852(15) 2.2646(10) 2.4055(4)
E3
2.64316 2.85987 2.36471 2.25590 2.59094 2.49204 2.27302 2.49020 2.42464 2.66240 2.27440 2.44877
0.40 0.38 0.75 0.91 0.71 0.85 0.92 0.87 0.68 0.63 0.95 0.99
E3- 2.052(3) 2.2795(5) 2.1837(8) 2.2069(7) 2.3882(2) 2.4254(17) 2.236(2) 2.4759(9) 2.1288(9) 2.3074(16) 2.1615(11) 3.0224(5)
E4
2.08555 2.30690 2.18319 2.20406 240173 2.42036 226214 2.53942 2.14259 2.36550 2.18984 3.05967
1.34 1.32 1.07 1.02 1.04 1.00 0.92 0.80 1.18 1.15 1.1 0.20
E1- 2.664(2) 2.8209(4) 2.3022(8) 2.3139(6) 2.5198(2) 2.561(3) 2.239(2) 2.4476(9) 2.3606(8) 2.5852(15) 2.8396(12)
E4
2.64316 2.85987 2.37037 2.51332 2.59094 2.71241 2.27302 2.49018 2.42464 2.66240 2.81695
0.40 0.38 0.74 0.57 0.71 0.57 0.92 0.87 0.68 0.63 0.24
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Figure S29: Frontier orbitals of 3a (a-spin orbitals) at the BP86/def2-TZVP level of theory.
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o-187 o-188 o-189 o-190
-6.116 eV -5.141 eV -4.401 eV -3.477 eV
(occupied) (occupied) (unoccupied) (unoccupied)

Figure S30: Frontier orbitals of 3b (a-spin orbitals) at the BP86/def2-TZVP level of theory.

a-223 a-224 a-225 a-226
-5.817 eV -4.904 eV -4.292 eV -3.368 eV
(occupied) (occupied) (unoccupied) (unoccupied)

Figure S31: Frontier orbitals of 4a (a-spin orbitals) at the BP86/def2-TZVP level of theory.

o-223 o-224 o-225 o-226
-5.887 eV -4.906 eV -4.248 eV -3.401 eV
(occupied) (occupied) (unoccupied) (unoccupied)

Figure S32: Frontier orbitals of 4b (a-spin orbitals) at the BP86/def2-TZVP level of theory.
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HOMO-1 HOMO LUMO LUMO+1
-7.444 eV -7.164 eV -5.831 eV -5.740 eV

Figure S33: Frontier orbitals of 5 at the BP86/def2-TZVP level of theory.

HOMO-1 HOMO LUMO LUMO+1
-7.326 eV -6.928 eV -5.516 eV -5.512 eV

Figure S34: Frontier orbitals of 6 at the BP86/def2-TZVP level of theory.

