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Preface

A general introduction about As, ligand complexes and their relevance in organometallic
chemistry is given at the beginning of this thesis. In this context, the research objectives
and some general considerations about the CpBn ligand, which is frequently used in this
work, are also described. As each chapter presents a topic on its own, a short
introduction is included at the beginning of each to present the current state of research.
The results of these chapters are suitable for publication in the future or are on the brink
of being published. Moreover, each chapter contains the section author contribution, in
which the extent of involvement is described. Here, results from collaborations are also
stated. For a uniform design of this thesis, all chapters possess the same layout (text
settings, pictures, subchapters) and the numbering for compounds, figures, schemes and
tables begins anew each chapter. In addition, a graphical abstract has been created for
each chapter and a comprehensive summary on the topics is presented at the end of the

thesis.
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1. Introduction

1.1 Arsenic and its Relevance in Organometallic Chemistry

Arsenic is a Janus faced element. On the one hand, arsenic and its derivatives have found
many applications in pharmaceutical industry, agriculture (herbicides and insecticides) and
forestry as well as in the semiconductor industry (e.g. GaAs semiconductors) (Figure 1.1).Y On the
other hand, especially the so called white arsenic (As,0;) caused many murders and harm

through the centuries.”

OH b)

NH, 0
As=AS H,C “OH
H,N

HO

Figure 1.1 Historically important arsenic derivatives. a) Arsphenamine[la] (Salvarsan®, medication for
syphilis) and b) dimethylarsinic acid™ (used as a total herbicide and desiccant in agriculture).

Although the poisonous nature of arsenic minerals has been known since the Greeks, the
element arsenic itself was first identified by Albertus Magnus around 1250.") Grey or metallic
arsenic (Asge,) consists of undulated layers, which are held together by condensed Asg rings
(Figure 1.2). Therefore, Asge, is structurally related to the rhombohedral form of black
phosphorus at high pressure. In addition, two further allotropic modifications of arsenic exist:
black arsenic and yellow arsenic. The latter was first described by Bettendorf in 1867." Gaseous

3431 and is built up by discrete

yellow arsenic can be obtained by heating grey arsenic up to 616°C!
tetrahedral As, molecules (Figure 1.2). Similar to white phosphorus (P.), it represents the most
reactive allotrope, but also the most toxic and least stable one. Nowadays, several modifications
of As, (crystalline and amorphous) are known, but especially its light sensitivity and therefore its
fast decomposition to amorphous grey arsenic makes its investigation and also its use as a

starting material difficult.
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a) b)
As As As As
As As As As
As As
As As_ 1 _As As / ‘\
As As As As
R S As—Q—As
As” “As \As/
As As As _ As
As As As As

As = atom below paper plane
As = atom above paper plane
As = atom of next layer

Figure 1.2 Structures of a) grey arsenic and b) yellow arsenic.”

The latest allotrope is black arsenic. It has first been mentioned in 1957 and can be divided
into two subgroups, amorphous and orthorhombic black arsenic. The orthorhombic form is
closely related to black phosphorus at atmospheric pressure. Furthermore, the orthorhombic

black arsenic is also known as the mineral arsenolamprite in nature.”

In addition to the well-known allotropic modifications, especially theoretical studies predict
elemental nanostructures of arsenic. Thereby, icosahedral and ring shaped arsenic cages™ as well
as nanotubes™ are discussed. However, this is only mentioned for completeness and will not be

further discussed.

Due to its high reactivity, particularly yellow arsenic found application in organometallic
chemistry. Nevertheless, the first As, ligand complexes were synthesised by using uncommon
arsenic sources like AsCl; and cyclo-(AsMe)s, respectively.“o] Hence, [Co,(CO)s(PPhs)(,n**-As,)]
(PPhs = P(CgHs)s) and [Co(CO)s(n’-Ass)] opened the new era of unsubstituted naked group 15

element ligand complexes in the late 1960s (Figure 1.3).*%

About ten years later, Hoffmann postulated the isolobal analogy. The message of this concept

is that:

‘..we will call two fragments isolobal if the number, symmetry properties, approximate
energy and shape of the frontier orbitals and the number of electrons in them are similar —

not identical, but similar.”*?

Therefore, a methine group, for example, can be considered to be isolobal with arsenic and
with a d>-ML; fragment, respectively (Figure 1.3). Since that time, this fact has extensively been

used to explain and to predict new compounds and represents a connection between inorganic
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and organic chemistry. Accordingly, the cyclopentadienyl anion [CsHs] is formally isolobal with the
pentaarsolyl anion [cyclo-Ass]. In this context, [Cp"Fe(n>-Ass)] (Cp" = Cp*(n>-CsMes) (1),
Cp’ (n°>-CsEtMe,))™ can be described as the heavier analogue of the well-known ferrocene

[Cp,Fe] (Cp = n°-CsHs) (Figure 1.3).

CO
a) co Cco c)
OC\ '\\““.CO OC\ :- ' CO
Co Co Co¥
| IRy o =
PhsP I
A As | |
As As Fe Fe
(':O © As=|=As
b) OC\ w § 7 As \As
c|:H As C|o A
| |
CI-B t l As ( ) / As\
HC=—=CH ~ AsT—hs AsT—]s

Figure 1.3 Illustration of a) [Co(CO)g(n3-As3)] (left) and [Coz(CO)S(PPhg)(u,nZ:z-Asz)] (right). b) Isolobal analogy
between ‘CH’, ‘As’ and d°-MLs fragments. c) [Cp,Fe] (left) and its heavier analogue [Cp*Fe(nS—Ass)] () (right).

Since 1985, As, ligand complexes have attracted more and more organometallic chemists and
a variety of complexes with different coordination modes were obtained (Figure 1.4).%%
Generally, the As, tetrahedron often undergoes degradation, and complexes containing smaller
As, units can be isolated. However, also a subsequent aggregation to larger arsenic frameworks
can take place, as it will be shown later on. Usually, cyclopentadienyl containing transition metal
carbonyl complexes of the type [CpRI\/I(CO)X]y are suitable precursors for this purpose. Recently,
the use of transition metal complexes with labile ligands, e.g. compounds of the general formula
[Cprl\/Iy(L)Z] (L=e.g. toluene), got popular. To date, the largest fully characterised neutral As,
ligand complex [(Cp”’Co)s(ps,n****-As1,)] (Cp”” = n°-1,2,4-CsH,'Bus) was prepared by this way. It
was obtained by the reaction of As, with [(Cp’”Co),(,n**-toluene)] at room temperature

(Figure 1.4).

[ ]
N
Co/ )QJ
/] .
\
cri
/ -0
As\ \
—
As
As/
® =C'Bu

Figure 1.4 Selected neutral As,, ligand complexes (n = 3,16 g1 12[15]).
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In contrast, the smallest possible arsenic unit with only one arsenic atom can be realised in
[(NsN)W=As] (NsN = N(CH,CH,NSiMes)s).™®" However, in this reaction LiAs(SiMes), is used as the

arsenic source.

While the discussed complexes derive from degradation and aggregation, respectively, the
stabilisation of the intact As, tetrahedron seems to be an insuperable challenge in the past. But
quite recently, the synthesis of [Ag(n’-Asa)-][TEF] (I1) ([TEF] = [A{OC(CF;)s}a]) was presented by
reacting the weakly coordinated silver (I) complex [Ag(CH,Cl,)][TEF] with yellow arsenic.™”!
Thereby, two As, units are coordinated in a n’-fashion by one Ag’ cation. Surprisingly, the As, unit
can be transferred unscathed from Il to a [(PPh;)Au]” or a [Cp*Ru(dppe)]” fragment (dppe = 1,2-
bis(diphenylphosphino)ethane), respectively (Figure 1.5).2% The latter reaction leads to the

formation of [Cp*Ru(dppe)(n'-As4)][TEF], the first complex containing a monohapto coordinated

As, ligand. At the same time, the arsenic tetrahedron still remains intact.

a) 1+ b

Figure 1.5 Schematic illustration of a) [(PPhg)Au(r]z-Aszl)]+ and b) [Cp*Ru(dppe)(n*-As,)]".

Hitherto, different transition metal precursors have been discussed. Thereby, the majority of
the mentioned arsenic complexes carry Cp" ligands. However, recently it could be shown that
yellow arsenic can also be activated by unsaturated transition metal complexes bearing

B-diketiminato ligands (Figure 1.6).%"

R, R
R, AN R, R, P
\!H\(-‘—»
N N N
R/ @\R R/@
1 1 1

Figure 1.6 General formulas of the B-diketiminato ligands. Substituents R;, R, and Rs; can be chosen
depending on the required steric demand and electronic properties.

These ligands formally represent a five electron ligand like the Cp"® ligand. Due to the possible

variation of the substituents, a novel group of complexes was born. Several small molecules like
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N,, P4, S, Seq and a-Te, respectively, could be activated by such complexes.m] Recently, we
reported on the fixation and release of E, (E =P, As) by [({N(CeH5'Pr,-2,6)C(Me)},CH)Cu(CH5CN)],
carrying a labile acetonitrile ligand, which can easily be replaced by the E, unit.1?*! Thereby,
astonishingly, the E, tetrahedron still remains intact. By the addition of pyridine, the release of
white phosphorus or yellow arsenic can be observed. To date, this feature is only observed for

complex 11,9202

In principle, the activation of yellow arsenic can also be achieved by main group complexes'*”!

and therefore also by carbenes. During his Ph.D. thesis, Christoph Schwarzmaier succeeded in
stabilising As, units resulting from the degradation of As, with cyclic (alkyl)(amino)carbenes
(CAAC) by an one step reaction (Figure 1.7).%® Such complexes are usually synthesised by a

multistep reaction starting from AsCl; and the correlating carbene.”?’!

pr
N
‘pr As Pr
|
Pr N AS/AS\AS
Pr N

Figure 1.7 lllustration of [("™/CAAC),As,] (left) and [(*CAAC);As,] (right).

While the use of yellow arsenic as a starting material leads to the formation of neutral
complexes most of the time, other common arsenic sources like the Zintl anion [As;]* afforded
polyarsenides. Here, the formation of larger arsenic clusters is particularly favoured. Eichhorns
accomplishments deserve a special mention, regarding several publications in this field during the
1990s.”®) One outstanding example is the synthesis of [As@Ni,@As]* (I1), which could be
prepared by reacting Ks;As; with Ni(COD), (COD = cycloocta-1,5-diene) in the presence of
”Bu4PBr.[29} The resulting cluster Il has an onion like structure and can be interpreted as an Asyg
pentagonal dodecahedron which encapsulates a Ni;, icosahedron. In addition, an arsenic atom is

enclosed in the centre of the Niy, subunit (Figure 1.8).
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Figure 1.8 Molecular structure of a) the intermetalloide cluster [As@Niy,@As,0)” (). The [Nilz(ulz—As)]S’
core is depicted as icosahedron and bonds between the As,, shell and the Niy, unit are omitted for clarity.
b) The [Nin(ulz—As)]a'subunit. c) The exterior As, cage,[29]

Up to date, lll represents one of the largest anionic, arsenic containing complexes and is the
only known example for a fullerene like intermetalloide cluster. As already mentioned,
icosahedral allotropes of arsenic have been predicted[g] and therein, the Asy, fullerene seems to
be a promising candidate. Nowadays, especially the Goicoechea group is interested in Zintl anions
and their coordination chemistry.BO] In contrast, the neutral species [As;(SiMes)s] is definitely less
common for the synthesis of polyarsenides. Therefore, only few examples are known in

literature.®!

As already discussed above, other arsenic sources can also be taken in account. In the early

stages of As, ligand complexes, cyclic organo arsenic derivatives, e.g. cyclo-(AsMe)s or

10b,32 [33]

cyclo-(AsPh)e, have been often used.! I'Far less used arsenic precursors are metallic arsenic,

AsaS4, 2% AsCls, % As(SiMes)s,*® and PhAs(SiMes),, B respectively.

1.2 As, Ligand Complexes in Coordination Chemistry

Reactivity of Asy, Ligand Complexes

Taking a look into the literature, one can notice that especially the Scherer group studied the
reactivity of As, ligand complexes. Particular attention is paid to the reactivity of [Cp*Fe(n’-Ass)]
(I) towards other transition metal complexes.Bg] Unlike [Cp,Fe], complex | should show a different
reactivity due to the available lone pair of each arsenic atom and a possibility for coordination to
metal fragments. Thereby, the reactivity pattern of | ranges from simple coordination over
transfer reaction to complete rearrangement (Scheme 1.1). In addition, the Scherer group
succeeded in the oxidation of | with [CpFe(CgHe)][PF¢] to yield the 30 VE triple decker complex
[(CpFe)(W,n’>-Ass)(Cp*Fe)][PFe].*® To get an insight into the charge distribution and coordination
features of I, >’Fe Mdssbauer spectroscopy and differential scanning calorimetry (DSC) as well as
DFT calculations were carried out.®® Based on these results, | is comparable to its lighter
congener [Cp*Fe(n’-Ps)] (IV). However, the DFT results reveal a reversed energy distribution of

the unoccupied orbitals (LUMO, LUMO+1) for | compared to IV, while the HOMO is localised at
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the cyclo-Es ring in both cases. In contrast, °’Fe Mdssbauer spectroscopy results show similar

qguadrupole hyperfine interactions for | and IV, but different isomeric shifts (at 90 K) for | and IV.

=

a) + [Cp*Rh(CO)], Fe
[Rh] = Cp*Rh(CO) As—|—As
AS/ \As
\AS/
/
[Rh]
j [ : b) + [Cp*Ru(CO),], ;'

\ ./ \‘ + A%/" s
c) + [Cp*Co(p-CO)], As P\ = g | \ / |
> o=

[Fe] =Cp*Fe A m— Co

S

Scheme 1.1 Reactivity pattern of [Cp*Fe(I']S-AS5)] (I) towards transition metal complexes. a) Side-on
coordination of a [Cp*Rh(CO)] fragment.B&] b) Transfer of the cyclo-Ass ligand to the [Cp*Ru]’ unit.*%
c) Rearrangement of | during the reaction with [Cp*Co(u-CO)]z.Bgd]

Nowadays, the interest for As, ligand complexes has slightly been diminished. Especially the
difficult handling and challenging synthesis as well as low yields and the lack of characteristic
analytical tools (e.g. NMR spectroscopy) make arsenic complexes much more challenging in
comparison to P, ligand complexes. For this reason, only a small number of publications
concerning the reactivity of As, ligand complexes can be found in literature up to date.
Nevertheless, it is worth to investigate arsenic compounds, since E, ligand complexes (E = P, As)

(39,4041 This is exemplary emphasised in the

are usually known for their different reactivity.
reactivity of 1 and [Cp*Fe(n’-Ps)] (IV) towards divalent samarium complexes. Depending on the
solvent used, different polyarsenides, [(Cp”’,Sm)(y,n**-As,)(Cp*Fe)] or the norbornadiene scaffold
containing complex [(Cp”’,Sm),As,(Cp*Fe)], can be isolated by reacting | with [Cp”,;Sm(thf)]

(Cp” = n°-1,3-CsH5'Bus,) (Figure 1.9).1



8|Introduction

Figure 1.9 Molecular structure of [(Cp"ZSm)(u,n4:4—A54)(Cp*Fe)] (left) and [(Cp”’,Sm),As;(Cp*Fe)] (right).[“]

Cp* and Cp” ligands are represented in the wire or frame model and H atoms are omitted for clarity.

In contrast, the reaction of the phosphorus derivative IV with [Cp®,Sm(thf),]
(Cp® = Cp*, Cp™ (n>-CsMe,"Pr)) results formally in a dimerisation to [(Cp",Sm),P1o(Cp*Fe),].*) In
addition, changing the samarium precursor to [(DIP,pyr)Sml(thf)s] (DIP,pyr = 2,5-bis{N-(2,6-diiso-
propylphenyl)iminomethyl}pyrrolyl) afforded [Cp*Fe(us,n****-P<)Sm(DIP,pyr)], as well as
[Cp*Fe(u,n‘“z:l—Ps)Sm(DlPzpyr)(thf)z].m] Related arsenic complexes originating from this samarium

complex are unknown so far.

Moreover, the reactivity of [{CoMo(CO),}(1,Nn*%As,)] (V) and [(Cp*Mo),(,Nn"%-Ase)] towards
[0-(HgCsF4)s] and AgBF,, respectively, has been investigated by the Scheer group."*" Recently, the
butterfly complex [{Cp’”’Fe(CO),}, (10" -As4)] could also be introduced as a chelating Iigand.MS] In
combination  with  [Cu(CH3CN),][BF,] the reaction leads to the formation of
[{{Cp""Fe(CO),}2(1,n""-Ass)},Cul[BF,4]. The latter is expected to be a promising co-ligand for

catalysis, due to its small bite angle and the sterically demanding Cp””’ ligand.
As,, Ligand Complexes in Supramolecular Chemistry

As already mentioned, the reactivity of As, ligand complexes in comparison to their lighter P,
homologues is only poorly investigated. Hence, it is not surprising that the potential of arsenic
complexes in supramolecular chemistry is underestimated so far. In contrast, several P, ligand
complexes have found application in supramolecular chemistry up to now.*®! An extraordinary
position is occupied by [Cp"Fe(n>-Ps)] (Cp*= Cp* (IV), Cp™ (n>-Cs{CH,(CeHs)}s) (VI), Cp™°
(N°-Cs{4-"BuCgHa}s) (V). In combination with coinage metal salts, one and two dimensional
polymers as well as fullerene like molecules or nano capsules are obtained.****”! Although DFT
calculations suggest a similar coordination behaviour for the Cp* pentaarsaferrocene derivative I,

it reacts with Cu' halides to form one dimensional polymers.®® The formation of fullerene like
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molecules has not been observed. This might be attributed to the preference for m-coordination
of | through As-As bonds (n’coordination), while IV, VI and VII prefer o-coordination
(n*-coordination) via the phosphorus lone pairs. For a long time, the o-coordination for As, ligand
complexes seemed to be out of reach, but recently the first 1,3-0-coordination of | to a Lewis acid
could be realised in the one dimensional polymer [Cus(p-Cl)y(dpmp){(p,n**>-Ass)FeCp*}].[BFal,
(dpmp = bis(diphenylphosphinomethyl)phenylphosphine) (Figure 1.10).*¥ Moreover, the identical

coordination mode is also achieved for V, however, just as a discrete dimeric complex.

In addition to the first 1,3-coordination, we could also observe an unexpected r]s—coordination
of 1in [M({Cp*FeH{u,n>"-Ass})s].[TEF], (Figure 1.10).1%?l pye to weak o-interactions, an alignment
to columns is obtained in the solid state. In contrast, the reaction of | with [Ag][FAL]
([FAL] = [FA{OCgF10(CsFs)}s]) did not afford polymeric products. However, depending on the
stoichiometry dimeric and trimeric coordination compounds are formed."" Similar coordination

products are also predicted for using [Ag][TEF] instead of [Ag][FAL].!""

©CCl

Figure 1.10 Sections of the one dimensional polymers (ball and stick representation) of
a) [Cus(u-Cl)o(dpmp)a{(p,n""*-Ass)FeCp*}],[BF4), ** and b) [M({Cp*FeHp,n™"-Ass})3la[TEF], (M =1In, TI).F
Cp* ligands and phenyl substituents of dpmp ligands are drawn in the wire or frame model. H atoms and
counterions are omitted for clarity.

A further well established building block for supramolecular chemistry is [Cp*Mo(CO),(n*-Ass)]
(VIII). The reaction of VIII with Cu' halides leads to the formation of {Cu(p-X)}, bridged dimers. In
contrast, the use of [Ag][TEF] bearing a weakly coordination anion provides the dimer
[Ag>{Cp*Mo(CO)5(1,n*2-As3)1{Cp*Mo(CO)H(1,n*22-Ass) LI[TEF], (1X).” Thereby, IX represents one
of the first examples of arsenic based oligomers in literature. Hereby, the general preference for
n’-coordination is already illustrated. Surprisingly, ESI MS spectra indicate dissociation of IX to
[Ag{Cp*Mo(CO),As;},]". Therefore, equilibrium is discussed to occur in solution, which is also
confirmed by DFT calculations. In contrast to IX, its Tl derivative forms a columnar structure in the

solid state, which is dominated by m-coordination of the As; ligands through As-As bonds. "
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1.3 The Cp® Ligand in Organometallic Chemistry

The Cp® ligand influences the development in organometallic chemistry like no other ligand.
Since the structural determination of ferrocene [Cp,Fe],*" the cyclopentadienyl anion and its
derivatives are the most frequently used ligands in organometallic chemistry. This effect is
certainly based on the versatile coordination modes reaching from n'to the maximum of n°. Up
to date, a big library of Cp® derivatives has been established as a result of the easy substitution of
H atoms at the Cp ligand (Figure 1.11). Thereby, the electronic structure, the degree of
substitution as well as the steric demand can be controlled. A trend for using larger Cp® ligands
can especially be observed in the last years, since they are known to stabilise unprecedented
structural motifs and kinetically favoured complexes, respectively.[Sz] Additionally, the increased

solubility of the resulting complexes cannot be neglected.

"Bu

"By "Bu

Q9 Q)

n
Bu By

Figure 1.11 Representation of selected CpR ligands with an increasing steric demand from left to right.
a) Cp* ligand, b) Cp’” ligand and c) CpB‘G ligand.

The consequences of substitution are impressively revealed in the reaction of [Cp"Fe(CO),],
with As, (Cp®=Cp, Cp*, Cp”® (X)). While the reaction of the parent compound leads to the

L1, 5 the stepwise increase of the steric demand results in the formation

formation of [CpsFes(As,)
of [Cp*Fe(nS—Ass)][B] and the butterfly complex [{Cp®°Fe(CO),}(,n""-As4)] (X1),>4 respectively.
Remarkably, Xl is already obtained at room temperature, whereas the other reactions take place
at 190 °C. This is caused by dissociation of X in solution at room temperature to highly reactive
[Cp®¥°Fe(CO),]" radicals.®”® Nevertheless, further co-thermolysis of XI with As, provides

[Cp®“Fe(n’-Ass)], [(Cp"Fe)(,n"*-As)] and [(Cp™Fe)s(ps,n***-Asq)].”
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In addition to the mentioned aspects, Cp ligands containing functional groups are also of
current interest. An outstanding example seems to be the pentacyanocylcopentadienide anion
[C5(CN)s]™ (XN), which shows a fivefold symmetric moiety in the solid state (Figure 1.12).[57] In
combination with sodium carbonate, metal organic frameworks (MOFs) can be isolated.®
Thereby, each cyanide substituent coordinates to one sodium cation, which results in a clathrate

type structure, possessing fullerene like topology (Figure 1.12).

N
fl
N=— : ¢N
7\
Xl

Figure 1.12 a) lllustration of [Cs(CN)s]” (XIl) and b) simplified representative unit of the dodecahedral
[Nass{Cs(CN)shss)” dianion.””

A further representative of the class of Cp" ligands with increasing steric demand in
comparison to the Cp ligand is the pentabenzylcylcopentadienyl derivative CpB”.[59] Several main

I'as well as transition metal complexes[m] bearing the Cp®" ligand are reported

group complexes®
in literature. Since the benzyl substituents are very flexible and the electronic features are
comparable to the Cp* derivative, it can be generally viewed as a synthon for the Cp* ligand.
Moreover, the good solubility in almost all common solvents can be considered as an advantage.
Although the Cp™ ligand has a high potential due to advantageous features (solubility, possible
detection of novel structural motifs, etc.), investigations are limited to the synthesis of
metallocenes or metal containing complexes. During his Ph.D. thesis, Fabian Dielmann introduced

: _Rs the CpBn ligand in the field of P, activation. In addition,

| the resulting P, ligand complexes were used as building

Fe blocks in supramolecular chemistry.®® Thereby, the
P—|—p
é\P pentaphosphaferrocene derivative VI represents a first

example (Figure 1.13). Due to an available lone pair at

IV (R =Cp*) . . )
o each phosphorus atom, it contains fivefold symmetry
VI (R =Cp"")
similar to Xll. Consequently, VI has the possibility for
Figure 1.13 General formula of

[Cp*Fe(n™-Ps)] (Cp" = Cp* (IV), Cp®" (V). quintuple coordination since the Cp* derivative IV is
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known to form spherical aggregates in reactions with CuX (X = Cl, Br, 1). Thus, it is not unexpected
that VI shows similar reactivity towards Cu' halides. In addition to fullerene like macromolecules,
also a self-assembled rugby ball like compound arising from VI and CuBr, as well as one and two

dimensional polymers have been synthesised (Figure 1. 14).147¢6%63]

\11‘\/ " 75 ‘
¥ 5~ ur - Y
\.‘.“;‘I;E 3’., ‘ .;.“ X \ _‘._ » % ".
(R G0 P AT
ELPRAI LT [ (] 0=
‘\\\-'{\’AQ?‘?“ \‘\", g .’ 8 %"‘A‘a-m"} /.1

.
CIl Tl
208

1) R "
©Br

Figure 1. 14 Ball and stick representation of the rugby ball [{CpB”Fe(r]S—P5)}24Cu%Br96].WE] H atoms, solvent
molecules as well as disorder are omitted for clarity.
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2. Research Objectives

As presented in the introduction, As, ligand complexes are rare in organometallic chemistry
and especially in coordination chemistry. Moreover, the influence of the Cp® ligand
(Cp®" = n°-Cs(CH,{CeHs})s) on the reactivity and stability of As, ligand complexes has not been
studied yet, since only preliminary investigations on the lighter congener phosphorus exist. At the
same time, the Cp®" ligand offers good solubility of the obtained arsenic compounds and the hope
that unprecedented structural motifs might be obtained. Consequently, the research objectives

for this work are:

e Preparation of transition metal complexes bearing the Cp®" ligand as starting materials for the
synthesis of As, ligand complexes.

e Synthesis of novel As, ligand complexes and investigation of two different synthetic methods:
i) thermolysis involving the reaction of transition metal precursors with As, at elevated
temperatures and ii) transfer reactions using [Cp”,Zr(n*'-As,)] (Cp”’ = n>-1,3-CsH5'Bu,) as an

arsenic source under mild reaction conditions.

It was also demonstrated that As, ligand complexes are suitable building blocks for
supramolecular chemistry. In combination with Lewis acids, both oligomeric as well as polymeric
products are observed. However, the variety of Lewis acids is mainly limited to Cu' halides and
other monovalent metal salts have scarcely been used for this purpose so far. Moreover, mostly
Cp* substituted arsenic precursors play a key role, although the Cp®" ligand displays promising
properties for spherical aggregates as observed for [Cp®"Fe(n>-Ps)]. Thus, the objectives are as

follows:

e Investigation of the reactivity of [Cp*Fe(n’-Ass)] towards coinage metal salts.

e Introduction of Cp®" substituted As, ligand complexes in supramolecular chemistry.

As mentioned in chapter 1.2 and 1.3, the reactivity of [Cp*Fe(n>-Ass)] has been of great
interest, but redox chemistry has not been studied yet. In 2015, David Konieczny was able to
briefly explore the reduction of [Cp*Fe(n’-Ass)] in the presence of KH during his master thesis.

Therefore, a further task is:

e Investigation of the redox properties of [Cp*Fe(n’-Ass)].
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3. General Considerations for the Cp®" Ligand

The intention of this chapter is to give a brief overview of general features of the Cp™" ligand.
Accordingly, the subsequent subchapters summarise observations concerning complexes bearing
the Cp°" ligand. All these observations are based on personal experience and do not refer to

specific compounds.
3.1 Solubility

In general, the discussed complexes show a good solubility in CH,Cl, and toluene and in some
cases in thf. While the complexes dissolve only in the heat in n-hexane or n-pentane, most
compounds are insoluble in CH3CN. However, this fact can be exploited for crystallisation. The
majority of the described complexes are crystallised by layering a CH,Cl, or toluene solution with
CH3CN. Moreover, especially (cold) n-hexane or n-pentane can be used several times for washing

the obtained crystals before drying in vacuo.

Since the Cp®" ligand dominates the solubility of the complexes, the isolation of reaction
products can be difficult. Therefore, purification often takes place by column chromatography,
which is sometimes difficult due to similar retention factors R; of the products. Thus, long
chromatographic columns and/or a high percentage of n-hexane in the eluent mixture are

required.
3.2 Geometrical Considerations and Crystal Structures

As mentioned in the introductory chapter 1.3, the Cp®" ligand can be considered as a synthon
for the Cp* ligand. Due to the flexibility of the benzyl ligands, which can be oriented in the
direction pointing away from the transition metal centre, the steric demand is comparable to the
Cp* derivative. This can be visualised by evaluating the angle between the Cp® ligand and the
metal atom (Figure 3.1). However, the orientation of the benzyl substituents can change due to
incorporation of solvent molecules (e.g. toluene) in the crystal. As a result, one benzyl substituent
is sometimes pointing in the direction of the transition metal atom. Furthermore, disorder of the
substituents is often enhanced by the flexibility of the benzyl groups and leads to poor refinement

in single crystal X-ray structure determination.
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Figure 3.1 Comparison of the angle between the Cp" ligand and the metal atom. a) [Cp*Fe(n’-Ass)] and b)
[Cp™"Fe(n™-Ass)].

Moreover, the Cp®" derivatives generally form both intra- and intermolecular m-stacking
interactions, while complexes bearing the Cp* ligand exhibit most of the time no specific
arrangement in the crystal. Accordingly, the benzyl substituents are orientated towards each
other (intermolecular interactions), often resulting in a pseudo one dimensional arrangement
within the crystal (Figure 3.2). These intermolecular ri-it interactions are also responsible for the
poor solubility in aliphatic solvents and the insolubility in CH3;CN, respectively (see chapter 3.1). As

a result, even toluene proved to be a poor solvent in some cases.

ecC
®Fe
@ As

Figure 3.2 Representation of [Cp®"Fe(n’-Ass)] in the solid state. View along the crystallographic b-axis. Cp®"
ligands are depicted in wire or frame model and H atoms are omitted for clarity.

Furthermore, pixel calculations predict several different assemblies for benzene dimers in the
gas phase with similar energy minima.™ In Figure 3.3, favoured orientations of benzene dimers,
T-shaped (I) or parallel (ll) arrangement, are illustrated. Correspondingly, the orientation | and Il
are also realised in the benzyl substituents as intramolecular interactions in the solid state

(Figure 3.3).
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Figure 3.3 lllustration of a) benzene dimers in the gas phase with favoured arrangement (type I or ll) and b)
intramolecular interaction of the phenyl rings within [CpB”Fe(nS—Ass)].

3.3 Spectroscopic and Spectrometric Investigations

Generally, all synthesised complexes show similar *H NMR spectra for the Cp®" ligand(s). Since
the benzyl substituents can be seen as chemically and magnetically equivalent, one set of signals
is received most of the time. The corresponding singlet for the methylene groups is obtained in
the range of 3.37 ppm to 4.24 ppm and for the phenyl groups a multiplet between 6.12 ppm and
7.09 ppm is detected.”” Sometimes, even the phenyl rings are equivalent on the NMR timescale
and a doublet (H"), a doublet of doublets (H™") and a triplet (H*") can be assigned. The same
applies to the C{*H} NMR spectroscopy. Generally, one signal for the methylene group
(30.99 ppm to 36.48 ppm) and the Cp ring (89.26 ppm to 108.47 ppm) can be found. For the
phenyl ring four signals at the corresponding & values (125.15 ppm to 140.41 ppm) can be

obtained.

In addition, all compounds have been studied by mass spectrometry. Thereby, fragments of

the Cp®" ligand often represent the base peak in the EI MS spectra (e.g. [C;H;]" at m/z = 91.1).
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22|Novel Triple Decker Complexes of Group 6 Metals

4. Novel Triple Decker Complexes of Group 6 Metals
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Abstract:

The co-thermolysis of [Cp®"M(CO),], (M = Cr, Mo; Cp®" = n°-Cs(CH»{C¢Hs})s) with As, leads to
the formation of novel As, ligand complexes bearing the Cp®" ligand. Moreover, an easy and
straightforward synthesis of [Cp®"Cr(CO),], (1) has been developed. In the case of the chromium
derivative, co-thermolysis with As, leads to the formation of [(Cp®"Cr),(i,n>>-Ass)] (2) exclusively.
For molybdenum, the reaction yielded the triple decker complex [(Cp®"Mo),(1,n**-Ase)] (3). In
addition, traces of [(Cp®"Mo),(p,n">""-As10)] (4) or [(Cp®"Mo),(1t,n*-As,) (1,0 -Ass)] (5) are obtained
depending on the reaction conditions. Complex 4 possesses an unprecedented cyclo-As,, ligand,
which is the largest polyarsenic cycle reported so far. Surprisingly, single crystal X-ray diffraction
analysis of 3 reveals a co-crystal of [(Cp"™"™®"Mo),(1,n*°-Asg)] (3’) (Cp™™*" = n°-CsH(CH,{CeHs})a)
and 3 in a ratio of 1:1. Compounds 1-3 are fully characterised by single crystal X-ray structure
analysis, mass spectrometry, elemental analysis and spectroscopic methods (*H and *C{*"H} NMR
spectroscopy for 1 and 3/3’ or EPR spectroscopy and Evans method for 2). Furthermore, the
redox chemistry of 2 and 3/3’ was studied by cyclic voltammetry, showing two reversible
oxidations and a reversible reduction for 2, whereas 3/3’ exhibit a reversible and an irreversible
oxidation. The by-products 4 and 5 were mainly characterised by single crystal X-ray diffraction

analysis, DFT calculations and *H NMR spectroscopy (4) or mass spectrometry (5).
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e Figures were made by Monika Schmidt.

e Single crystal X-ray structure analyses and refinements were performed by Monika Schmidt.

e Cyclovoltammetric measurements of 2 and 3 were performed and interpreted by Felix
Riedlberger.

e DFT computations and their description regarding 4 were performed by Dr. G. Balazs.

o Acknowledgement: The EPR spectrum of 2 was recorded by Moritz Modl.
4.2 Introduction

Since the description of the isolobal analogy in 1982, organic and inorganic chemistry became
more and more connected.™ In this context, a methine moiety can be formally exchanged by
phosphorus or arsenic, offering new possibilities in the synthesis of inorganic analogues of organic
molecules like the cyclopentadienyl anion [CsHs] (I) or benzene CgHg (ll). In fact, several (CH),
units can be formally replaced by E atoms (E =P, As) in | or Il. Besides the partial substitution of
(CH), units,”” the all pnictogen analogues Es and Eg (E = P, As) are of special interest. To date, both
are mostly observed in metallocenes and triple decker sandwich complexes (Figure 4.1).°
Moreover, the stabilisation in binary compounds MyE¢ (M =K, Rb, Cs, E=P; M = Rb, Cs, E = As) has

also been investigated for the cyclo-E¢ derivatives."

=
== ko ok

Fe P—'P s—lAs

E—I[—E
E’ \E Mo Mo
'-..,.E/

Figure 4.1 Schematic representation of common cyclo-Es and cyclo-Eg ligand complexes.

‘e

Zl>

The special interest in cyclo-E¢ ligand complexes like [(Cp*Mo)>(,n®%-Ee)] (E = P (I11),** As

(IV),B9 Cp* = n°-CcMes) is based on the high symmetry, the planar Eq middle deck as well as the
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lone pairs at the pnictogen atoms, which are available for further coordination chemistry. These
features make them excellent building blocks for supramolecular chemistry. They also act as
hexagonal, trigonal or linear linkers in coordination chemistry. Moreover, bridged cyclo-Eg
complexes represent a supramolecular inorganic analogue of graphene. Quite recently, the
coordination chemistry of Ill towards monovalent metal salts [M]*[X]" (M = Cu, X = Br, LB M =TI,
Cu, Ag, X = [A{OC(CF3)s}a] (= [TEF)'®) has been investigated, leading to the formation of
coordination polymers. These contain planar two dimensional layers for the reaction with copper
halides and two dimensional coordination networks for the reaction with [TI][TEF]. Here, the
network consists of alternating layers of positively and negatively charged sheets. Both can be
regarded as the supramolecular inorganic analogues of graphene. In contrast, the use of M = Cu

or Ag yielded the discrete coordination dimers [M(Cp*Mo),(u,n>®-Pe)},] "

To date, the number of P, ligand complexes of the general formula [(Cp*M),P¢] exceeds the

number of its heavier congener [(Cp*M),As¢]. While triple decker complexes containing a

[33,7,8 [10] [11]

cyclo-Pg ligand exist for molybdenum, ! tungsten,[gl vanadium,[9] niobium," and titanium,

[3c

only two examples are accounted for arsenic in literature. ] Unfortunately, the reported yields
for these triple decker complexes are usually lower than 10%, making further reactivity studies
difficult. However, for the molybdenum complexes [(Cp*Mo),(1,n%%-Pe)] (Cp" = Cp* (n°-CsMes),
Cp™ (N°-Cs{CH,(CeHs)}s)) yields of 64 % (Cp*)® and 58 % (Cp®™"' have been reported.
Nevertheless, Cp* derivatives and especially its coordination compounds often exhibit low
solubility, limiting the applicable characterisation methods. Therefore, it would be desirable to
introduce the Cp®" ligand, which is known to considerably increase the solubility of the P, ligand
complexes as well as their coordination compounds. Furthermore, it was demonstrated
previously that P, ligand complexes bearing the Cp®" ligand often possess a different reactivity
towards monovalent metal salts. As a result, novel soluble coordination products are obtained in

comparison to the Cp* derivatives.""?

Herein, we report on a straightforward synthesis of the precursor complex [Cp®'Cr(CO),], (1)
as well as on the subsequent reaction of [Cp®"M(CO),], (M =Cr (1), Mo) with As, at high
temperatures. For 1, the reaction results in the formation of [(Cp®"Cr),(1,n>>-Ass)] (2), while for
M = Mo the triple decker complexes [(Cp®"Mo),(i,n*®-Ase)] (3) and [(Cp ™ "™*"Mo),(p,n*°-Asg)] (3')
(Cp"™®"™®" = 1°-CsH(CH,{CgHs})a) are the main products. Additionally, the novel arsenic rich complex
[(CP®"MoO)5 (1,0 -As10)] (4) and [(Cp®"Mo)>(,Nn*-As,)(1,n*-As3)] (5) can be obtained as minor

products depending on the reaction conditions.
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4.3 Results and Discussion

Following the synthesis for [CpB”I\/Io(CO)Z]Z,m 1 is easily obtained as microcrystalline powder by

co-thermolysis of Cp®"H and [Cr(CO)¢] at high temperatures (Scheme 4.1).

10h 190 °C /ﬁ s
Cp®"H  +  [Cr(CO)g) r—Cr

decalm

co Eo

R = CH,(CeH) 1(48 %)
Scheme 4.1 Synthesis of 1.

Compound 1 is soluble in CH,Cl, and toluene, slightly soluble in n-hexane and thf and insoluble
in CH3CN. By layering a CH,Cl, solution with n-hexane, 1 crystallises in the monoclinic space group
P2./c as dark green blocks. The molecular structure of 1 is depicted in Figure 4.2. Single crystal
X-ray structure analysis of 1 reveals a dinuclear complex with trans conformation of the CO
ligands with respect to the chromium-chromium unit and a staggered conformation of the Cp®"

ligands.

Figure 4.2 Molecular structure of 1 in the solid state. H atoms are omitted for clarity and cp®" ligands are
drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and angles [°]: Cr-Cr’ 2.3024(4), Cr1-C1 1.8357(14), Cr1-C2 1.8298(14), C1-01 1.1602(17), C2-02
1.1673(17), Cpeen-Cr-Cr’ 158.942(17), Cr1-C1-01 172.65(12), Cr1-C2-02 171.88(11), C1-Cr-C2 89.96(6).

The expected terminal coordination mode of the carbonyl ligands is in line with the CO
stretching bands of 1 in the IR spectrum (veo(KBr) = 1817 cm™, 1848 cm™, 1879 cm™, 1897 cm™).
The Cr-Cr triple bond of 1 is typically short (Cr-Cr' 2.3024(4) A) but slightly longer than other
reported Cr-Cr distances in [CpRCr(CO)z]z (CpR =Cp (r]S—CSHS): Cr-Cr’ 2.230(3),&,[13] Cp*: Cr-Cr
2.280(2) A, cp®™© (n°-CsH,Mes): Cr-Cr’ 2.267(1) A™)). The *H and *C{*H} NMR spectra of 1 show

the corresponding signals for two chemically and magnetically equivalent Cp™" ligands as well as a
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signal for the carbonyl ligands in the C{*H} NMR spectrum (8[CD,Cl,] = 251.28 ppm) (see Figure

S4.1-54.2, supplementary information).

Subsequent reaction of 1 with yellow arsenic at elevated temperatures leads to the formation
of 2 (Scheme 4.2). Although the thermolysis is performed overnight and with an excess of As,,

residual 1 could be found during the chromatographic workup.

<
|
o

r
/Q ‘ _As,17h Assleas
Re Cr—Cr AS """A A

decalm 190°C

" "

2(17 %)
Scheme 4.2 Synthesis of 2.

Compound 2 is soluble in CH,Cl,, toluene and thf and insoluble in n-hexane and CH3;CN. By
layering a CH,Cl, solution with CH5CN, 2 crystallises in the monoclinic space group P2,/c as long
brownish orange plates or needles. Single crystal X-ray structure analysis of 2 reveals a triple
decker structure with a planar cyclo-Ass middle deck in between two [Cp®'Cr] fragments (Figure
4.3). The Cp°" ligands show a staggered conformation in the solid state with respect to the
cyclo-Ass unit. All As-As bond lengths within the cyclo-Ass middle deck are in the range of
2.4247(6) A to 2.4402(7) A, which is not considerably shortened compared to an As-As single
bond (electron diffraction: 2.435 A in As,,® DFT calculations: 2.4372 A in As4[17]). The Cr1-Cr2
distance of 2.8113(7) A is slightly elongated in comparison to reported Cr-Cr bonds in the
isostructural triple decker complexes [(CpiCr),(u,n>>-Ass)] (Cp®=Cp“ (n°>-CsHsMe): Cr-Cr
2.776(4) A"¥ Cp’ (n*-CsEtMey): Cr-Cr 2.773(2) Al™). Considerably longer Cr-Cr distances like in
[{CPCr(CO),}(1,n*-As,)] (Cr-Cr 3.026(1) A) have been described in literature.*”
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Figure 4.3 Molecular structure of 2 in the solid state (left). Top view of 2 (right). H atoms are omitted for
clarity and CpBn ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability
level. Selected bond lengths [A] and angles [°]: Cr1-Cr2 2.8113(7), As1-As2 2.4268(7), As2-As3 2.4247(6),
As3-Asd 2.4326(7), Asd-As5 2.4387(7), As5-Asl 2.4402(7), As1-As2-As3 107.93(2), As2-As3-As4 108.30(2),
As3-As4-As5 107.92(2), As4-As5-As1 107.56(2), As5-As1-As2 108.28(2).

The triple decker complex 2 is a 29 VE complex. Accordingly, 2 should exhibit paramagnetic
behaviour due to the presence of at least one unpaired electron. The magnetic moment of 2
(Uegr = 1.50 upg) was determined by Evans method, which is consistent with one unpaired electron
(see Figure S4.8, supplementary information). Moreover, the EPR spectrum of 2 in CD,Cl, at 77 K
shows a signal without hyperfine coupling at g;, = 2.011, which is in good agreement with the
reported g, = 2.005 value for the isostructural complex [(Cp’Cr),(p,n>>-Ass)]™® (see Figure $4.9,
supplementary information). Thus, an average oxidation state of +1.5 (d*/d> system) has been
proposed for each chromium atom. The cyclic voltammogram of 2 in CH,Cl, shows two reversible
oxidations (Ey,=-0.36 V; Ej=+0.69 V; both vs. [Cp,Fe]/[Cp,Fe]’) and a reversible reduction
(E1/p=-1.43 V vs. [Cp,Fe]/[Cp,Fe]’) (see Figure S4.10, supplementary Information). Unfortunately,

the chemical oxidation and reduction could not be achieved during the scope of this thesis.

The co-thermolysis of [Cp®"Mo(CO),], with As, in decalin leads to the formation of 3 and 3’ as
the main products (Scheme 4.4). As the starting material [Cp®"Mo(CO),], is not fully converted
during these reactions even after 93 h at 190 °C, IR spectroscopic reaction control was impossible.
As a consequence, the final reaction time could not be determined exactly. Hence, besides 3/3’,
complex 4 or 5 can be isolated in traces as by-products depending on the reaction conditions

(Scheme 4.4). Unfortunately, 4 and 5 could be observed only once,*” while 3/3’ seem to be the
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thermodynamically favoured products and could be isolated each time. All complexes are soluble

in CH,Cl,, toluene and thf and insoluble in CH3;CN or n-hexane.

+As, (three times), 93 h JAsTmAs ¥ As=/[—\-As "As
- Asv 'As As— As \ /
decalin, 190°C As—lAs Ao— /i

Mo hs As 1L as

\y
0 Mo=Mo \@ Re 4

co o
R = CH,(CHs)
A —t
|
Mo /M
+As, 48h As==ls K :
>4 As “As -
1

decalin, 190°C As—lAs' \Ad-

Scheme 4.4 Reactions of [Cp®"Mo(CO),], with As,.

After column chromatographic workup, 3 and 3’ can be crystallised by layering a CH,Cl,
solution with CH3CN. Being very similar, these two complexes co-crystallise as brownish orange
blocks in the monoclinic space group C2/c. Single crystal X-ray diffraction analysis reveals a triple
decker structure with a planar cyclo-Ass middle deck for 3 and 3’ stabilised by two [Cp*Mo]
fragments (Cp" = Cp®" (3), Cp"*"™™" (3")) (Figure 4.4). Only one half of the molecule can be found in
the asymmetric unit, the other half is generated by symmetry. Moreover, two sorts of triple
decker complexes (3 and 3') statistically take the same crystallographic position resulting in the
co-crystallisation of 3 and 3’. Therefore, the overall chemical composition of 3 and 3’ can be
determined to be Cy3HgsMo0,Asg indicating a ratio of 3 and 3’ of 1:1. This composition is also in line
with the results found in the elemental analysis as well as the approximated integrals in the
"H NMR spectra of 3 and 3’. The presence of the Cp'™*™®" ligand could be probably explained due

to impurities of the Cp®'H ligand.”” The As-As bond lengths within the cyclo-Ass units are in-
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between As-As single bonds and As-As double bonds (2.354(11) A -2.43(5) A) but elongated
compared to the isostructural Cp’ derivative [(Cp’Mo),(i,n%®-Ase)] (2.337(3) A - 2.365(3) A).P The
Mo-Mo’ distances of 3 and 3’ are consistent with the Mo-Mo bond length reported in literature

(3/3": 2.6638(9) A, [(Cp’MO0),(11,n"*-Asg)]: 2.639(1) AP).

3 3

Figure 4.4 Molecular structure of 3 (left) and 3’ (right) in the solid state (main part). H atoms of the benzyl
ligands are omitted for clarity and Cp™" ligands as well as the Cp'®™" ligands are drawn in wire or frame
model. Due to disorder only the main part is depicted and thermal ellipsoids are drawn at 50 % probability
level. 3 and 3’ crystallise on the same crystallographic position in a 1:1 ratio. Selected bond lengths [A] and
angles [°]: Mo-Mo’ 2.6638(9), As1-As2 2.354(11), As2-As3 2.394(13), As3-Asl’ 2.43(5), Asl-As2-As3
122.8(18), As2-As3-As1’ 120.1(12), As3-As1’-As2’ 117.1(15).

The 'H and “C{*H} NMR spectra of a mixture of 3 and 3’ show the corresponding set of signals
for the Cp® and Cp™™®" ligands. Therein, the chemical shifts could be exactly assigned due to
'H COSY, 'H ®c{*H} HSQC and 'H “C{*H} HMBC NMR spectra of 3/3’ (see Figure S4.3-54.7,
supplementary information). Moreover, the electrochemistry of 3/3’ was investigated by cyclic
voltammetry. The cyclic voltammogram of 3/3’ in CH,Cl, shows a reversible oxidation
(E1/,=-0.12 V vs. [Cp,Fe]/[Cp,Fe]’) and an irreversible oxidation (E= +0.65 V vs. [Cp,Fe]/[Cp,Fe]’)
(see Figure S4.11, supplementary Information). Therefore, an oxidation of 3/3’ by [Cp,Fe]” or by
Ag" in CH,Cl, should be possible.m] Unfortunately, the chemical oxidation of 3/3’ could not be

achieved so far.

During column chromatographic work up, only once a green fraction of 4 is obtained. By
layering a CH,Cl, solution with cyclohexane, 4 crystallises in the triclinic space group P1 as dark

green plates. Single crystal X-ray structure analysis of 4 reveals a strongly folded cyclo-As,q ligand
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stabilised between two [Cp®"Mo] fragments (Figure 4.5). Only one half of the molecule can be
found in the asymmetric unit, the other half is generated by symmetry. The As-As distances within
the cyclo-As;o unit alternate between an As-As double bond (As1-As2 2.3580(6) A, As4-As5
2.3538(5) A) and an As-As single bond (As2-As3 2.4224(4) A, As3-As4 2.4223(5) A). Therefore, the
As,o unit can be best described as a decaarsa-2,4,7,9-tetradiene-1,6-diide stabilised by [CpB”I\/Io]+
fragments. Additionally to the twofold n’-coordination mode, a n'-coordination of the atoms As3
and As3’ to molybdenum is observed. Consequently, a formal oxidation state of +2 is expected for

each molybdenum atom.

Figure 4.5 Molecular structure of 4 in the solid state. H atoms are omitted for clarity and CpBn ligands are
drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and angles [°]: As1-As2 2.3580(6), As2-As3 2.4224(4), As3-As4 2.4223(5), As4-As5 2.3538(5), As5-As1’
2.4127(5), Mo-As3’ 2.6239(5), As1-As2-As3 90.333(17), As2-As3-As4 86.807(16), As3-As4-As5 90.809(18).

DFT calculations (RI-BP86/def2-TZVP) confirm the bonding situation in 4. This is also reflected
in the Wiberg Bond Indices (WBI) of the corresponding bonds. The As-As bonds with a double
bond character have a bond order of 1.05, while the other As-As bonds have slightly lower bond
orders (WBI of 0.83 and 0.95). Furthermore, the visualisation of the localised molecular orbitals
(LMO, Figure 4.6) clearly indicates a bonding interaction between As3 and Mo (LMO 214) as well
as between As3’ and Mo (LMO 192). The As3’-Mo bond (LMO 192) is considerably polarised
towards arsenic (~76% arsenic atomic orbital (AO) contribution), while the As3-Mo bond

(LMO 214) is much less polarised (~57 % arsenic AO contribution). Furthermore, the hybridisation
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of As3 is considerably different. In LMO 192 the arsenic is sp®® hybridised, in LMO 214 the

bonding is realised over a pure p orbital (see supplementary information, DFT part).

LMO214 LMO192

Figure 4.6 Isosurfaces of selected localised molecular orbitals in [(Cpl\/lo)z(u,nS:Silil—Aslo)] showing the As3-

Mo and As3’-Mo bonds. Calculated at the BP86/def2-TZVP level of theory.

Up to date, 4 represents the largest polyarsenic cycle known so far. Indeed, larger As, ligand
complexes up to n=12 ([(Cp”'Co)s(ps,n****-As1,)], Cp’” =n°-1,2,4-CsH,'Bus) are reported in
literature, but such complexes usually contain individually bridged arsenic subunits.*”
Accordingly, [(Cp’”’Co)s(ps,n****-As1,)] is built up by a norbornadiene like As, unit linked by an
As-As bond to an envelope like Ass unit. Besides, polyarsenic frameworks with up to 22 arsenic

atoms are known for Zintl anions.'*

In addition, the isostructural P, ligand complex
[(Cp*Mo)5(1,n°>"-P10)] has been obtained by co-thermolysis of [Cp*Mo(CO),], with P, exhibiting
a similar bonding situation with an alternation of the P-P bonds between a double and a single
bond.® Therefore, [(Cp*Mo),(i,n>*"*-P1y)] and 4 are the heavier congeners of [CioH10]%, which

has been intensively studied by theoretical methods."?®

Depending on the reaction time, 5 can be observed only once as the minor product after 48 h
during column chromatographic workup. Crystals of 5 can be obtained in the dark brown oily
residue after removal of the solvent. 5 crystallises as brown blocks in the monoclinic space group
P2,/c. Single crystal X-ray structure analysis of 5 reveals a triple decker structure with a pseudo
five-membered arsenic middle deck. Here, a n*-coordinated As; moiety and a n*-coordinated As,
unit are stabilised by two [Cp®"Mo] fragments (Figure 4.7). The Cp®" ligands show an eclipsed
conformation. Unfortunately, only a preliminary model of 5 can be depicted, since the arsenic
unit as well as the Cp®" ligands show severe disorder over several positions. Consequently, a

discussion of the As-As bond distances or bond angles is not possible to date.
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Figure 4.7 Preliminary model of the molecular structure of 5 in the solid state (main part). H atoms of the
CpBn ligands are omitted for clarity and Can ligands are drawn in wire or frame model. Thermal ellipsoids
are drawn at 50 % probability level.

Nevertheless, 5 shows close structural analogy to [(CpMo),(1,n*-As,)(i,n>-Ass)] and similar
trends in the As-As distances as well as in the Mo-Mo bond lengths are observed.”?” Alternatively,
in [(CpMO),(1,n*As,)(1,n>-As3)] the formal Ass unit was proposed as a [n*-Ass]* ligand, exhibiting
longer As-As bond lengths (2.385(3) A - 2.752(3) A) as expected. The latter is also expected to be
paramagnetic due to formal Mo® centres. For 5, no signal in the EPR spectra at room
temperature or at 77 K was detected, suggesting an open shell system with short relaxation
times. Unfortunately, the magnetic moment of 5 could not be determined by Evans method, since
crystals are only obtained in traces in the oily residue. However, the peak corresponding to the

molecular ion of [5]" at m/z = 1597.9 could be detected by El mass spectrometry.

In summary, the synthesis of the chromium precursor [Cp"Cr(CO),], (1) is presented. Single
crystal X-ray structure analysis of 1 reveals a trans conformation of the CO ligands with respect to
the chromium-chromium unit as well as a Cr-Cr bond in the range of a Cr-Cr triple bond.
Subsequent co-thermolysis of 1 with As, at high temperatures leads to the selective formation of
the triple decker complex [(CpB”Cr)z(u,r]S:S—ASS)] (2), containing a cyclo-Ass middle deck. The
magnetic moment of 2 was determined by Evans method (ues=1.50 ug) as well as by EPR
spectroscopy (gi, = 2.011), which are both consistent with one unpaired electron. The cyclic
voltammetric data of 2 show two reversible oxidations and a reversible reduction of the complex.

Moreover, the reaction of [CpB”I\/Io(CO)Z]Z and As, has been investigated. Here, the cyclo-Asg triple
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decker complexes [(Cp®"Mo),(1,n%%-Ase)] (3) and [(Cp™™"Mo),(1,n*%-Ass)] (3’) have been
obtained. Both compounds crystallise in a 1:1 ratio at the same crystallographic position.
Furthermore, the redox chemistry of 3/3’ has been studied by cyclic voltammetry revealing a
reversible oxidation as well as a second irreversible oxidation. Additionally, the formation of the
by-products  [(Cp*"Mo),(1,n***"-As1o)] (4) and [(Cp*"Mo),(k,n’-As,)(n>Ass)] (5) could be
observed. While 4 contains the largest known cyclic polyarsenic ligand (Asy, ligand) to date, for 5
only a preliminary structural model could be proposed due to severe disorder. 5 shows a triple
decker structure with a distorted pseudo five-membered cyclo-Ass middle deck, consisting of a
n*-As; moiety and a n’-As, unit. Furthermore, the presence of 5 could be confirmed by EI mass

spectrometry, while DFT calculations gave an insight into the bonding situation of 4.
4.4 Experimental Part

General Remarks

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk techniques. Solvents were purified, degassed and dried prior to use. [Cp®"Mo(CO,),],"
CpB“H[zg] and As,* were prepared according to literature procedures. [M(CO)¢] (M = Mo, Cr) was

commercially available and was used without further purification.

The NMR spectra were recorded on a Bruker Avance 300, Avance Il HD 400 or Avance Ill HD
600 spectrometer. The El MS spectra were measured either on a ThermoQuest Finnigan MAT SSQ
710A mass spectrometer or on a Jeol AccuTOF GCX spectrometer. The LIFDI MS spectra were
measured on a Finnigan MAT 95 mass spectrometer. The elemental analyses were determined
with a Vario ELIIl apparatus. The X-band EPR measurements of 2 and 5 were carried out with a
MiniScope MS400 device with a frequency of 9.5 GHz and rectangular resonator TE102 of the
company Magnettech GmbH. The IR spectrum was measured on a VARIAN FTS-800 FT-IR

spectrometer.
Synthesis of [Cp®"Cr(CO),], (1)

Cp®H (4.17 g, 8.07 mmol) and [Cr(CO)]s (1.78 g, 8.08 mmol) were dissolved in 150 mL decalin and
the mixture was heated to reflux. The reaction progress was monitored by IR spectroscopy. After
10 h, the deep green solution was allowed to cool to room temperature. Within this time, 1
crystallises as microcrystalline powder. The mother liquor was decanted and the powder was
washed with n-pentane and dried in vacuo. Crystals suitable for single crystal X-ray structure

analysis were obtained by layering a CH,Cl, solution of 1 with n-hexane.
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Analytical data of 1

Crystalline yield: 2.42 g (1.94 mmol, 48 % referred to Cp""H).

"H NMR (CD,Cl,): & [ppm] = 3.91 (s, 20H, CH,), 6.56 (d, 20H, CgHs), 6.87-6.99 (m, 30H, CeHs).
Bc{*H} NMR (CD,Cl,): 6 [ppm] =31.92 (CH,), 105.77 (Cs), 126.28 (CeHs), 128.29 (CeHs), 129.40
(CHs), 139.46 (CgHs), 251.28 (CO).

IR (KBr): veo [cm™] = 1817 (vs), 1848 (vs), 1879 (vs), 1897 (vs).

El MS (70 eV, CH,Cl,): m/z (%) =1134.5 (20) ([(Cp™Cr),]"), 1082.6 (80) ([Cp"",Cr]*), 516.5 (20)
([CP®"H]"), 425.4 (15) ([Cp®™-C,H;]"), 330.3 (25) ([Cp°"-H,-2 C;H,]Y), 241.2 (15) ([Cp°"-H,-3 C;H,]Y),
181.2 (55) ([Cp®"-Hy-4 C;H)"), 91.1 (100) ([CH)Y).

Elemental Analysis: Calculated (%) for [CgsH7oCr,0,4 - 0.5 CH,Cl,] (1288.39 g/mol): C 78.70, H 5.55;
found C 78.68, H 5.70.

Synthesis of [(Cp®"Cr),(p,n>>-Ass)] (2)

A freshly prepared solution of As, (starting from 5 g grey arsenic) in 250 mL decalin was added to
a suspension of [Cp®"Cr(CO),], (1) (780 mg, 0.63 mmol) in 50 mL decalin and refluxed for 17 h. The
solvent was removed in vacuo. Subsequently column chromatographic work up (silica gel,
n-hexane, 26 x 2.5 cm) with n-hexane/toluene (2:1) afforded a red to brownish fraction of 2.
Unreacted 1 remained mostly on the column and could be partially eluted with toluene or CH,Cl..
2 can be crystallised from concentrated CH,Cl, solutions layered with CH;CN after complete

diffusion as long orange brownish needles or plates.

Analytical data of 2

Crystalline yield: 165 mg (0.11 mmol, 17 % referred to 1).

Evans method (CD,Cl,): pegr= 1.50 pg.

X-band EPR (77 K, CD,Cl,): g5, = 2.011.

El MS (70 eV, toluene): m/z (%) = 1510.1 (7) ([(Cp®'Cr),Ass]?), 514.3 (9) ([Cp™-H,]*), 425.2 (100)
(ICp®"-CH,1), 299.7 (59) ([Asa]"), 91.1 (100) ([C/H,I).

Elemental Analysis: Calculated (%) for [CgoH7oCryAss] (1510.01 g/mol): C 63.63, H 4.67; found
C63.12,H4.70.
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Synthesis of [(Cp™Mo),(1,n**-Asg)] (3), [(CP™™*Mo),(1,n**-Asg)] (3') and [(Cp*"Mo),(1,n>**-Asy)]
(4) and [(Cp®*"Mo),(p,n*As,)(1,n>-As3)] (5)°

Overall three times in a row, a freshly prepared solution of As, (starting from 5 g grey arsenic) in
250 mL decalin was added to a suspension of [Cp®"Mo(CO),], (1.33 g, 1.00 mmol) in 50 mL decalin
and refluxed for 24 h each time. Altogether the reaction mixture was refluxed for 93 h. The
solvent was removed in vacuo. The resulting brownish residue was dissolved in n-hexane/toluene
(2:1). Subsequently column chromatographic work up (silica gel, n-hexane, 16 x 3 cm) with
n-hexane/toluene (3:2) afforded an orange to brownish fraction of 3/3’. A solvent mixture of
n-hexane/toluene (1:1) afforded unreacted [Cp®"Mo(CO),),. A final green fraction of 4 can be
eluted with toluene. 2 can be crystallised from concentrated toluene solutions layered with
CH5CN after complete diffusion as long orange brownish needles or plates. Crystals of 4 suitable
for single crystal X-ray structure analysis were obtained from CH,Cl, solutions layered with

cyclohexane after complete diffusion.
Crystalline yield of 3/3": approximately 20 mg (0.01 mmol, 1 % referred to [Cp®"Mo(CO),]).

Complex 3/3’ can be obtained in better yield by co-thermolysis of [Cp®"Mo(CO),], (918 mg,
0.69 mmol) with As, (5 g grey arsenic) in decalin for 48 h with column chromatographic workup as
described above. Instead of 4, this time complex 5 can be isolated in traces as a brown fraction.
Crystals of 5 for single crystal X-ray structure analysis were obtained from the oily residue after

removal of the solvent.

Analytical data of 3/3’

Crystalline yield: 96 mg (0.06 mmol, 7 % referred to [Cp®"Mo(CO),],).

'H NMR (CD,Cl,): & [ppm] = 1.66-1.71 (m, 8H, CH,[3"]), 1.66-1.71(m, 8H, CH,[3]), 1.85 (s, 10H,
CH,[3]), 1.88 (s, 10H, CH,[3]), 3.74 (s, 1H, CH[3']), 3.96 (s, 1H, CH[3’]), 5.62 (d, CsHs[3"]), 5.64 (d,
20H, CgHs[3]), 6.23-6.26 (M, CeHs[3]), 6.30-6.34 (M, CeHs[3]), 6.38-6.41 (m, 20H, CeHs[3]), 6.47-
6.51 (m, CgHs[3']), 6.56-6.60 (m, 10H, CsHs[3]) 6.82-6.92 (m, CsHs[3’]) (due to strong overlap the
integration of the benzyl groups of 3’ was not possible).

BC{*H} NMR (CD,Cl): & [ppm] = 35.11 (CH, [3']), 36.17 (CH,[3']), 36.28 (CH,[3]), 36.34 (CH,[3]),
95.19 (Cs[3']), 95.75 (Cs[3’]), 97.08 (Cs[3]), 97.13 (Cs[3]), 125.45 (CeHs[3’]), 125.64 (CeHs[3']),
125.67 (CgHs[3]), 126.07 (CeHs[3]), 127.42 (CeHs[3]), 127.43 (CeHs[3’]), 127.45 (CeHs[3]), 127.77
(CgHs[3]), 128.05 (CsHs[3]), 128.08 (CeHs[3']), 128.11 (CeHs[3]), 128.14 (CgHs[3]), 138.75 (CeHs[37]),
139.30 (CgHs[3]), 139.33 (CHs[3]), 139.65 (CeHs[3]).



36| Novel Triple Decker Complexes of Group 6 Metals

LIFDI MS (toluene): m/z (%) = 1673.3 (16) [(Cp°"Mo),Ase]*), 1599.4 (80) [(Cp*"Mo),Ass]*), 1582.4
(32) [(Cp™"™*"Mo),Ase]"), 1508.7 (100) [(Cp"**"Mo),Ass]*).

Elemental Analysis: Calculated (%) for [Cy3HgsMo0,Ass] (1582.70 g/mol): C 55.40, H 4.08; found
C55.60, H 4.19.

Analytical data of 4

Crystalline yield: few crystals.
'H NMR (CD,Cl,): & [ppm] = 3.89 (s, CH,), 6.62 (d, C¢Hs), 6.95-7.05 (m, C¢Hs) (due to impurities of

3/3’ the integration of the benzyl groups of 4 was not possible).

Analytical data of 5

Crystalline yield: few crystals.

X-band EPR (CH,Cl,): EPR silent.

El MS (70 eV, CH,Cl,): m/z (%) = 1597.9 (40) ([(Cp®"Mo),Ass]®), 1221.4 (75) ([Cp®",Mo,]"), 1128.4
(15) ([Cp°",Mo]"), 514.5 (20) ([Cp™™-H,]*), 424.2 (10) ([Cp°"-C;H,]"), 331.3 (10) ([Cp™"-H,-2 CH)Y),
241.2 (15) ([Cp°"-H,-3 C;H,]"), 181.2 (50) ([Cp®"-Hy-4 C;H-]"), 91.1. (100) ([C/H]").
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4.5 Supplementary Information

NMR Investigations
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Figure $4.1 'H NMR spectrum of 1 in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents and silicon grease.
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Figure S4.2 13C{lH} NMR spectrum of 1 in CD,Cl, at 300 K. Signals marked with an asterisk are due to
different solvents and silicon grease.
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Figure 54.3 "H NMR spectrum of 3 (red)/3’ (blue) in CD,Cl, at 300 K. Signals marked with an asterisk are due
to different solvents and silicon grease.
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Figure S4.4 Be{'Hy NMR spectrum of 3 (red)/3’ (blue) in CD,Cl, at 300 K. Signals marked with an asterisk are
due to different solvents and silicon grease.
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Figure S4.6 'y 13C{lH} HSQC NMR spectrum of 3/3’ in CD,Cl, at 300 K. Signals marked with an asterisk are

due to different solvents and silicon grease.
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Figure S4.7 "H ®c{*"H} HMBC NMR spectrum of 3/3’ in CD,Cl, at 300 K. Signals marked with an asterisk are
due to different solvents and silicon grease.
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solvents and silicon grease. Signal marked with a square is due to impurities of 3/3".
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Determination of the magnetic moment of 2 by the Evans method

The magnetic moment pes of 2 was determined by '"H NMR spectroscopy using the Evans
method.®" The pure solvent serves as an internal reference and diamagnetic contributions are
neglected according to equation (1) and (2).5% As a result, an effective magnetic moment Uegr OF
1.50 pg is obtained, which is in good agreement with 1 unpaired electron. The "H NMR spectra

were recorded on a Bruker Avance Ill HD 400 (*H: 400.130 MHz) spectrometer at 300 K.

Uerr = 798 T * Xm ey

3-Af

= 1000-f-c @

Am

¥m = molar susceptibility of the sample in m3/mol

A f = chemical shift difference between pure solvent and the solvent with paramagnetic
compound in Hz

f =frequency of the NMR spectrometer in Hz

¢ = concentration of the sample in mol/L

Kesf = effective magnetic moment in g

T = measurement temperature in K

N |
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Figure S4.9 'H NMR spectrum of 2 in CD,Cl, at 300 K for Evans method.
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Representation of the X-Band EPR spectra of 2
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Figure $4.10 EPR spectrum of 2 in CD,Cl, at 77 K.

Representation of the cyclic voltammograms of 2 and 3/3’
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Figure S4.11 Cyclic voltammogram of 2 recorded at a platinum disc electrode in CH,Cl, at 0.1 vs' and
referenced against [Cp,Fel/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).



Novel Triple Decker Complexes of Group 6 Metals |43

-2.200 -1.700 -1.200 -700 -200 300 800 1.300
14,0 T T T T T T 14,0
12,0 12,0
10,0 10,0
8,0 4 80
4 6,0
1(pA)
4,0 4 4 4,0
2,0 4 4 20
—
0,0 4 4 0,0
-2,0 4 2,0
4,0 T T T T 4,0
-2.200 -1.700 -1.200 -700 -200 300 800 1.300
E(mV)

V vs. Cp,Fe/Cp,Fe*

Figure S4.12 Cyclic voltammogram of 3/3’ recorded at a platinum disc electrode in CH,Cl, at 0.1 Vs and
referenced against [Cp,Fel/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).

Details on DFT calculations

All calculations were carried out using the TURBOMOLE program package package.[33] The
geometry was optimised in the C; point group using the RI-**BP865 functional together with the
def2-TzvPP® basis set for all atoms. For the geometry optimisations the Multipole Accelerated
Resolution of Identity (MARI-)®” approximation was used. The population analysis was

performed with the corresponding modules as implemented in Turbomole.

4

5:5:1:1

Figure S4.13 Optimised geometry of [(CpMo),(w,n -Asyy)] at the BP86/def2-TZVP level of theory.
Selected bond lengths (A): As5-As6 2.389, As3-As6 2.463, As3-Asd 2.388, As5-As12 2.455, Mo1-As12 2.699,
Mo1-As7 2.658.
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LMO214 LMO192

Figure S4.14 Isosurfaces of selected localised molecular orbitals in [(CpMo),(1,n>> " "-As10)] showing the As7-
Mol and As7-Mo2 bonds. Calculated at the BP86/def2-TZVP level of theory.

LUMO+1 (108au) LUMO (108ag) HOMO (107au) HOMO-1 (106au)
(-2.704 eV) (-3.101 eV) (-4.802 eV) (-4.878 eV)

HOMO-2 (105au) HOMO-3 (107ag) HOMO-4 (106ag) HOMO-5 (104au)
(-5.082 eV) (-5.227 eV) (-5.284 eV) (-5.768 eV)

Figure S4.15 Isosurfaces of selected molecular orbitals in [(CpMo), (0" -Asyo)] at the BP86/def2-TZVP
level of theory.

Table S4.1 Cartesian coordinates of the optimised geometry of [(CpI\/Io)z(u,r]S:S:l:l-Aslo)] at the BP86/def2-
TZVP level of theory (total energy =-22886.05552937389 a.u.).

Atom X y X
Mo 1.8399803 -0.2378806 -0.6822985
Mo -1.8399803 0.2378806 0.6822985
As -1.4852845 -2.4568346 0.4121899
As -2.5563945 -1.2873098 -1.3735115
As 2.0887640 -2.0282418 1.2672238

As 0.7517024 -2.7411810 -0.5792205
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0.1378483

2.4568346

1.2873098

2.0282418

2.7411810

-0.1378483

0.2467177

-0.7942385

-0.1983764

1.2139102

1.4878539

-0.2467177

0.7942385

0.1983764

-1.2139102

-1.4878539

-0.1195568

1.8505869

-1.9505002

-2.4714983

2.4714983

0.1195568

-1.8505869

1.9505002

-0.7209919

0.7209919

-1.7040472

-0.4121899

1.3735115

-1.2672238

0.5792205

1.7040472

2.9802262

2.3505684

1.3848228

1.4287461

2.4214538

-2.9802262

-2.3505684

-1.3848228

-1.4287461

-2.4214538

-3.7695182

-2.5903590

-0.8473229

-2.7245662

2.7245662

3.7695182

2.5903590

0.8473229

0.7645920

-0.7645920




46| Novel Triple Decker Complexes of Group 6 Metals

Crystallographic Details

The data for 1 were collected on an Agilent Technologies Gemini R-Ultra diffractometer
equipped with an Atlas®* CCD detector and using an Enhanced Ultra CuK, (A = 1.54178 A) sealed
tube. The data for 2 were collected on an Oxford Diffraction GV50 diffractometer equipped with
Titan>* CCD detector and a CuK, microfocus source. The data for 3/3’ were collected on an Agilent
Technologies Gemini R-Ultra diffractometer equipped with Ruby CCD detector and an Enhanced
Ultra CuK, sealed tube. The data for 4 were collected on an Agilent Technologies diffractometer
equipped with an Atlas CCD detector and a SuperNova CuK, microfocus source. All measurements
were performed at 123 K. Crystallographic data and details of the diffraction experiments are
given in Table $4.2-54.4. Using Olex2,®® the structures were solved either with the ShelxT¥ (1,
2), SIR2004% (3/3’) or SUPERFLIP™! (4) structure solution program using Direct Methods and
refined with the ShelXL"? refinement package using Least Squares minimisation. Especially in
case of disorder, commonly used restraints for the ShelXL program were applied (SIMU). Since
3/3' co-crystallise on the same crystallographic position in a 1:1 ratio, the EXYZ constraint was
used. Furthermore, the refinement for 5 is unstable so far, due to serious disorder. Therefore,
only a preliminary model is described. Moreover, H atoms were located in idealised positions and
refined isotropically according to the riding model. A semi-empirical numerical absorption

correction based on gaussian®’

integration over a multifaceted crystal model (1-4) or an
analytical™ absorption correction from crystal faces (5) was applied. Figures were created with

DIAMOND3.0.1*!
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1 2
Chemical formula CgaH70Cr,0, CaoH70CraAss
M/g-mol™ 1247.40 1509.96
T/K 123 123
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c
a/A 11.15882(4) 24.5562(7)
b/A 13.58072(5) 10.4172(2)
c/A 21.32389(9) 25.9948(7)
a/° 90.00 90.00
B/ 104.0994(4) 105.696(3)
v/° 90.00 90.00
V/A3 3134.17(2) 6401.7(3)
z 2 4
Pea/grem’ 1.322 1.567
p/mm’™’ 3.281 6.016
F(000) 1308.0 3052.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I>20(l)]

Final R indexes [All Data]

Largest diff. peak/hole/eA'3

0.3143 x 0.1612 x 0.095
CuKyq

8.17 t0 133.596

-13<h <13,

-16 <k <16,

-25<1<25

85281

5547

[Rint = 0.0296, Rgigma = 0.0108]

5547/0/407

1.060

Ri=0.0263, wR, = 0.0743
R, = 0.0267, wR, = 0.0745
0.26/-0.32

0.209 x 0.073 x 0.044
CuKyq

7.042 to 134.106
-29<h <25,
-8<k<12,
-31<1<29

23335

11238

[Rint = 0.0369, Ryigms = 0.0419]

11238/0/784

1.035

R1 = 0.0404, wR, = 0.1059
Ri=0.0494, wR, = 0.1124
0.71/-0.69
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Table $4.3 Crystallographic data for 3/3" and 4.

of Group 6 Metals

3/3’ 4
Chemical formula Cy3HgaMo05AS CgoH70M05As
M/g-mol™ 1582.64 1972.44
T/K 123 123
Crystal system monoclinic triclinic
Space group C2/c P1
a/A 23.4962(3) 9.2408(3)
b/A 10.11463(10) 12.2615(6)
c/A 26.3849(3) 16.6818(9)
a/° 90 78.593(4)
B/° 99.6846(11) 77.897(4)
v/° 20 70.760(4)
V/A3 6181.14(12) 1727.89(15)
z 4 1
Pea/grem’ 1.701 1.896
w/mm™ 7.218 8.643
F(000) 3136.0 964.0
Crystal size/mm3 0.1757 x 0.1077 x 0.0494 0.076 x 0.0205 x 0.0152
Radiation CuKy CuKy
26 range/® 7.634 to 132.992 7.712 t0 134.154

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

-27<h<27,
-12 <k <38,
-31<1<30
18718

5416

[Rint = 0.0253, Ryigma = 0.0229]

5416/603/494

1.083

R1=0.0564, wR, = 0.1534
R1=0.0592, wR, = 0.1561
0.89/-0.77

-10<h <10,
-14<k <14,
19<1<18
10125

6061

[Rie = 0.0282, Rygma = 0.0424]

6061/0/415

0.995

R1=0.0265, wR; = 0.0597
R1=0.0337, wR, = 0.0630
0.89/-0.55




Novel

Table S4.4 Crystallographic data for 5.

Triple Decker Complexes

5
Chemical formula CgoH70MO05ASS
M/g-mol™ 1597.84

T/K 123

Crystal system monoclinic
Space group P2./c

a/A 9.94802(12)
b/A 32.0511(3)
c/A 20.0606(2)
a/° 90

B/ 96.6725(11)
v/° 90

V/A3 6352.89(12)
z 4

Pea/g-cm” 1671
w/mm™ 6.478

F(000) 3196.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA'3

0.211 x 0.145 x 0.104
CuKyq

5.222 to 134.156
-11<h <11,

-38 <k <38,
-23<1<23

102927

11335

[Rint = 0.0777, Ryigma = 0.0260]

11335/204/832

2.219

R, = 0.1244, WR, = 0.4358
R, = 0.1266, WR, = 0.4424
2.48/-6.92
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5. Co-Thermolysis vs. Transfer Reaction: Novel As,, Ligand Complexes

of Iron

M. Schmidt, F. Riedlberger, E. Madl and M. Scheer

Thermolysijs ransfer
(Fe]
As—1=—As
A/ \As
S
S [Fe]

Abstract:

Different novel As, ligand complexes of iron bearing the Cp®" ligand (Cp®" = n°-Cs(CH,{CeHs})s)
have been prepared either by co-thermolysis of [Cp®"Fe(CO),], with As, at elevated temperatures
or by transfer reaction using [Cp”,Zr(n**-As4)] (Cp” = n°>-1,3-CsH5'Bu,) as an arsenic source under
mild reaction conditions. While co-thermolysis leads to the formation of [Cp®'Fe(n’-Ass)] (1),
[(Cp®*"Fe)s(Hs,n***-Ass) (Ms-As)] (2) and [(Cp™Fe)s(ks,n"**-Ase){Fe(n’As)}] (3), the reaction of in
situ generated [Cp®"Fe(u-Br)], with [Cp”,Zr(n""-As,)] vields [(Cp®"Fe),(1,n**-As4)] (4) exclusively.
Complexes 1 and 4 are fully characterised by single crystal X-ray diffraction analysis, NMR
spectroscopy, mass spectrometry as well as elemental analysis. Furthermore, the redox chemistry
of 1 and 4 has been investigated by cyclic voltammetry, revealing two irreversible oxidations and
one irreversible reduction for 1. For 4, a reversible oxidation and reversible reduction is observed.
Chemical oxidation of 4 with AgBF, results in an oxidative change of the structural core motif.
Consequently, the cisoid-As, middle deck of 4 is extended to a cyclo-Ass middle deck, stabilised in

the triple decker complex [(CpB”Fe)z(u,r]S:S—ASS)][BF4] (5).
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5.1 Author Contributions

e All syntheses and characterisations were performed by Monika Schmidt.

e Manuscript was written by Monika Schmidt.

e Figures were made by Monika Schmidt.

e Single crystal X-ray structure analyses and refinements were performed by Monika Schmidt.

e The cyclovoltammetric measurements of 1 and 4 were performed and interpreted by Dr. Eric

Madl (1) and Felix Riedlberger (4).
5.2 Introduction

Since Dahl™ firstly reported on the synthesis of unsubstituted naked arsenic ligands, a variety
of so called As, ligand complexes has been established.”’ Beside organic arsenic derivatives,
As7(Sil\/|e3)3,[4] metallic arsenic™ or AsCl;,® the highly reactive As, has especially been used as an
arsenic source in the last years.”" In general, the As, tetrahedron often undergoes a successive
degradation vyielding smaller As, ligand complexes. However, subsequent aggregation to larger
As, ligand complexes can also occur. Usually, the so-formed As, units are stabilised by
unsaturated transition metal fragments, which are often generated starting from
cyclopentadienyl containing carbonyl transition metal complexes of the general formula

[CpRl\/I(CO)x]y during co-thermolysis with As,. A good example of the variety of realised As, motifs

are the As, ligand complexes of iron (Scheme 5.1).

[Fel
~
Asy, As—— g AS
R :
ST el [Fe]
[Fe]}ﬂ N A N Asu,, ”.\As\ R As  Fe
e — g Ag ).“AS‘_U :
\ [9 e AS hs [Fe/] [Fel] \
Ag ''''' ) hs "‘-..,AS/ F(S A‘S/AS.__""AS
[Fe]
' I i v
[Fe] = CpFe Cp*Fe {CDBIGFE‘(CO)Z} {CDHIFE(CO)ZJ
Cp'Fe {Cp"Fe(CO),} Fe = {Cp"'Fe(CO)}

Scheme 5.1 Selected examples of As, ligand complexes of iron.

The reaction of the parent complex [CpFe(CO),], (Cp = nS—CSHS) with As, yields [(CpFe)(As,),]
(), containing two As, units which are part of the triangulated dodecahedral [Fe;As,) skeleton.®
In contrast, the thermolysis of the derivatives [CpRFe(CO)z]z (CpR= Cp* (nS—CSMeS), Cp’
(n°-CsEtMey)) with yellow arsenic leads to the formation of [Cp®Fe(n>-Ass)] (Il), containing the

[

cyclo-Ass ligand, which is richer in arsenic.”’ Besides co-thermolysis with transition metal
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precursors, As, can also be activated at room temperature. Recently, our group studied the
reaction of As, with [Cp"Fe(CO),], (Cp® = Cp””’ (n°-1,2,4-CsH,'Bus),™™ Cp®° (n°-Cs{4-"BuCeHa}s)™),
resulting in the butterfly complexes [{Cp Fe(CO),}x(1,n""-As4)] (Il). Moreover, the formation of
the butterfly like As, structural motif is expected to be the initial step in the degradation process
of the As, tetrahedron. Additionally, for Cp® = Cp’”’ the butterfly complex dimerises under
photolytic conditions to give [{Cp’”’Fe(CO),}{Cp" Fe(CO)h(ta,n " *%-Ass)] (IV), containing a

hitherto unknown Asg realgar like unit.™”

However, the observed structural As, motifs certainly depend on the steric and electronic
properties of the Cp® ligand. These results prompted us to investigate the reactivity of
[Cp°"Fe(CO),], towards As, (Cp™" = n’-Cs(CH,{CeHs})s). Since this complex shows no reactivity
towards yellow arsenic at room temperature, the question arose whether As, ligand complexes

with [Cp®"Fe] fragments could be obtained by co-thermolysis and alternative reactions.

Herein, we report on the co-thermolysis of [Cp®"Fe(CO),], and As, at elevated temperatures as
well as on the use of [Cp”,Zr(n""-As,)] (Cp” = n>-1,3-CsHs'Bu,) as an arsenic transfer reagent
under mild reaction conditions. While thermolysis leads to the formation of [Cp®"Fe(n>-Ass)] (1),
[(Cp™"Fe)s(ks,n***-Ass)(1s-As)] (2) and [(Cp™"Fe)s(ps,n™**-Ase){Fe(n*As3)}] (3), the reaction of in
situ generated [Cp®"Fe(u-Br)], with [Cp”,Zr(n**-As,)] vields [(Cp®"Fe),(w,n**-Ass) (4) exclusively.
Furthermore, we investigated the electrochemical redox behaviour of 1 and 4 by cyclic
voltammetry. Thus, chemical oxidation of 4 results in an oxidative change of the structural core

motif by a ring expansion reaction, resulting in [(Cp®"Fe),(1,n>>-Ass)][BF4] (5).
5.3 Results and Discussion

The co-thermolysis of [CpB”Fe(CO)z]z with As, in decalin leads to the formation of the

complexes 1, 2 and 3 (Scheme 5.2).

As
[Fel—uo__
As —==As \ As
[Fe] | AT NS /(/
) [Fe]-. . -[Fe] [Fel ,FE\A
an +Asy, 90 min “[Fel” I \ s
[CPPFe(CO))], — = Ag=leps  + \ AN . A2
decalin, 190°C As/ \As PEANEEPAY, N T
~p s s As—-—.%-\- 'I /
[Fe]
[Fe] = CpPFe 1 2 3

Scheme 5.2 Co-thermolysis of [CpB”Fe(CO)z]z with As,.

After column chromatographic workup, 1-3 can be crystallised by layering a CH,Cl, solution

with CHsCN. Unfortunately, 2 and 3 could not be separated from each other due to similar
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retention factors R;, identical crystal shape and colour as well as identical solubility properties.
Consequently, 2 and 3 have been isolated as a co-crystallised mixture. Therefore, a doubtless
assignment of the signals in the NMR spectra of both products was not possible. Complexes 1-3

are soluble in CH,Cl, and toluene, almost insoluble in n-hexane and insoluble in CH;CN.

Compound 1 crystallises as dark brown blocks in the monoclinic space group P2:/n with one
molecule of 1 in the asymmetric unit. Single crystal X-ray structure analysis of 1 reveals a
sandwich structure showing a n>-coordination of the cyclo-Ass ring as well as of the Cp®" ligand.
Both five-membered rings are planar and parallel with respect to each other and exhibit a
staggered conformation, which is also reported for the phosphorus analogue [Cp®"Fe(n’-Ps)]™? or
the pentaarsaferrocene derivatives [Cp"Fe(n’>-Ass)] (Cp®=Cp*,™ cp’,™ Ccp®°™™). In Figure 5.1,
the molecular structure of 1 in the solid state is depicted. The average As-As bond length of 1
(av. 2.318 A) is quite similar to the described As-As bond distances in the Cp* derivative
(av. 2.327 ,&)[13] or in the Cp’ derivative (av. 2.315 A),[M] being in-between a double (2.245(1) A in
[{(Me5Si)sCAsL])™ and a single bond (electron diffraction: 2.435 A in As,,™ DFT calculations:
2.4372 Ain As,™).

Figure 5.1 Molecular structure of 1 in the solid state (left). Top view of 1 (right). H atoms are omitted for
clarity and CpBn ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability
level. Selected bond lengths [A] and angles [°]: As1-As2 2.3175(7), As2-As3 2.3143(5), As3-As4 2.3220(5),
As4-As5 2.3173(5), As1-As5 2.3180(6), Fe-As Fel 2.5213(5), Fe-As2 2.5112(5), Fe-As3 2.5087(5), Fe-As4
2.5223(5), Fe-As5 2.5039(6), As1-As2-As3 107.89(2), As2-As3-As4 108.23(2), As3-As4-As5 107.718(18), As1-
As5-As4 108.10(2), As2-As1-As5 108.046(19).

The "H and “*C{'"H} NMR spectra of 1 show the corresponding set of signals for the Cp®" ligand
(Figure S5.1-S5.2, supplementary information). In the El mass spectrum, the molecular ion peak
for [CpB”Fe(r]S—ASS)]+ (m/z =945.7) as well as the base peak for [As,]" (m/z = 299.7) were observed.
The cyclic voltammogram of 1 in CH,Cl, shows an irreversible reduction at a peak potential of
E=-1.99 V as well as an irreversible oxidation at E=-1.31 V (both vs. [Cp,Fe]/[Cp,Fe]’). In
addition, a further irreversible oxidation of 1 (E=+0.37 V vs. [Cp,Fe]/[Cp,Fe]’) is obtained (see
Figure S5.10, supplementary information). In this context, the first irreversible reduction and

irreversible oxidation are constituted as chemically reversible couple, which has also been
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reported for the lighter Cp* congener [Cp*Fe(n*-Ps)] by the Winter group.™ Here, [Cp*Fe(n’-Ps)]
undergoes reduction to [Cp*Fe(n>-Ps)], followed by dimerisation to [{Cp*Fe(Ps)},]* and

reoxidation to [Cp*Fe(n>-Ps)].

Compound 2 crystallises as dark brown plates in the triclinic space group P1 with one
independent molecule of 2 in the asymmetric unit. The single crystal X-ray structure analysis of 2
exhibits a n**?*-coordinating triangular cyclo-As; unit as well as a n***-coordinating As atom, both
stabilised by three [Cp®"Fe] fragments. Hence, the [Fe;As,] unit could be formally described as a
threefold insertion of [CpFe] fragments into the As-As bonds of the As, tetrahedron.
Interestingly, the obtained [FesAs,] structural core motif of 2 is unknown in literature so far.
Unfortunately, only a preliminary average structural model can be depicted here, as crystals of 2
show incommensurable modulation (g-vector of 0.256) (Figure 5.2). Consequently, a discussion of

bond distances or bond angles is not possible.

Figure 5.2 Average structural core motif of 2 (left). Average molecular structure of 2 in the solid state
(right). H atoms are omitted for clarity and CpBn ligands are drawn in wire or frame model. Thermal
ellipsoids are drawn at 50 % probability level.

Complex 3 also crystallises as dark brown plates in the monoclinic space group P2,/m together

As with 2. Only one half of the molecule can be found in the
[F$]§AS /\ S
As%lFe]// ie\\/ asymmetric unit, the other half is generated by symmetry.
PAY As
i .\Alls/\As Unfortunately, no satisfying refinement of the single
v al
S\AS\ \ i crystal X-ray structure analysis data could be performed so
[Fe] [Fe] = Cp°"Fe
3 far, due to serious disorder of the Cp™ ligands and the

Figure 5. 3 Schematic representation .
g P [FesAsq] unit. Nevertheless, the central structural core

of 3.
motif could be doubtlessly identified. It consists of a
prismatic Ase ligand, whose quadrangular faces are capped by [Cp®'Fe] fragments. Moreover, one
of the two As; triangles is capped by a Fe atom, which is additionally coordinated by a cyclo-As;

ligand in a n>-fashion (Figure 5.3). The prismatic Asg core can be found in recent reports, but the
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complexes never showed an additional end-on coordinated cyclo-As; ligand so far.**>2021

However, the end-on coordinating cylco-As; motif is reported for [(CpRFe)3A56{Fe(r]S—Asg)}]

(Cp® = Cp*, Cp’), showing an As, unit and an As, moiety stabilised by three [Cp"Fe] fragments.™!

While co-thermolysis in decalin often leads to a mixture of different products, the reaction of
in situ generated [CpB”Fe(u—Br)]z[zz] with the transfer reagent [Cp”,Zr(n"'-As,)] leads to the

formation of [(Cp®"Fe),(p,n"**-As4)] (4) in moderate yields (49 %) exclusively (Scheme 5.3).

=
. \
Fe
.@ /AS + [Cp®FeBr], AsZ/. ‘\'As
\ \As/ toluene, r.t. \\ N
r T —— e A
- 7rB As
(] / \ASQ (Cp"',ZrBr,] V4
\%, As Fe
' <
m =C'Bu 4
R = CH,(CgHs)

Scheme 5.3 Synthesis of 4.

After column chromatographic workup, 4 can be crystallised by layering a CH,Cl, solution with
n-hexane. 4 crystallises as dark brown plates in the monoclinic space group P2./c with one
independent molecule of 4 in the asymmetric unit. The single crystal X-ray structure analysis of 4
reveals a cisoid-As, ligand stabilised by two [Cp®"Fe] fragments. The Cp®" ligands are tilted away
from the butadiene like As, unit and show an eclipsed conformation in the solid state (Figure 5.4).
In accordance to the observed As-As bond lengths, the cisoid-As, moiety can be best described as
a cis-tetraarsa-1,3-diene ligand. It is notable that the bond lengths of As1-As2 and As3-As4 are
quite similar (av. 2.32 A), exhibiting distinct double bond character. However, the As2-As3 bond
(2.6278(5) A) is elongated in comparison to a common As-As single bond, but similar bond lengths
have also been reported for [(Cp’’Fe),(,n**-As4)] (2.3169(5) A / 2.3336(5) A vs. 2.6100(5) A).**'In
contrast, the Fe-Fe distance in 4 (2.6654(5) A) is in good agreement with reported Fe-Fe bond

lengths (23,24,25)



Co-Thermolysis vs. Transfer Reaction: Novel As, Ligand
Complexes of Iron |59

Figure 5.5 Molecular structure of 4 in the solid state. H atoms are omitted for clarity and CpB” ligands are
drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and angles [°]: Fel-Fe2 2.6654(5), As1-As2 2.3162(4), As2—As3 2.6278(5), As3—As4 2.3231(5), Asl--As4
3.6776(4), As1-As2—As3 103.190(15), As4—As3—-As2 102.966(14).

Complex 4 is soluble in CH,Cl, and toluene, nearly insoluble in n-hexane and insoluble in
CH5CN. The *H and C{*H} NMR spectra of 4 show the corresponding set of signals for the Cp®"
ligands (Figure S5.3-S5.4, supplementary information) and the El mass spectrum shows the
molecular ion peak for [CpB”ZFeZAsél]+ (m/z=1442.2) as the base peak. Moreover, the redox
behaviour of 4 has been studied by cyclic voltammetry. The cyclic voltammogram of 4 in CH,Cl,
shows a reversible oxidation (E;;,=-0.69 V vs. [Cp,Fe]/[Cp,Fe]’) and a reversible reduction
(E1,=-2.15 V vs. [Cp,Fe]/[Cp,Fe]’) (see Figure S5.11, supplementary information). Therefore, a
chemical oxidation of 4 with Ag' salts should be possible, expecting the formation of a cyclo-As,
middle deck. In contrast, the reaction of 4 with AgBF, in CH,Cl, at room temperature leads to the
formation of [(Cp®"Fe),(p,n>"-Ass)][BF.] (5), exhibiting a cyclo-Ass ligand instead of the expected
cyclo-As, unit (Scheme 5.4).
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\
R = CH,(CeHe)

Scheme 5.4 Oxidation of 4 with AgBF, in CH,Cl, at room temperature.

Complex 5 is crystallised by layering a CH,Cl, solution with n-hexane and crystallises as green
plates in the orthorhombic space group Pbna with one independent molecule of 5 in the
asymmetric unit. The single crystal X-ray structure analysis of 5 reveals a triple decker complex
with a cyclo-Ass middle deck. Although density functional theory (DFT) analysis of the hypothetic

[(CpFe)(p,n>*-Ass)]" cation'*”

predicts a potential minimum for a fully eclipsed conformation of
the five-membered rings (Ds,), the Cp®" ligands show a staggered conformation in the solid state
with respect to the cyclo-Ass unit (Figure 5.6). Unfortunately, no satisfying refinement in the
single crystal X-ray structure determination of 5 could be performed so far, since the benzyl
groups and the BF, anion are seriously disordered. However, the [Fe,Ass] core of 5 seems to be
unaffected of the disorder.””! Consequently, preliminary bond lengths of the [Fe,Ass] unit could
be obtained, showing bond distances within the cyclo-Ass unit between an As-As double bond and
an As-As single bond. This fact is also confirmed by the DFT calculations, mentioned above.”?® In
contrast, the iron atoms are no longer bonding to each other, since the Fel---Fe2 distance can be
found to be approximately 3.129(3) A. This is considerably longer than the sum of the covalent
radii of iron (2.64A).%¥ Furthermore, in literature the triple decker complex
[CpFe(u,n’>-Ass)FeCp*][PF¢] has been described, showing close similarity to the As-As bond
lengths (2.319(4) A-2.333(2) A) and Fe--Fe distance (3.074(3) A).”) However, this complex shows a

staggered conformation of the Cp* ring and the Ass moiety, whereas the cyclo-Ass unit and the Cp

ring exhibit an eclipsed conformation.
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Figure 5.6 Molecular structure of 5 in the solid state (left). Top view of 5 (right). H atoms, solvent molecules
and counterion are omitted for clarity. Can ligands are drawn in wire or frame model. Thermal ellipsoids
are drawn at 50 % probability level. Preliminary bond lengths [A]l: As1-As2 2.342(3), As2-As3 2.345(3), As3-
As4 2.338(3), Asd-As5 2.343(3), As5-As1 2.339(3), Fel--Fe2 3.129(3).

5 is soluble in CH,Cl, and thf and insoluble in n-hexane or toluene. The *H, *C{*H} and “F{*H}
NMR spectra of 5 show the corresponding set of signals for the Cp®" ligands and the signal for the
BF, anion, respectively (Figure S5.5-55.7, supplementary information), and the ESI mass spectrum

shows the molecular ion peak for [CpB“ZFezAsS]+ (m/z =1517.5) as the base peak.

In summary, the synthesis of novel As, ligand complexes of iron bearing the Cp®" ligand is
presented. For this, two different synthetic methods have been used. Co-thermolysis of
[CpB”Fe(CO)Z]Z with yellow arsenic in decalin leads to the formation of a mixture of As, ligand
complexes, consisting of [Cp®"Fe(n>-Ass)] (1), [(Cp°"Fe)s(Ms,n*?*-Ass)(us-As)]  (2) and
[(CP°"Fe)s(us,n**-Ase){Fe(n>Ass))]  (3). While 1 presents a further representative of
pentaarsaferrocene derivatives of the general formula [Cp"Fe(n’-Ass)], 2 and 3 display
unprecedented iron containing arsenic clusters, which have been unknown to date.
Unfortunately, 2 and 3 crystallise together and could not be separated due to similar solubility
and crystallisation properties. The structural core motif of 2 could formally be explained by an
insertion of three [Cp®"Fe] fragments into the As-As bonds of an As, tetrahedron, showing a
n**?-coordinating triangular cyclo-As; unit as well as a n***-coordinating As atom. In contrast, 3
exhibits a prismatic Ase ligand, whose quadrangular faces are capped by [Cp®"Fe] fragments. In
addition, one Fe atom is coordinated by one triangular As; face of the Asg prism as well as by an
end-on coordinated cyclo-As; ligand. Since co-thermolysis is known to yield thermodynamically
favoured As, ligand complexes, the reaction of in situ generated [Cp®'Fe(u-Br)], with the transfer

reagent [Cp"ZZr(nlzl—As4)] as an arsenic source at room temperature has also been studied. Here,
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the triple decker complex [(Cp®"Fe),(,n**-As,)] (4) could be obtained, containing a cisoid-As,
ligand. Besides the common characterisation methods (NMR spectroscopy, mass spectrometry,
X-Ray and elemental analysis), 1 and 4 have been investigated by cyclic voltammetry. For 1, the
cyclic voltammogram reveals two irreversible oxidations and an irreversible reduction, whereby
the irreversible reduction and the first irreversible oxidation can be interpreted as a chemically
reversible couple. This fact has also been reported for the lighter Cp* derivative [Cp*Fe(n>-Ps)]. In
contrast, 4 shows a reversible oxidation as well as a reversible reduction. Chemical oxidation of 4
with AgBF, leads to an expansion of the arsenic middle deck, resulting in the formation of the

30 VE triple decker complex [(Cp®"Fe), (1, n>>-Ass)][BF4] (5), possessing a cyclo-Ass middle deck.
5.4 Experimental Part

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk techniques. Solvents were purified, degassed and dried prior to use. The synthesis of
[Cp®"Fe(CO,),] was improved with reference to the original synthesis.” As,*% and
[Cp”,Zr(n*"-As4)]"*® were prepared according to literature procedures. The AgX salts (X = BF,,
CF5S05) and "Buli (c = 1.6 mmol/L, solution in n-hexane) were commercially available and were

used without further purification.

The NMR spectra were recorded on a Bruker Avance 300 spectrometer. The El MS spectra
were measured on a ThermoQuest Finnigan MAT SSQ 710A mass spectrometer and the ESI MS
spectra were measured on a ThermoQuest Finnigan MAT TSQ 7000 mass spectrometer. The

elemental analyses were determined with a Vario ELIII apparatus.
Improved Synthesis of [Cp®"Fe(CO),],

A mixture of Cp®"H (7.50 g, 0.01 mol) and Fe(CO)s (6 mL, 0.044 mol) in toluene (100 mL) was
refluxed for 5 days. During this time, 1 mL Fe(CO)s was additionally added to the reaction mixture
every day. After 5 days, the deep red solution was allowed to cool to room temperature. The
solvent was removed in vacuo, resulting in a red residue. Subsequent column chromatographic
work up (silica gel, CH,Cl,/n-hexane (3:7), 21 x 6cm) afforded first a yellow fraction of
[(n4—CpB”H)Fe(CO)3] and then a red fraction of [CpB”Fe(CO)z]z. The solvent was removed and pure
[CpB”Fe(CO)z]z can be obtained as red powder or crystallised by layering a CH,Cl, solution with
n-hexane.

Crystalline yield: 5.45 g (4.34 mmol, 87% referred to Cp®"H).

All analytical data of [CpB”Fe(CO)z]z are included in the literature synthesis.[zg]
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Synthesis ~ of  [Cp™Fe(n®Ass)] (1),  [(CP*'Fe)s(us,n®**Ass)(pus-As)]  (2)  and
[(CP®"Fe)s(us,n***-Ase){Fe(n>-Ass)}] (3)

A suspension of [Cp®"Fe(CO),], (936 mg, 0.77 mmol) in 100 mL decalin was added dropwise to a
freshly prepared solution of As, (starting from 7.5 g grey arsenic) in 250 mL decalin. The mixture
was heated to reflux and the reaction progress was monitored by IR spectroscopy. After 90 min,
the carbonyl bands of [Cp®"Fe(CO),], disappeared and the solvent was removed in vacuo.
Subsequent column chromatographic work up (silica gel, n-hexane, 20 x 2.5cm, -30°C) with
n-hexane/toluene (7:1) afforded at first a green fraction of 1. Complexes 2 and 3 were eluted
together as a brown zone using toluene. All complexes were crystallised by layering a toluene or

CH,Cl, solution with CH5CN.

Analytical data of 1

Crystalline yield: 227 mg (0.24 mmol, 16 % referred to [Cp*"Fe(CO),1,).

"H NMR (CD,Cl,): & [ppm] = 3.64 (s, 10H, CH,), 6.18 (d, 10H, *Juys = 7.38 Hz, CeHs [H™™]), 6.70 (dd,
10H, *Juy = 7.38 Hz, CeHs [H™]), 6.84 (t, 5H, *Juy = 7.38 Hz, CeHs [H*]).

BC{*H} NMR (CD,Cl,): & [ppm] =35.00 (CH,), 91.19 (Cs), 125.15 (CeHs), 126.99 (CoHs), 128.06
(CeHs), 137.83 (CoH).

El MS (70 eV, CH,Cl,): m/z (%) =945.7 (32) ([Cp™FeAss]*), 795.9 (15) ([Cp*"FeAss]"), 516.2 (9)
([CP®"HTY), 425.2 (5) ([Cp®"-C5H,1"), 299.7 (100) ([Asal), 224.7 (9) ([Ass]), 149.8 (19) ([As,]*), 91.1
(12) (IGHD).

Elemental Analysis: Calculated (%) for [CiHssFeAss] (946.16 g/mol): C 50.78, H 3.73; found
C50.48, H 3.75.

Analytical data of 2 and 3

Crystalline yield: 358 mg (mixture of 2 and 3).
El MS (70 eV, CH,Cl,): m/z (%) = 2163.1 (2) ([(Cp®"Fe)sAse]"), 945.7 (18) ([Cp™"FeAss]®), 796.0 (10)
([Cp®"FeAs;]"), 516.2 (100) ([Cp®"H]"), 425.2 (60) ([Cp®™-C;H;]"), 300.0 (100) ([Asa]’).

Synthesis of [(Cp*"Fe),(1,n**-As,)] (4)

A solution of "BulLi in n-hexane (0.6 mL, ¢ = 1.6 mol/L, 0.96 mmol) was added dropwise to a
solution of Cp®H (502 mg, 0.97 mmol) in thf (25 mL) at -30 °C. The solution became purple and
was stirred at room temperature. After 2 h, the reaction mixture was added dropwise to a

suspension of [FeBr,-dme] (296 mg, 0.97 mmol) in thf (20 mL) at -30°C. The resulting green
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solution was stirred for 1 h at this temperature and for 1 h at room temperature. Then, the
solvent was removed under reduced pressure. The resulting brown oily residue'® was resolved in
toluene (10 mL) and was filtered into a solution of [Cp”,Zr(n*"-As,)] (181 mg, 0.24 mmol) in
toluene (10 mL). After stirring for 7 days at room temperature, the solvent was removed in vacuo.
Subsequent column chromatographic workup (silica gel, n-hexane, 10 x 1.5 cm) afforded first a
yellow fraction containing [Cp”',ZrBr,] and finally a brown fraction of 4 was eluted with toluene.
Crystals of 4 suitable for single crystal X-ray diffraction analysis were obtained by layering a CH,Cl,

solution with n-hexane.

Analytical data of 4

Crystalline yield: 170 mg (0.12 mmol, 49 % referred to [Cp”,Zr(n""-AsJ)]).

'H NMR (CD,Cl,): & [ppm] =3.78 (s, 20H, CH,), 6.51 (d, 20H, CHs), 6.84-6.96 (m, 30H, CgHs).
BC{"H} NMR (CD,CL): & [ppm] =36.48 (CH,), 96.20 (Cs), 126.18 (CeHs), 128.18 (CgHs), 129.13
(CeHs), 140.23 (CeHs).

EI MS (70 eV, toluene): m/z (%) = 1442.2 (100) ([(Cp®"Fe),As4]").

Elemental Analysis: Calculated (%) for [CgoH/oFesAs,] (1442.79 g/mol): C 66.59, H 4.89; found
C 65.89, H 4.91.

Synthesis of [(Cp®"Fe),(1,n>">-Ass)][BF.4] (5)

A mixture of 4 (20 mg, 0.01 mmol) and AgBF, (4 mg, 0.02 mmol) in CH,Cl, (20 mL) was stirred at
room temperature. After 1 day, the solution was filtered into a thin Schlenk tube and layered with
n-hexane. After complete diffusion, crystals of 5 were obtained. The mother liquor was decanted,
the crystals were washed with n-pentane and dried in vacuo. By concentrating the decanted
solution, layering with n-hexane and storing at -28°C, a second crop of crystals of 5 can be

obtained, while the mother liquor has turned almost colourless.

Analytical data of 5

Crystalline yield: 2.4 mg (1.50 umol, 19 % referred to [(Cp®"Fe),(p,n"**-As4)]).

'H NMR (CD,Cl,): & [ppm] = 3.43 (s, 20H, CH,), 6.12 (d, 20H, C¢Hs), 6.78 (t, 20H, CgHs), 6.92 (t, 20H,
CeHs).

BC{*H} NMR (CD,Cly): & [ppm] =33.53 (CH,), 89.26 (Cs), 126.75 (CgHs), 128.23 (CeHs), 129.64
(CeHs), 136.05 (CgHs).

PF{'H} NMR (CD,Cl,): 6 [ppm] = -150.94 (BF,).

Positive ion ESI MS (CH5CN): m/z (%) = 1517.5 (100) ([{Cp®"Fe},Ass]*).
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Negative ion ESI MS (CHs;CN): m/z (%) = 86.9 (100) ([BF.]).
Elemental Analysis: Calculated (%) for [CgoHzoFe,AssBF, - 0.5 CH,Cly] (1646.01 g/mol): C 58.69,
H 4.35; found C 58.64, H 4.56.

[(Cp™"Fe),(p,n>>-Ass)][CF5S05] (5)%”

A mixture of 4 (10 mg, 0.007 mmol) and Ag(CFsSOs) (3 mg, 0.012 mmol) in CH,Cl, (20 mL) was
stirred at room temperature. After 1 day, the green solution was filtered into a thin Schlenk tube
and layered with n-hexane. After complete diffusion, green plates of 5’ were obtained. The
mother liquor was decanted, the crystals were washed with n-pentane and dried in vacuo. By
concentrating the decanted solution, layering with n-hexane and storing at -28°C, a second crop

of crystals of 5’ can be obtained, while the mother liquor has turned almost colourless.

Analytical data of 5’

Crystalline yield: 0.374 mg (0.22 umol, 4 % referred to [(Cp®"Fe),(p,n"**-As4)]).

*H NMR (CD,Cl,): 8 [ppm] = 3.43 (s, 20H, CH,), 6.11 (d, 20H, C¢Hs), 6.78 (t, 20H, CgHs), 6.92 (t, 20H,
CeHs).

F{'"H} NMR (CD,Cl,): & [ppm] = -78.66 (CFs).

Elemental Analysis: Calculated (%) for [CgoH7oFe,AssSO5CF, - 0.5 CH,Cl,] (1709.25 g/mol): C 57.27,
H 4.19, S 1.88; found C57.50, H 4.50, S under detection limit.



66| Co-Thermolysis vs. Transfer Reaction: Novel As, Ligand
Complexes of Iron

5.5 Supplementary Information

NMR Investigations
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Figure S5.1 "H NMR spectrum of 1 in CD,Cl, at 300 K. Signal marked with an asterisk is due to silicon grease.
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Figure S5.2 13C{lH} NMR spectrum of 1 in CD,Cl, at 300 K. Signal marked with an asterisk is due to silicon
grease.
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Figure S5.3 "H NMR spectrum of 4 in CD,Cl, at 300 K. Signals marked with asterisk are due to different
solvents.
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Figure S5.4 C{*H} NMR spectrum of 4 in CD,Cl, at 300 K.
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Figure S5.5 "H NMR spectrum of 5 in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents and silicon grease.

—136.05
128.64
128.23

v

T~ 126.75
89.26
33.53

T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure S5.6 °C{*H} NMR spectrum of 5 in CD,Cl, at 300 K.
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Figure S5.8 "H NMR spectrum of 5’ in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents and silicon grease.
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Figure S5.9 “’F{'H} NMR spectrum of 5" in CD,Cl, at 300 K.

Representation of the cyclic voltammograms of 1 and 4
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Figure S5.10 Cyclic voltammogram of 1 recorded at a platinum disc electrode in CH,Cl, at 0.1 vs' and
referenced against [Cp,Fe]/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).
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Figure S5.11 Cyclic voltammogram of 4 recorded at a platinum disc electrode in CH,Cl, at 0.1 vs' and
referenced against [Cp,Fel/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).

Cell parameters of [(Cp®"Fe),(1,n*>-Ass)][CF3503] (5')%"

Table 5.1 Preliminary cell parameters of 5’.

a/A b /A /A a/° B/ v/° Vv/A3

10.09 31.08 22.74 89.93 89.2 90.0 7102
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Crystallographic Details

The data for 1-4 were collected on an Agilent Technologies diffractometer equipped with an
Atlas CCD detector and a SuperNova CuK, microfocus (A = 1.54178 A) source. The data for 5 were
collected on an Agilent Technologies Gemini R-Ultra diffractometer equipped with an Atlas>* CCD
detector and using an Enhanced Ultra CuK, sealed tube. All measurements were performed at
123 K. Crystallographic data and details of the diffraction experiments are given in Table S5.2-
S5.5. Using Olex2,B" the structures were solved either with the ShelXT®? (1-3), SUPERFLIP®® (4)
or ShelxSP¥ (5) structure solution program using Direct Methods and refined with the ShelXL®”!
refinement package using Least Squares minimisation. Especially in case of disorder, commonly
used restraints for the ShelXL program were applied (SIMU). Since crystals of 2 show
incommensurable modulation (g-vector of 0.256), only a preliminary model could be obtained.
Furthermore, the refinement of 3 and 5 is unstable so far due to serious disorder. Consequently,
just the structural core motif of 2 and 3 is obtained and only the experimental data are given in
Table S5.1, whereas a preliminary model is obtained for 5. Moreover, H atoms were located in
idealised positions and refined isotropically according to the riding model. A semi-empirical

B8 integration over a multifaceted crystal

numerical absorption correction based on gaussian
model (1,2 and 5) or an analytical®”" absorption correction from crystal faces (4) was applied.

Figures were created with DIAMOND3.0.5®
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Transfer Reaction:

Table S5.2 Crystallographic data for 1 and 2.

Novel As,
Complexes

1 2
Chemical formula CaoH3sFeAss Ci20H10sF€3AS,
M/g-mol™ 946.13 2014.26
T/K 123 123
Crystal system monoclinic triclinic
Space group P2./n P1
a/A 17.83205(15) 16.5167(3)
b/A 10.63373(10) 18.2448(4)
c/A 18.49105(15) 19.8400(5)
a/° 90 100.476(2)
B/° 91.1545(8) 110.474(2)
v/° 90 112.861(2)
V/A3 3505.58(5) 4798.7(2)
Z 4 2
Pea/grcm’ 1.793 1.394
w/mm™ 8.908 5.502
F(000) 1864.0 2070.0

Crystal size/mm3
Radiation
20 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA'3

0.249 x0.185 x 0.164
CuKyq

6.818 to 134.142
-21<h <20,

-12<k <12,
-17<1<22

16081

6255

[Rint = 0.0271, Rygma = 0.0237]

6255/0/415

1.066

R, =0.0321, wR, = 0.0818
R1=0.0332, wR, = 0.0826
0.42/-1.01

0.278 x 0.059 x 0.031

CuKy

5.654 t0 127.726

-18<h <17,
-21<k<20,
-22<1<23
43967
15249

[Rine = 0.0387, Ryigma = 0.0362]
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Transfer

Table S5.3 Crystallographic data for 3 and 4.

Reaction:

As, Ligand

3 4
Chemical formula CiaoH1gsFesAsg CgoH70AssFe,
M/g-mol™ 2444.79 1442.74
T/K 123 123
Crystal system monoclinic monoclinic
Space group P2:/m P2,/c
a/A 17.2039(10) 10.03997(19)
b/A 20.1612(8) 31.6780(5)
c/A 17.2182(10) 19.6456(4)
a/° 90 90
B/° 120.038(8) 94.0053(17)
v/° 90 920
V/A3 5170.1(6) 6232.95(19)
z 2 4
Pea/g-cm’” - 1.537
w/mm™ 7.922 6.443
F(000) 932.0 2936.0

Crystal size/mm3

Radiation CuKyg CukK,
26 range/® 7.374 10 123.906 7.176 t0 147.118
Index ranges -18<h <19, -12<h <12,
-21<k<22, -38 <k <39,
-18<1<18 -23<1<23
Reflections collected 20296 49715
Independent reflections 7882 [Rit= 0.0288, Rggma= 12353
0.0337] [Rint = 0.0493, Ryjgma = 0.0369]
Data/restraints/parameters - 12353/0/775
Goodness-of-fit on F° - 1.057

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

0.323 x0.081 x 0.062

0.1961 x 0.1652 x 0.0678

R:=0.0351, wR, = 0.0961
R: = 0.0395, wR, = 0.0999
0.92/-0.53
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Table S5.4 Crystallographic data for 5.

Transfer Reaction:

Novel As,
Complexes

5-0.5 CH,Cl,
Chemical formula Cso.5H71Fe,AssBF,Cl
M/g-mol™ 1627.52
/K 123

Crystal system
Space group
a/A

b/A

c/A

a/°

B/

v/°

V/A3

Z

Pea/g-cm”
w/mm™
F(000)

Crystal size/mm3
Radiation

26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I>20(l)]
Final R indexes [All Data]

Largest diff. peak/hole/eA'3

orthorhombic
Pbna
19.62278(11)
31.11174(17)
22.29559(13)
90

90

90
13611.43(13)
8

1.588

6.751

6553.0

0.377 x0.288 x 0.14
CuKyq

6.64 to 133.368
-23<h <23,
-36 <k <36,
-26<1<25
126412
12028

[Rint = 0.0346, Rygma = 0.0138]

12028/612/1018
1.205

R, =0.1476, wR, = 0.3316
R, =0.1478, wR, = 0.3316

5.26/-1.65

Ligand

of
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6.A Comprehensive Study of the Coordination Behaviour of

[Cp°"Fe(n -Ass)] vs. [Cp*Ru(n’-Ass)] Towards Cu' Halides

M. Schmidt and M. Scheer

s X A
Asr\—=cul, ~Cu<As \
X
l As I As
~ “Ase, ] Asel—ci7* Scueas
i ] e
CL/J é{u Al B r 7
1 jl//lx P b dimer 1, -
=Asa, .----CU™ ~Cu----1 AsT—STAs
A?AS—ASAS /\AASJ\ \AS_A
L = /o
--Cu~—Cug s CU\ Lu X
i RSP X / Ty
i o
Asat \_As=As
As TAs y
SAs-—-As n AS"SQAS
= —n
polymer X-=Br |
polymer
As=—As SRS As’As\As X
Al ; A"\ As AOS_AS,\ X, \_>1< s
’/\ASV \AS/ \A/S// /\ /\/ ‘\éuxc cu”
Gl G ~Cu
VAN A
/ ‘C :LTCL,J ~ITCu l C%| I/\ \/\\ 5 AAS\AS» i
[P At S X X g Ase
| | | L AS As
dimer X =clBr L
L =CH3CN polymer
Abstract:

Because [Cp*Fe(n’-Ass)] (Cp* = n°-CsMes) has only been used as building block in coordination
chemistry for a short time, no related complexes have been studied concerning the influence of
the Cp" ligand or the influence of the central metal atom on the coordination behaviour. Herein, a
comprehensive study on the consequences of these factors is presented. Accordingly,
[CP®"Fe(n’-Ass)]  (Cp®" = n°-C<{CH,(CeHs)}s) and  [Cp*Ru(n’Ass)] have been chosen for
investigations on their reactivity towards Cu' halides. Here, the reaction of [Cp®"Fe(n’-Ass)] with
CuX (X=Cl, Br, 1) leads to the formation of the discrete dimer [{Cp®"Fe(n>*?-Ass)HCu(pu-X)}],
(X=Cl (1), Br (2)) and polymer [{Cp®"Fe(n>**-Ass){Cu(u-X)}], (X=Br (3), | (4)). Using
[Cp*Ru(n’-Ass)] as a starting material, the reaction with CuCl and CuBr results in the formation of
the one dimensional polymer [{Cp*Ru(n>**?-Ass)H{Cu(p-X)}5(CHsCN)], (X =Cl (5), Br (6)). The
reaction of [Cp*Fe(n>-Ass)] and Cul leads to a mixture of coordination products, containing
[{Cp*Ru(n”**-Ass) HCu(u-NHCu(ps-}]s (7) and [{Cp*Ru(n****-Ass)HCu(p-)}a(CH:CN)], (8). The
dimeric and polymeric products have been characterised by single crystal X-ray structure analysis,

elemental analysis and ESI mass spectrometry.
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6.1 Author contributions

e All syntheses and characterisations were performed by Monika Schmidt.
e Manuscript was written by Monika Schmidt.
e Figures were made by Monika Schmidt.

e Single crystal X-ray structure analyses and refinements were performed by Monika Schmidt.
6.2 Introduction

Since their first synthesis in the 1970s, unsubstituted naked group 15 element ligand
complexes have been of great interest. Thus, a large library of different E, ligand complexes
(E="P, As) has been developed.[” Besides the investigations into unprecedented structural motifs,
also the use of E, ligand complexes in supramolecular chemistry is of great interest.”) While in the
past N-, O- and S- containing donor ligands have mainly been employed as building blocks in
supramolecular chemistry, P, ligand complexes recently got more and more into focus.”* Here,
[Cp"Fe(n™Ps)] (Cp"=Cp* (n™-CsMes), Cp™ (n™-Cs{CH,(CeHs)}s), Cp™ (n*-Cs{4-"BuCsHyls)) are of
special interest. Due to an available lone pair on each phosphorus atom, these P, complexes show
versatile reactivity patterns towards monovalent coinage metal salts. Depending on the
substituents on the Cp" ligand, the stoichiometry employed, the used metal salts and solvents,
zero, one and/or two dimensional polymers are obtained.”* Prominent examples are certainly
the formation of fullerene like spherical aggregates®>® and nano-sized capsules”! as well as a
supramolecular complex with a lens shaped scaffold® or a rugby ball like compound.® Especially
spherical aggregates are of great interest and can be found in host guest chemistry, e.g.

>? or incorporation of a reactive species like E, (E = P, As)." Thus,

stabilisation of labile complexes!
it appears that E, ligand complexes (E = P, As) have a great potential for building blocks in
supramolecular chemistry. Nevertheless, As, ligand complexes have rarely been exploited for this
purpose in the past. Since 2006, the Scheer group has investigated the reactivity of
[Cp*Fe(n>-Ass)] (1), [Cp*Mo(CO),(n*-Ass)] and [{CpMo(CO),}(1,n**-As,)] (1) towards monovalent

metal salts. #1112

I'As a result, one dimensional polymers and discrete dimers are formed (Figure
6.1). Therein, the majority of the obtained products have a m-coordination through As-As bonds
(n’~fashion) in common, while the lighter congener phosphorus favours a o-coordination via its
lone pairs (n'-fashion). Recently, we were able to observe an unexpected o0-1,3-coordination of |
and Il towards a preassembled linear Cu' fragment to form a one dimensional polymer by using I,

or a discrete dimer if Il is used.™*
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Figure 6.1 Selected reactions of | with a preassembled cu' fragment (top) and with monovalent metal salts

(bottom).

Although As, ligand complexes have been incorporated in supramolecular chemistry more and
more in the recent years, their potential is only poorly investigated so far. For example, the
influence of the Cp" ligand on the supramolecular chemistry of As, ligand complexes has not yet
been studied. Since the reaction of [Cp®"Fe(n’-Ps)] with copper(l) halides leads almost exclusively
to spherical aggregates, the heavier congener [Cp®'Fe(n’-Ass)] (lll) seems to be a promising
candidate to also form fullerene like supramolecular aggregates. The question arose what the
effect of introducing Ill as building block in supramolecular chemistry will be with respect to the
favoured coordination mode of As, ligand complexes (m-coordination) versus the formation of
spherical aggregates. Moreover, the absence of studies of the coordination behaviour on As,
ligand complexes of different transition metals gave rise to the question whether the reaction of
[Cp*Ru(n’-Ass)] (IV) with copper(l) halides would lead to the formation of different coordination

products compared to the iron derivative .
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Herein, we report on the synthesis and characterisation of the first one dimensional polymers
and dimers based on Il or IV with Cu' halides. The resulting products
[{Cp®"Fe(n™**-Ass)HCu(u-X)}]; (X = CI (1), Br (2)), [{Cp™"Fe(n”**Ass)HCu(u-X)}], (X =Br (3), 1 (4),
[{Cp*Ru(n”***-Ass) HCu(p-X)}s(CHsCN)I, (X = CI (5), Br (6)), [{Cp*Ru(n’**Ass){Cu(p-HCu(ps-}],
(7) and [{Cp*Ru(n>**#%Ass){Cu(p-1)}4(CHsCN)], (8) were characterised by single crystal X-ray

diffraction analysis as well as by ESI mass spectrometry and elemental analysis.
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6.3 Results and Discussion

Coordination Behaviour of Ill and IV Towards CuX (X = Cl, Br, I) — General Considerations

In general, all coordination compounds are obtained by diffusion reactions. Thereby, a solution
of Ill in toluene, or a solution of IV in CH,Cl,, is layered with a solution of CuX (X =Cl, Br, 1) in
CH3CN. After several days, crystals are growing at the phase boundary and the solutions turns to
brownish orange or yellowish. After complete diffusion, the reaction of the Cp®" derivative Il with
CuCl or CuBr leads to the formation of [{Cp"Fe(n>*?-Ass){Cu(p-X)}.]» (X = Cl (1), Br (2)) (Scheme
6.1). the case of CuBr and Cul

Furthermore, in

the one dimensional polymer
[{Cp™"Fe(n>#%-Ass)HCu(p-X)}.l, (X = Br (3), | (4)) is obtained.
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Scheme 6.1 Reactions of lll and IV with CuX (X = Cl, Br, I).
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Accordingly, the introduction of the Cp®" ligand results in an increase of the complexity of the
coordination compounds (dimeric molecules to one dimensional polymers) going from CuCl to
Cul. The formation of fullerene like aggregates as observed during the reaction of the phosphorus
derivative [Cp®'Fe(n’-Ps)] and copper(l) halides has never been observed, since Ill retains the

favoured m-coordination mode of the As-As bonds.

In contrast, the reaction of the Cp* iron derivative IV with Cu' halides exclusively leads to the
one dimensional polymers [{Cp*Ru(n’***Ass){Cu(p-X)}5(CHsCN)], (X=Cl (5), Br (6)) and
[{Cp*Ru(n>**Ass){Cu(p-NHCu(ps-}1. (7), showing different CuX moieties linking monomers of IV
(Scheme 6.1).1%! Moreover, for Cul the formation of the dimer
[{Cp*Ru(n>*#%?-Ass){Cu(p-1)}a(CHsCN)], (8) is obtained, including a novel Cu-I connectivity
pattern. Additionally, 5-7 are isostructural to the products of the reactions of the
pentaarsaferrocene derivative | and CuX. However, the distribution of products seems to be
independent on the nature of the pentaarsaferrocene derivative. The central metals in the Cp*
pentaarsaferrocene derivatives | (Fe) versus IV (Ru) play a minor role with respect to the influence
on the coordination behaviour and the found structural motifs compared to the Cp® ligand. In
contrast, the major contributions come from the preferred nm-coordination of the cyclo-Ass ligand
as well as the halides used. For CuX, the variety of structural motifs range from well-known
four-membered {CuX}, rings or a ladder like {CuX} structure as observed in 1, 2 or 7 to scarcely
reported structural core motifs like the zigzag arrangement in 3 and 4, or the crown like

substructure in 8.
Solid State Characterisation of 1-8

In general, 1-8 are obtained during diffusion reactions of Ill and IV and CuX (X = Cl, Br, ). Here,
the crystallisation can be completed by layering all mother solutions with Et,0, leading to
moderate to good crystalline yields of 1-8. Furthermore, the specific outcome of the reaction can
be directed by using the correct stoichiometry or a specific concentration. However, compounds
2/3 and 7/8, respectively, crystallise simultaneously and could not be isolated separately, due to
identical solubility properties as well as colour and/or crystal shape. Moreover, 1-8 are insoluble
in all common solvents. As a result, the corresponding ESI MS spectra were recorded from the

mother solution.
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Cu' Halide and 11l Containing Coordination Compounds 1-4

Compound 1 (X = Cl) and 2 (X = Br) are isostructural and crystallise as dark red plates in the
monoclinic space group P2,/c. Single crystal X-ray structure analysis reveals a dimeric structure
for both compounds. Thereby, two moieties of Ill are linked via {Cu(u-X)}, four-membered rings.
Each Cu' atom is side-on coordinated by the cyclo-Ass ligand (n’-coordination). In Figure 6.2, the
molecular structure of 1 in the solid state is exemplarily depicted (for the molecular structure of 2
in the solid state see Figure S6.1, supplementary information). As a consequence of the disorder
of the copper centres, two favoured orientations of the {Cu,X,} fragments can be realised in solid
state, which can be converted into each other by a rotation of 90° (see supplementary

information, Figure S6.2).

¢ cl
As =

{
F% “
Y

').“

=D

\

Figure 6.2 Molecular structure of 1 in the solid state. H atoms are omitted for clarity and Cp®" ligands are
drawn in wire or frame model. Due to disorder only the main part is depicted. Thermal ellipsoids are drawn
at 50 % probability level. 1 and 2 are isostructural dimers.

While for CuCl 1 is the only observed product, for CuBr a mixture of 2 and 3 is obtained.
Polymer 3 crystallises together with 2 as red blocks in the monoclinic space group P2,/n
independent of stoichiometry. In the solid state, 3 displays a one dimensional polymer built up by
one molecule of Ill, which is coordinating two copper atoms in a n’-fashion (Figure 6.3). The Cu'
centres are bridged by bromide (p,-mode). As a result of the steric demand of the Cp®" ligands,
the moieties are twisted and a zigzag like arrangement is realised in the solid state. Moreover, an
isostructural one dimensional polymer is received if Ill is reacted with Cul. Compound 4
crystallises in the space group P2,/n as red plates and possesses an analogue structural core motif

as found for 3 (see supplementary information, Figure S6.3).
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Figure 6.3 Section of the polymeric structure of 3 in the solid state. H atoms are omitted for clarity and cp™
ligands are drawn in wire or frame model. Due to disorder only the main part is depicted. Thermal ellipsoids
are drawn at 50 % probability level. 3 and 4 are isostructural polymers.

Due to the m-coordination of the cyclo-Ass units of Ill in 1-4, all As-As bond lengths within the
cyclo-Ass ligand are elongated in comparison to Il (av. 2.32 A) (Table 6.1)."*) However, the As-As
distances are still in the range between a single As-As bond (electron diffraction: 2.435 A in As,, ™
DFT calculations: 2.4372 A in As,™) and a double As-As bond (2.245(1) A in [{(Me3Si);CAs},]™). In
contrast, the Cu-X and Cu-As distances in 1-4 are comparable to reported distances

(Table 6 1) [3b,6a,11,12b,17]

Table 6.1 Selected bond lengths [A] of 1-4. Whenever more than one bond is presented in the asymmetric
unit, the ranges of bond lengths are given. In case of disorder, the described bond lengths correspond to
the main part.

X As-As Cu-As Cu-X
1 Cl 2.3316(7) - 2.3777(6) 2.3720(12) - 2.5496(13) 2.2193(15) - 2.3258(15)
2 Br 2.3378(6) - 2.3963(5) 2.3686(5) - 2.4881(6) 2.3773(6) / 2.4320(6)
3 Br 2.3502(14) - 2.3850(15) 2.4099(10) - 2.5251(12) 2.3859(8) - 2.4052(8)
4 I 2.3421(7) - 2.3969(6) 2.4151(7) - 2.5528(7) 2.5397(6) - 2.5619(6)

Similar structural core motifs as realised in 1 and 2 are already known for

[{Cp*Mo(CO),(n**-Ass){Cu(p-X)}, (X =Cl, Br, )™ as well as for coordination compounds based

[2,6a,18]

on P, ligand complexes or copper(l) halide aggregates.[lgl Nevertheless, especially the zigzag
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like arrangement is uncommon for polymeric (CuX), (X = Br, I) networks, since four-membered

{CusX,} rings as well as cube like and ladder like structures seem to be especially preferred.“g‘zo]
Cu' Halide and IV Containing Coordination Compounds 5-8

For CuCl and CuBr the isostructural one dimensional polymers 5 (X = Cl) and 6 (X = Br) are
obtained. They crystallise in the monoclinic space group P2./c as red trapezoids and red plates,
respectively. Thus, polymer 5 as well as 6 are isomorphs to the iron containing polymers
[{Cp*Fe(n*%%-Ass)HCu(p-X)}5(CH3CN)1, (X = CI (A), Br (B))."* The molecular structure of 6 in the
solid state is exemplarily depicted in Figure 6.4 (for the molecular structure of 5 in the solid state

see Figure S6.4, supplementary information).

Figure 6.4 Section of the polymeric structure of 6 in the solid state. H atoms are omitted for clarity and Cp*
ligands are drawn in wire or frame model. Thermal ellipsoids are drawn the 50 % probability level. 5 and 6
are isostructural one dimensional polymers.

The central structural core motif of 5 and 6 is a six-membered chair like {CuX}; ring, in which
three Cu' atoms are m-coordinated by the As-As bonds of the cyclo-Ass ring. These moieties are
linked via intermolecular Cu---As interactions to form a one dimensional polymeric strand. Theses
interactions are in good agreement with the sum of the van der Waals radii of arsenic and copper
(3.25 A)."" Besides this, Cu--Cu distances are observed (5: 2.6600(15) A, 6: 2.6594(8) A) being
also in line with the sum of the van der Waals radii (2.8 A).”Y Accordingly, weak Cu:--Cu
interactions are assumed, since similar distances are known in the literature considering Cu---Cu
interactions (Table 6.2).[3b’63'22’23'24] As the structure of the ruthenium derivative IV in the solid
state has not yet been determined, the As-As bond lengths within the cyclo-Ass moiety cannot be
compared. In contrast, the Cu-X and Cu-As distances in 5 and 6 are comparable to the iron
containing isostructural compounds A and B or to other polymeric (CuX), containing networks

(Table 6 2) [3b,6a,11,12b,17]
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Table 6.2 Selected bond lengths [A] of 5 and 6. Whenever more than one bond is presented in the
asymmetric unit, the ranges of bond lengths are given.

5 (X =Cl) 6 (X =Br)
As-As 2.3732(12) - 2.4274(12) 2.3738(7) - 2.4258(7)
Cu-As 2.4575(14) - 2.5815(14) 2.4592(8) - 2.5847(8)
Cu-X 2.273(2) - 2.417(2) 2.3933(8) - 2.5344(7)
Cu--As 2.9170(1) 2.9271(1)
Cu--Cu 2.6600(15) 2.6594(8)

Using Cul, two different coordination compounds (7, 8) were isolated. 7 and 8 crystallise
simultaneously as dark red blocks or cubes in the triclinic space group P1 (7) and the acentric
orthorhombic space group P2,2,2 (8) (Flack parameter 0.135(5)), respectively. Single crystal X-ray
structure determination reveals a polymeric structure for 7 (Figure 6.5). Herein, each copper
atom is n’-coordinated by an As-As bond and the unique Cu' centres are bridged by iodine atoms
(L-mode and us-mode). As a result, the central structural core motif of the single repeating unit
resembles a {Cul}, ladder connected either via Cu--As (2.5329(8) A) or Cu-l (2.8311(8) A)
interactions. Consequently, a one dimensional polymer is formed. A similar ladder like structural
core motif is also known in the case of the iron derivative | and Cul. Thus, the linking in 7 to a

polymer is only obtained via intermolecular Cu--l interactions, while in the isostructural Cp* iron

[12b]

derivative the units are connected via Cu---| and Cu---As interactions.

Figure 6.5 Section of the polymeric structure of 7 in the solid state. H atoms are omitted for clarity and Cp*
ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level.
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However, the {Cu.ls} crown like structural core motif in dimer 8 is scarcely found in literature,
while the ladder like motif is widely common for polymers containing E, ligand complexes and
copper(l) halides.” For 8, single crystal X-ray structure analysis reveals a modified crown like
structural core motif (Figure 6.6a). Here, four Cu' moieties are n’-coordinated by the cyclo-Ass
ligand of IV, which in return are linked via Cu---Cu interactions (2.567(2) A - 2.611(2) A) to give a
chain based arrangement. Additionally, iodine atoms bridge the copper atoms (u,-mode) as well
as the unigue crowns to achieve the dimeric structure. Nevertheless, especially in a top view, 8

resembles the hexagon structural core motif (Figure 6.6b)

a)

Figure 6.6 a) Dimeric structure of 8 in the solid state. H atoms are omitted for clarity and Cp* ligands are
drawn in wire or frame model. In case of disorder only the main part is depicted. Thermal ellipsoids are
drawn at 50 % probability level. b) Top view of the core structure of 8. [Cp*Ru(n’-Ass)] fragments as well as
coordinated CH3CN molecules are omitted for clarity. c) Schematic illustration of the crown structural motif
(above) and the hexagon structural motif (below).

As it can be seen in Table 6.3, all Cu-E (E = As, 1) bond lengths of 7 and 8 show a similar trend as
discussed before. Nevertheless, 8 displays some conspicuity in regard of the As-As distances.
While in 7 all As-As bond lengths are still in the range between a double and a single bond, in 8 an
obvious elongation is observed. As a result of the fourfold coordination mode of the Cu' atoms by
IV, the distances within the cyclo-Ass ligands are partially longer than a common As-As single
bond. In contrast, the Cu--Cu distances are shortened, assuming homometallic d*-g*°

interactions between the copper centres.”!



A Comprehensive Study of the Coordination Behaviour of
[Cp“"‘Fe(nrﬁAs))} Vs, [Cp*Ru(r]['—Asj)}Tovvards Cu' Halides | 89

Table 6.3 Selected bond lengths [A] of 7 and 8. Whenever more than one bond is presented in the
asymmetric unit, the ranges of bond lengths are given.

7 8
As-As 2.3421(7) - 2.4103(9) 2.3728(15) - 2.4886(16)
Cu-As 2.48992(9) - 2.5596(8) 2.4958(18) - 2.5888(19)
Cu-l 2.6116(7) - 2.7880(8) 2.5967(17) - 2.7111(17)
Cu--Cu - 2.567(2) - 2.611(2)
Cu--| 2.8311(8) -
Cu-As 2.5329(8) -

In summary, a comprehensive study of the coordination behaviour of Ill bearing the Cp®"
ligand and the Cp* ruthenium derivative IV towards copper(l) halides is presented. The reaction of
lll and IV with CuX (X = Cl, Br, I) leads to the formation of dimeric compounds (1, 2 and 8) as well
as one dimensional polymers (3, 4, 5, 6 and 7). While in the case of Ill and CuX in general an
increase of complexity of the coordination compounds (dimeric to polymeric) by going from CuCl
to CuBr to Cul is observed, for IV and CuX one dimensional polymers are mainly obtained. Besides
common structural {CuX},, motifs like in 1, 2 and 7, respectively, also scarcely realised structural
core motifs like a crown like (8) and zigzag like arrangement (3 and 4) are observed. Moreover, 5
and 6 are isomorphs to the Cp* iron derivatives A and B. Additionally, all compounds have one
feature in common: the Cu' atoms are always n’-coordinated by an As-As bond of the cyclo-Ass
ligand of Il or IV. This demonstrates the preference of the As, ligand complexes for
n-coordination, while o-coordination plays a minor role (weak Cu--As interactions in one
dimensional polymers). Whereas starting from the cyclo-Ass ligand complexes Ill and IV the
coordination mode in the obtained products is independent on the metal atom or Cp® ligand, a
strong dependency is observed on the copper(l) halide used. Nevertheless, these results

demonstrate the versatility of As, ligand complexes in coordination chemistry.
6.4 Experimental Part

General Remarks

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk techniques. Solvents were purified, degassed and dried prior to use. [Cp*Ru(n’>-Ass)] was
prepared according to literature procedure.”” The Cu' halides are commercially available and

were used without further purification.
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The ESI MS spectra of the mother solutions were measured on a ThermoQuest Finnigan MAT
TSQ 7000 mass spectrometer. The elemental analyses were determined with a Vario ELIII

apparatus.
Synthesis of [{Cp®"Fe(n>**-Ass){Cu(p-CI)},1, (1)

In a thin Schlenk tube, a green solution of [Cp®"Fe(n>-Ass)] (10 mg, 0.01 mmol) in toluene was
layered with a solution of CuCl (20 mg, 0.20 mmol) in CH;CN. After several days, dark red crystals
of 1 are showing up at the phase boundary and the mother solution turns yellowish orange.
Sometimes, the formation of a metallic mirror and/or brown powder is observed. After complete
diffusion, the mother liquor is decanted, the crystals are washed with a small amount of CH;CN,
CH,Cl, and n-pentane and are dried in vacuo. By concentrating the decanted solution, layering
with Et,0 and storing at -28°C, a second crop of crystals of 1 can be obtained, while the mother

liquor has turned almost colourless.

Analytical data of 1

Crystalline yield: 10 mg (4.73 pmol, 79 % referred to [Cp®"Fe(n>-Ass)]).

Positive ion ESI MS (mother liquor, toluene/CHsCN): m/z (%) = 2152.3 (12) ([{Cp®"FeAss},CusCl,]"),
2053.9 (38) ([{Cp®"FeAss},Cu,Cl]*), 1955.6 (100) ([{Cp®"FeAss},Cul®), 1517.1 (14) ([Cp°",Fe,Ass]?),
1049.7 (86) ([{Cp®"FeAss}Cu(CH5CN)]*), 1008.7 (16) ([{Cp®"FeAss}Cu]™).

Negative ion ESI MS (mother liquor, toluene/CHsCN): m/z (%) = 892.0 (100) ([CuClg(H,0)s]), 521.6
(15) ([CuyCls(H20)s]).

Elemental Analysis: Calculated (%) for [CgoH7oFe,As10CusCly] (2288.31 g/mol): C 41.99, H 3.08;
found C42.28, H 3.22.

Synthesis of [{Cp™"Fe(n”*2-Ass)HCu(u-Br)}], (2) and [{Cp®"Fe(n??-Ass){Cu(p-Br)},l (3)

In a thin Schlenk tube, a green solution of [Cp®"Fe(n>-Ass)] (47 mg, 0.05 mmol) in toluene was
layered with a solution of CuBr (36 mg, 0.25 mmol) in CH;CN. After several days, dark red crystals
of 2 and 3 are forming at the phase boundary and the mother solution turns yellowish orange to
brownish. Sometimes, the formation of a metallic mirror and/or brown powder is observed. After
complete diffusion, the mother liquor is decanted, the crystals are washed with a small amount of
CH5CN, CH,Cl, and n-pentane and are dried in vacuo. By concentrating the decanted solution,
layering with Et,0 and storing at -28°C, a second crop of crystals of 2 and 3 can be obtained, while

the mother liquor has turned almost colourless.
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Analytical data of 2 and 3

Crystalline yield: 34 mg (mixture of 2 and 3).

Positive ion ESI MS (mother liquor, toluene/CHsCN): m/z (%) = 1517.4 (16) ([Cp™,Fe,As]"), 1337.8
(24)  ([{Cp®™FeAss}Cu,Brs(CHsCN)]Y),  1296.7 (26)  ([{Cp®"FeAss}Cu,Brs]"), 1193.6 (34)
([{Cp®"FeAss}Cu,Br(CH5CN)]*), 1049.9 (100) ([{Cp®"FeAss}Cu(CH5CN)]Y).

Negative ion ESI MS (mother liquor, toluene/CH3CN): m/z (%) = 798.2 (9) ([CusBre]’), 654.3 (15)
([CusBrs]), 510.4 (35) ([CusBra]), 366.4 (100) ([Cu,Brs]), 222.6 (28) ([CuBr,]).

Elemental Analysis: Calculated (%) for [CgoHyoFe,AsioCusBrs]  (2466.12 g/mol)  and
[CyoH3sFeAssCu,Brs;], (1233. 06 g/mol): C 38.96, H 2.86; found C 39.16, H 2.93.

Synthesis of [{Cp®"Fe(n”*2-Ass){Cu(p-1)}], (4)

In a thin Schlenk tube, a green solution of [Cp"Fe(n’-Ass)] (10 mg, 0.01 mmol) in toluene was
layered with a solution of Cul (19 mg, 0.10 mmol) in CH;CN. After several days, dark red crystals
of 4 are showing up at the phase boundary and the mother solution turns yellowish to brownish.
Sometimes, the formation of a metallic mirror and/or brown powder is observed. After complete
diffusion, the mother liquor is decanted, the crystals are washed with a small amount of CH;CN,
CH,Cl, and n-pentane and are dried in vacuo. By concentrating the decanted solution, layering
with Et,0 and storing at -28°C, a second crop of crystals of 4 can be obtained, while the mother

liquor has turned almost colourless.

Analytical data of 4

Crystalline yield: 4 mg (3.01 umol, 27 % referred to [Cp®"Fe(n-Ass)]).

Positive ion ESI MS (mother liquor, toluene/CHsCN): m/z (%) = 2147.3 (10) ([{Cp®"FeAss},Cu,I]),
1955.4 (14) ([{Cp""FeAss},Cul*), 1670.0 (10) ([Cusls(CHsCN),]*), 1626.9 (12) ([Cuslg(CHCN)]Y),
1587.7 (18) ([Cusls]®), 1517.4 (74) ([Cp™;Fe,Ass]®), 1290.0 (14) ([Cusls(CH5CN),]), 1087.9 (58)
([{Cp™},Fe]"), 1049.8 (100) ([{Cp*"FeAss}Cu(CH5CN)T).

Negative ion ESI MS (mother liquor, toluene/CH;CN): m/z (%) = 1650.0 (2) ([Cusls]’), 1460.1 (2)
([Cuslg]’), 12701.2 (8) ([Cugl,]), 1078.3 (16) ([Cusls]), 888.3 (20) ([Cuyls]), 698.3 (60) ([Cusls)),
507.5 (84) ([Cuyl5]), 316.6 (100) ([Culy]), 126.8 (2) ([I]).

Elemental Analysis: Calculated (%) for [CioHasFeAssCu,l, - 0.5 CsHyqp] (1363.13 g/mol): C 37.44,
H 3.03; found C 37.76, H 2.97.
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Synthesis of [{Cp*Ru(n>**-Ass)HCu(p-Cl)}s(CHsCN)], (5)

In a thin Schlenk tube, an orange solution of [Cp*Ru(n’-Ass)] (20 mg, 0.03 mmol) in CH,Cl, was
layered with a solution of CuCl (10mg, 0.10 mmol) in CH3CN. After several days, dark red crystals
of 5 are showing up at the phase boundary and the mother solution turns light yellowish. After
complete diffusion, the mother liquor is decanted, the crystals are washed with a small amount of

CH3CN and n-pentane and are dried in vacuo.

Analytical data of 5

Crystalline yield: 28 mg (0.03 mmol, 91 % referred to [Cp*Ru(n’-Ass)]).

Positive ion ESI MS (mother liquor, CH,Cl,/CHsCN): m/z (%) = 715.7 (3) ([{Cp*RuAss}Cu(CH5CN)]Y),
674.6 (3) ([{Cp*RuAssiCu]’), 371.1 (100) ([Cp*,Rul’).

Negative ion ESI MS (mother liquor, CH,Cl,/CH;CN): m/z (%) =628.5 (2) ([CuesCl;]), 530.5 (4)
([CusClg)), 332.7 (7) ([CusCly]), 232.9 (36) ([Cu,Cls]), 135.0 (17) ([CuCly]).

Elemental Analysis: Calculated (%) for [C1gH1sRUASsCusCls - CH3CN] (948.95 g/mol): C 15.19, H 1.91,
N 1.48; found C 15.14, H 1.94, N 1.37.

Synthesis of [{Cp*Ru(n>**2-Ass) {Cu(p-Br)}s(CH3CN)], (6)

In a thin Schlenk tube, an orange solution of [Cp*Ru(n’-Ass)] (20 mg, 0.03 mmol) in CH,Cl, was
layered with a solution of CuBr (10 mg, 0.10 mmol) in CH;CN. After several days, dark red crystals
of 6 are showing up at the phase boundary and the mother solution turns yellowish. After
complete diffusion, the mother liquor is decanted, the crystals are washed with a small amount of
CH3CN and n-pentane and are dried in vacuo. By concentrating the decanted solution, layering
with Et,0 and storing at -28°C, a second crop of crystals of 6 can be obtained, while the mother

liquor has turned almost colourless.

Analytical data of 6

Crystalline yield: 14 mg (0.013 mmol, 39 % referred to [Cp*Ru(n’-Ass)]).

Positive ion ESI MS (mother liquor, CH,Cl,/CH5CN): m/z (%) = 1574.2 (7) ([{Cp*RuAss},CusBr,]Y),
1430.2  (17) ([{Cp*RuAss},Cu,Br]’), 1285.4 (13) ([{Cp*RuAssh,Cu]’), 1003.4  (10)
([{Cp*RuAss}CusBr,(CHsCN)]*), 962.4 (6) ([{Cp*RuAss}CusBr,]"), 848.8 (46) ([Cp*,Ru,Ass]?), 715.6
(100) ([{Cp*RuAss}Cu(CH5CN)]*), 674.6 (16) ([{Cp*RuAss}Cul).

Negative ion ESI MS (mother liquor, CH,Cl,/CHsCN): m/z (%) =796.1 (7) ([CugBr;]), 654.4 (8)
([CugBrs]), 510.5 (18) ([CusBry]), 366.5 (41) ([CuyBrs]’), 222.7 (100) ([CuBry]).
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Elemental Analysis Calculated (%) for [CigHisRUAssCusBrs - CH3CN] (1082.31 g/mol): C 13.32,
H 1.68, N 1.29; found C 13.42, H 1.75, N 1.16.

Synthesis of [{Cp*Ru(n**?-Ass){Cu(p-HCu(ps-)}a (7) and [{Cp*Ru(n®***2-Ass)HCu(p-1)}a(CHsCN)],
(8)

In a thin Schlenk tube, an orange solution of [Cp*Ru(n>-Ass)] (20 mg, 0.03 mmol) in CH,Cl, was
layered with a solution of Cul (19 mg, 0.10 mmol) in CH;CN. After complete diffusion, the reaction
mixture is concentrated, layered with Et,0 and stored at -28 °C. After several days dark red
crystals of 7 and 8 are obtained and the mother solution turns colourless. The mother liquor is
decanted and the crystals are washed with a small amount of CH5CN and n-pentane and are dried

in vacuo.

Analytical data of 7 and 8

Crystalline yield: 32 mg (mixture of 7 and 8).

Positive ion ESI MS (mother liquor, CH,Cl,/CH5CN): m/z (%) = 1668.2 (3) ([{Cp*RuAss},Cusls]?),
14763 (11)  ([{Cp*RuAssh,Cu,l]’), 1286.6  (13)  ([{Cp*RuAssh,Cul’), 1097.5  (4)
([{Cp*RuAss}Cusl,(CHCN)TH, 1058.4 (3) ([{Cp*RuAss}Cusl,]), 907.6 (14)
([{Cp*RuAss}Cu,l(CH3CN)]Y), 848.9 (98) ([Cp*,RusAss]®), 715.7 (100) ([{Cp*RuAss}Cu(CH5CN)]Y),
674.6 (22) ([{Cp*RuAss}Cul’).

Negative ion ESI MS (mother liquor, CH,Cl,/CH3;CN): m/z (%) =1078.3 (4) ([Cuslg]), 888.4 (8)
([Cuyals]), 698.5 (29) ([Cusls]’), 506.6 (48) ([Cu,ls]), 316.6 (100) ([CuBr,]’), 126.7 (1) ([I]).
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6.5 Supplementary Information

Crystallographic Details

The data for 1, 2 and 7 were collected on an Agilent Technologies diffractometer equipped
with an Atlas CCD detector and a SuperNova CuK, microfocus (A = 1.54178 A) source. The data for
3,4,5, 6 and 8 were collected on an Agilent Technologies Gemini R-Ultra diffractometer equipped
with Ruby CCD detector and using either an Enhanced Ultra CuK, sealed tube (3, 4 and 8) or an
Enhanced Ultra MoK, (A = 0.71073 A) sealed tube (5 and 6). All measurements were performed at
123 K. Crystallographic data and details of the diffraction experiments are given in Table S6.1-
S$6.4. Using Olex2,%®! the structures were solved either with the ShelXT?”! (1-4, 6-8) or SIR2004/%
(5) structure solution program using Direct Methods and refined with the ShelXL® refinement
package using Least Squares minimisation. Especially in case of disorder, commonly used
restraints for the ShelXL program were applied (SIMU). Since the refinement has been unstable
for 5 and the isostructural coordination compound [{Cp*Fe(n”???-Ass){Cu(p-Cl)}5(CHsCN)], (A)
shows pseudo-merohedral twinning, the same situation has been assumed for 5. Consequently,
with the aid of PLATON and employing the twin law (1 0 0/0 -1 0/0 0 -1) the batch scale factor can
be refined to 0.3498(13). For 8, pseudo-merohedral twinning is observed and the analogue
approach leads to the batch scale factor of 0.135(5). Moreover, H atoms were located in idealised
positions and refined isotropically according to the riding model. A semi-empirical numerical
absorption correction based on gaussian® integration over a multifaceted crystal model (1, 2, 5
and 7) or an analytical®” absorption correction from crystal faces (3, 4, 6 and 8) was applied.

Figures were created with DIAMOND3.0."?
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Table S6.1 Crystallographic data for 1 and 2.

[Cp*Ru(n:—Asj)}Towards Cu'

1 2
Chemical formula CgoH70Fe,As1Cu,Cly CgoH7oFe,As10CuU4Br,
M/g-mol™ 2288.22 2466.06
T/K 123 123
Crystal system monoclinic monoclinic
Space group P2./c P2./c
a/A 25.2235(2) 12.70527(15)
b/A 10.25350(10) 10.17455(11)
c/A 29.1237(3) 29.4113(4)
a/° 90.00 90.00
B/ 94.0612(8) 94.5379(12)
v/° 90.00 90.00
V/A3 7513.33(12) 3790.10(8)
Z 4 2
Pea/g-cm’” 2.023 2.161
p/mm’’ 10.806 11.885
F(000) 4464.0 2376.0

Crystal size/mm3

0.254x0.170x 0.152

0.096 x 0.047 x 0.037

Halides

Radiation CuKy, CuK,
20 range/® 6.084 to 134.158 6.98 to 134.128
Index ranges -30<h <28, -15<h <14,
-12<k<38, -12<k <12,
-34<1<33 -34<1<35
Reflections collected 32807 19795
Independent reflections 13343 6727
[Rint = 0.0267, Ryjgma = 0.0288] [Rint = 0.0218, Rygma = 0.0207]
Data/restraints/parameters 13343/12/937 6727/0/459
Goodness-of-fit on F* 1.108 1.030

Final R indexes [1>20(1)] R1 = 0.0326, wR, = 0.0885 R, =0.0239, wR, = 0.0548

Final R indexes [All Data] R, =0.0394, wR, = 0.0993 R;=0.0268, wR, = 0.0562

Largest diff. peak/hole/eA'3 0.85/-0.97 1.10/-1.09
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[Cp®"Fe(n’-Ass)]

Table S6.2 Crystallographic data for 3 and 4.

Behaviour of
'"Halides

3 4
Chemical formula CyoH3sFeAssCu,Br, CaoH3sFeAssCusly
M/g-mol™ 1233.03 1327.01
T/K 123 123
Crystal system monoclinic monoclinic
Space group P2./n P24/n
a/A 18.13262(13) 18.34919(16)
b/A 10.12407(8) 10.19511(12)
c/A 20.89695(15) 21.2139(2)
a/° 90.00 90.00
B/° 99.0810(6) 98.8118(10)
v/° 90.00 90.00
V/A3 3788.10(5) 3921.69(7)
z 4 4
Pea/grem’ 2.162 2.248
w/mm™ 11.891 21.461
F(000) 2376.0 2520.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(l)]
Final R indexes [All Data]

Largest diff. peak/hole/eA’3

0.115 x 0.078 x 0.041
CuKy

6.002 to 134.14

-21<h <21,

-11<k <8,

-23<1<24

16476

6670

[Rint = 0.0284, Ryigma = 0.0318]
6670/0/471

1.125

R;=0.0313, wR, =0.0926
R;=0.0352, wR, =0.1032
1.59/-0.91

0.196 x 0.051 x 0.025
CuKyq

6.916 to 133.092

-21<h <18,

-12<k<11,

-25<1<20

16511

6801

[Rint = 0.0337, Ryigma = 0.0404]
6801/0/451

1.029

R, =0.0281, wR, = 0.0679
R;=0.0315, wR, =0.0700
1.05/-0.82
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Table S6.3 Crystallographic data for 5 and 6.
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5 6
Chemical formula Cq,H1gRUASsCusClsN Cq,H1gRUAssCu3BrsN
M/g-mol™ 948.91 1082.29
T/K 123 123
Crystal system monoclinic monoclinic
Space group P2./c P2./c
a/A 11.6981(5) 11.8441(4)
b/A 22.0062(13) 22.1513(7)
c/A 8.5377(4) 8.6847(3)
a/° 90.00 90.00
B/° 90.299(4) 90.518(3)
v/° 90.00 90.00
V/A3 2197.9(2) 2278.45(13)
z 4 4
Pea/g-cm’” 2.868 3.155
p/mm’’ 11.372 15.879
F(000) 1776.0 1992.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I>20(l)]

Final R indexes [All Data]
Largest diff. peak/hole/eA'3

0.285x 0.225 x 0.084
MoK,

5.892 to 50.242

-13<h <13,

-26 <k <26,

-10<1<7

13324

3916

[Rint = 0.0501, Ryigma = 0.0466]
3916/0/233

1.044

R; =0.0391, wR, = 0.0987
R; =0.0404, wR, = 0.1005
1.16/-1.26

0.413 x 0.264 x 0.106
MoK,

6.126 to 50.264

-14<h <14,

-26 <k <26,

-7<1<10

9098

4060

[Rint = 0.0319, Ryigma = 0.0450]
4060/0/232

1.059

R, = 0.0267, wR, = 0.0502
R; =0.0318, wR, = 0.0521
0.88/-0.79
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Table S6.4 Crystallographic data for 7 and 8.
7 8
Chemical formula CyoH30RU»AS1oCULl4 CyaH36RU,AS1oCuglgN,
M/g-mol™ 1983.54 2827.41
T/K 123 123
Crystal system triclinic orthorhombic
Space group P1 P2,2:2
a/A 11.4410(2) 17.5428(2)
b/A 11.9552(2) 14.42237(18)
c/A 15.4574(3) 10.59373(13)
a/° 107.0359(17) 90.00
B/° 94.2255(16) 90.00
v/° 101.8642(17) 90.00
V/A3 1957.94(7) 2680.31(6)
z 2 2
Pea/grem’ 3.365 3.503
p/mm’’ 42.739 51.023
F(000) 1792.0 2536.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

Flack parameter

0.083 x 0.061 x 0.053
CuKy

6.042 to 134.13
-13<h <13,

-14<k <14,
-18<1<18

72680

6987

[Rint = 0.0704, Ryigma = 0.0269]

6987/0/372

1.023

R1=0.0220, wR, = 0.0482
R; =0.0266, wR, = 0.0499
1.00/-0.97

0.119 x0.074 x 0.061
CuKyq

7.936 to 134.132
-20<h <17,
-12<k<17,
-12<1<12

9885

4480

[Rint = 0.0397, Rygma = 0.0442]

4480/280/296

1.056

R, =0.0266, wR, = 0.0672
R; =0.0269, wR, = 0.0674
1.05/-0.95

0.135(5)
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Figure S6.1 Molecular structure of 2 in the solid state. H atoms are omitted for clarity and CpBn ligands are
drawn in wire or frame model. Due to disorder only the main part is depicted. Thermal ellipsoids are drawn
at the 50 % probability level. 1 and 2 are isostructural dimers.

Figure $6.2 Molecular structure of 1 in the solid state. Due to the disorder of the Cu' centres two favoured
orientations are possible. H atoms are omitted for clarity and CpBn ligands are drawn in wire or frame
model. Thermal ellipsoids are drawn at 50 % probability level. 1 and 2 are isostructural dimers.
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Figure S6.3 Section of the polymeric structure of 4 in the solid state. H atoms are omitted for clarity and
CpBn ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level. 3 and
4 are isostructural one dimensional polymers.

Figure S6.4 Section of the polymeric structure of 5 in the solid state. H atoms are omitted for clarity and Cp*
ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50 % probability level. 5 and 6
are isostructural one dimensional polymers.
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7.Novel Coordination Compounds of [Cp*Fe(n’-Ass)] and

Monovalent Metal Salts

M. Schmidt and M. Scheer

Abstract:

The coordination behaviour of [Cp*Fe(n’-Ass)] towards silver salts AgX (X = BF,, ClO,) with a
coordinating anion is presented. By diffusion reactions, the discrete dimers
[Ag{Cp*Fe(n’?*?-Ass)X], (X = BF, (1a), ClO, (2a)) and [Ag{Cp*Fe(n>**-Ass)}X], (X = BF, (1b), ClO4
(2b)) are obtained, which crystallise as co-crystals in the solid state. Besides the coordination
behaviour of [Cp*Fe(nS—Ass)] towards Ag' salts, the reactivity of the latter towards
Cu(CFsS03) - 0.5C;Hg  has also been studied, vyielding the discrete, soluble dimer
[Cu{Cp*Fe(n>>"-Ass){Cp*Fe(n*-Ass) 1,{Cp*Fe(n>"-Ass){CF5S05),] (3) exclusively. Moreover, the
subsequent reaction of 1a and 1b with [Cp”’Co(p-Cl)], (Cp”’ =n-1,2,4-CsH,'Bus) has been
investigated. Surprisingly, the former cyclo-Ass ligand has been degraded and rearranged to

afford [(Cp"’Co)g(ug,n4:4:4—As6)][BF4]2(4) as well as the by-product [(Cp””’Co),(u-Cl)3][BF4] (5).
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7.2 Introduction

In 2010, which marks the 20" anniversary of the synthesis of [Cp*Fe(n>-Ass)] (1)
(Cp* = n°-CsMes), | has first been used as building block in coordination chemistry by studying the
reactivity towards Cu' halides.™ In addition, computational studies gave insight into the bonding
situation of 1 in comparison to [Cp*Fe(n’-Ps)] (1), revealing a reversed order of the unoccupied
orbitals (LUMO, LUMO+1). However, the HOMO s localised at the cyclo-Es ring in both cases.
Experimentally, a sharp contrast in the coordination behaviour of | and Il towards monovalent
metal salts like CuX (X = Cl, Br, 1) is observed. While | tends to form m-coordination through As-As
bonds (n*-fashion), its lighter congener Il favours a o-coordination via the lone pairs (n'-fashion),
opening an access to fullerene like spherical aggregates and/or to one or two dimensional
polymers.m} However, the reaction of | with CuX leads to the formation of one dimensional
polymers connected via weak Cu--As and/or Cu--X interactions exclusively (Scheme 7.1).
Although coordination via the lone pairs of the cyclo-Ass ring plays a minor role, we were able to
observe isostructural polymers for | and Il displaying an unexpected o-1,3-coordination towards
the preassembled linear Cu' fragment [Cus(p-Cl),(dpmp),][BF.] (dpmp = bis(diphenylphosphino-
methyl)phenylphosphine).? Changing from copper(l) halides to the monovalent metal salts
bearing a weakly coordinating anion, a n’-coordination of | by [M][TEF] (M = In*, TI;
[TEF] = [A{OC(CF3)3}a])) or the formation of dimers and paddle wheel trimers in combination with

[Ag][FAL] ([FAL] = [FAI{OCeF10(CsFs)}s]) is found (Scheme 7.1).1
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Scheme 7.1 Schematic illustration of coordination compounds originating from 1 and monovalent metal

salts.

Despite the reported studies, the potential of | as a building block in supramolecular chemistry
has only been marginally exploited. Hence, we were especially interested in the reactivity of |
towards AgX (X = BF,, ClO4). Thereby, in this case the anions BF, and ClO, are considered as
coordinating anions in comparison to the weakly coordinating anions [TEF]" and [FAL].
Furthermore, the use of copper(l) salts was exclusively limited to Cu' halides. Other copper
sources like Cu(CFs;SOs) - 0.5 C;Hg have not been used in reactivity studies with the cyclo-Ass
ligand complex | so far. Consequently, the question arose which coordination behaviour exhibits |

towards [M][X] (M = Ag’, X = BF4, ClO,; M = Cu*, X" = CF5505).

Herein we report on the synthesis of the novel dimeric coordination compounds
[Ag{Cp*Fe(n”**-Ass)IX], (X =BF, (la), CIO, (2a)), [Ag{Cp*Fe(n”*?-Ass)IX], (X =BF, (1b), CIO,
(2b)) and [Cu,{Cp*Fe(n>""-Ass)}{Cp*Fe(n>*-Ass)},{Cp*Fe(n>'-Ass) {CF3S0s},] (3). Moreover, the
subsequent reaction of in situ generated 1a and 1b with [Cp””’Co(p-Cl)]; (Cp’” = n°-1,2,4-CsH,'Bus)
is presented, leading to the formation of the prismatic complex [(Cp’”’Co)s(ps,n***-Ase)1[BF4l, (4)
as well as the by-product [(Cp’”’Co),(p-Cl)s][BF.] (5).
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7.3 Results and Discussion

Coordination Behaviour of [Cp*Fe(ns—ASS)] () Towards AgX (X = BF;, ClO;) and
CU(CF3503) -0.5 C7H8

All coordination compounds containing AgX (X = BF,, ClO,) are obtained by diffusion
reactions. Thereby, a solution of | in toluene or thf is layered with a solution of AgX in CH3CN. An
immediate colour change to brown is obtained at the phase boundary. During the diffusion
process, a black to brownish powder precipitates and a metallic mirror as well as small crystals of
the dimers [Ag{Cp*Fe(n>**-Ass)}X], (X = BF, (1a), ClO, (2a)) and [Ag{Cp*Fe(n’**-Ass)IX], (X = BF,
(1b), CIO, (2b)) are formed. Unfortunately, the obtained yields are low (1: 8 %), since compounds
1 and 2 exhibit high sensitivity to air and moisture and redox chemistry occurs during the diffusion
process (metallic mirror and unidentified powder).[S] Furthermore, the vyield of 2 cannot be
determined due to explosion hazard, which is attributed to the ClIO, counterions. In contrast, the
reaction of | with Cu(CF3SO;) - 0.5 C;Hg in CH,Cl, leads to the formation of the discrete dimer
[Cu,{Cp*Fe(n>>"-Ass) {Cp*Fe(n>?-Ass)},{Cp*Fe(n>"-Ass) HCF3S05},] (3) in moderate yields (47 %)

exclusively (Scheme 7.2).

i As=—As ] i As=—As ]
As\i\ AS,'\/AS Aé\i\As,'VAs
il L7 W ‘X---f?g---Agf—---X‘ o |Fxe--tagl-Agtex
-As~ A
Asl hs IAs Asl'AS~ As
As=—As As=—As
X = BF,: 1a 1b
ﬁ i As—As ] i As=As ]
: s'\AS,'As As'\AS,'As =
Fe + AgClO, A7, AsV
AA ed ; TXEre s AgLm mAGeense S ‘X----;/Ag--;Ag
S~ AS \
As AS‘—AS- ‘As As,'As"/A
I As=—As As=—As
] = - = =
As - .
A" X = Clo,: 2a 2b
As=As
A - As’A|S\‘As
S As X A=A
+ CuSO4CF, VAT \|/ -
| TEEo3end o o As o X
s A/ Cu+
P
/As As 'As-\%
As As
As As \AS/
X = CF3S0;: 3

Scheme 7.2 Reactions of | with AgX (X" = BF,, ClO4 ) or Cu(CF3SOs3) - 0.5 C;Hg.
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Crystals of 3 are obtained by layering the reaction mixture with Et,0 after complete diffusion.
In addition, the crystallisation of 1-3 can be completed by concentrating the mother solution and
subsequent layering with Et,0 (-30°C). However, compounds 1a and 1b as well as 2a and 2b

crystallise together as co-crystals in the solid state.

Characterisation of the Coordination Compounds 1, 2 and 3

Compounds 1a and 1b co-crystallise in the solid state as dark red needles in the monoclinic
space group P2,/n. The dimers 2a and 2b co-crystallise as dark brown needles in the triclinic space
group P1. Single crystal X-ray structure analysis reveals a dimeric structure for 1 and 2 taking in
account that the central structural core motifs of 1a and 2a as well as 1b and 2b are isostructural
to each other besides of a different counterion. Thereby, two moieties of | are connected by Ag*
cations coordinated in a n**~fashion (1a/2a) or an unexpected n**-mode (1b/2b) by the As-As
bonds of the cyclo-Ass ring of I. The asymmetric units of 1 and 2 contain one molecule of
[Ag{Cp*Fe(n>*?-Ass)}],”* and one molecule of [Ag{Cp*Fe(n’*?-Ass)}],”" and four BF, or ClO,
anions, respectively. They are either interacting with the Ag" cations or are separated in the case
of one CIO, anion in 2b. If one ignores the Ag---Ag and Ag--Z (Z = F, O) interactions in 1 and 2,
respectively, each Ag’ cation has either a strongly distorted tetrahedral geometry (1a/2a) or a
distorted trigonal bipyramidal geometry (1b/2b). In Figure 7.1, the molecular structure of the
co-crystals 1a and 1b in the solid state is exemplarily depicted (for the molecular structure of 2a

and 2b in the solid state see Figure S7.7, supplementary information).

1la 1b

Figure 7.1 Molecular structures of the co-crystals 1a and 1b in the solid state (in the asymmetric unit).
H atoms and solvent molecules are omitted for clarity. Cp* ligands and BF, anions are drawn in wire or
frame model. Due to the disorder of the Ag’ centre in 1a only one part is depicted. Thermal ellipsoids are
drawn at 50 % probability level. 1a/2a and 1b/2b are isostructural dimers.
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The two as well as the three folded m-coordination leads to an elongation of the As-As
distances of 1a/2a (1a: 2.3415(9) A - 2.4094(9) A; 2a: 2.3489(11) A - 2.4132(12) A) and 1b/2b (1b:
2.3488(10) A - 2.4098(9) A; 2b: 2.3477(13) A - 2.4153(12) A)  within the cyclo-Ass unit in
comparison to the Ass ligand in the pentaarsaferrocene derivative | (2.317(1) A - 2.330(1) A)“*!
(Table 7.1). The Ag" cations in 1a, 2a and 2b are equally disordered over two positions. Therefore,
the Ag--Ag distances between two adjacent Ag" cations in la reach from 2.885(15)A to
2.946(15) A, whereas in 2a/2b Ag--Ag distances of 2.794(19) A to 3.134(18) A can be found. Thus,
the Ag:--Ag distances of 1a, 2a and 2b are shorter than the sum of the van der Waals radii of two
Ag atoms (3.44 A)® and even partially shorter than the sum of the covalent radii of silver
(2.90 A)."" Therefore, argentophilic interactions can be expected at least for the silver dimers 1a,
2a and 2b. In contrast, the Ag--Ag distance in 1b (2.8973(8) A) is close to a covalent bond for
silver (2.90 A).m Comparable Ag-Ag bond lengths or Ag:-Ag interactions have been reported in
the literature.® In addition, the counterions are associated with the Ag" centres via weak Ag--Z
interactions (Z = F (1a/1b): 2.68256(3) A—2.844(4) A, Z = O (2a/2b): 2.561(10) A —2.855(10) A),
being shorter than the sum of the van der Waals radii of silver and Z (Z = F: 3.19 A; Z=0:
3.24 A).[S] These Ag--Z distances are in good agreement with reported Ag-F or Ag-O distances.™
Moreover, the Ag-As bond lengths are in the range of Ag-As distances as reported in the
arsinidene-bridged  cluster  [Agia(AsPh)sCl,(PR3)s] (PR; = PEt;, PMe"Pr,, P"Prs) or
[Ag4(AssPha)>(PR3)a] (PRs = PEts, P"Prs).®? In Table 7.1, selected bond lengths of 1-2 are

summarised.

Table 7.1 Selected bond lengths [A] of 1a/1b (Z = F) and 2a/2b (Z = O). Whenever more than one bond is
presented in the asymmetric unit (especially due to the disorder of the Ag cations), the ranges of bond
lengths are given.

la 1b 2a 2b
As-As 2.3415(9) - 2.4094(9)  2.34883(10) - 2.4098(9)  2.3489(11)-2.4132(12) 2.3477(13)-2.4153(12)
Ag-As 2.551(10) - 2.798(10) 2.6127(8) - 2.9857(9) 2.586(9) - 3.047(9) 2.572(9) - 3.067(7)
Ag---Ag 2.885(15) / 2.946(15) 2.8973(8) 2.794(19) - 3.134(18) 2.743(11) / 3.124(11)
Ag-Z 2.683(5) —2.834(10) 2.68256(3) / 2.844(4) 2.583(12) —2796(11). 2.561(10) / 2.855(10)

Besides the dimer and trimer derived from the pentaarsaferrocene derivative | and [Ag][FAL]
mentioned above,*”’ 1 and 2 represent the first examples for coordination compounds containing
silver salts with a coordinating anion and I. Complexes 1a and 2a demonstrate the preference of
As, ligand complexes for m-coordination. Surprisingly, short Ag---Ag distances are obtained for all
dimers, suggesting argentophilic interactions. Further spectroscopic investigations concerning

these short bond distances will be part of further studies. In contrast, 1b and 2b reveal an
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unexpected n*’-coordination mode of the cyclo-Ass units of 1b and 2b, respectively. Moreover,
the Ag’ cations show the expected weak interactions towards the X anions (X = BF, or ClO,),
whereas the reported dimer and paddle wheel trimer of | and [Ag][FAL] exhibit charge separated

ion pairs.”"!

Compounds 1 and 2 are insoluble in all common solvents. As a result, the corresponding ESI
MS spectra were recorded from the mother solution displaying several fragments of 1 and 2.
Here, even larger fragments were detected and could be assigned to [{Cp*FeAss}Ag,{BF}.]"
(m/z=1434.2, 1) and [{Cp*FeAss}.Ag]" (m/z = 1238.4, 2), respectively. The composition for 1 is in
line with results from the elemental analysis, while crystals of 2 could not be isolated in larger

amounts due to explosion by shock, friction and loss of solvent.

Compound 3 crystallises as dark brown plates in the monoclinic space group /2/m with half a
molecule of 3 in the asymmetric unit, whereas the other half is generated by symmetry. Single
crystal X-ray structure analysis reveals a dimeric composition of 3. Here, the Cul atom is
coordinated in an unprecedented n’-fashion by the cyclo-Ass ligand of | as well as through an

As-As bond (n’-mode) of an adjacent moiety of I (Figure 7.2).

Figure 7.2 Molecular structure of 3 in the solid state. One of the four possible orientations in the
asymmetric unit is depicted. H atoms, counterion and solvent molecules are omitted for clarity. Only the
coordinating triflate anion is shown. Cp* ligands and triflate anion are drawn in wire or frame model.
Thermal ellipsoids are drawn at 50% probability level. Selected bond lengths [A] and angles [°]: Cul-Asl
2.636(3), Cul-Asl’ 2.483(3), Cul-As2 2.653(3), Cul-As3 2.611(4), Cu2-As2 2.457(6), Cu2-As4 2.519(6), Cu2-
As5 2.303(5), Cu2-As6’ 2.840(6), Cu2-O1 2.108(8), Asl-Asl’ 2.3750(19), Asl-As2 2.3643(13), As2-As3
2.3660(13), As4-As5 2.3579(12), As5-As6 2.3616(13), As6-As6’ 2.3697(19), As2-Cu2-As5 90.08(2), As4-Cu2-
As6’ 116.5(2), As1’-Cul-As1’ 57.14(9), As2-Cu2-01 104.2(3), O1-Cu2-As6’ 102.5(2).
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In addition, Cu2 is o-coordinated by As2 and As6’ as well as through an As-As bond
(n*-coordination), resulting in a distorted tetrahedral environment for Cu2. The distortion is also
noticeable in the bond angles ranging from 90.08(2)° to 116.5(3)°, which is typical for copper in
the oxidation state +1.% Furthermore, one of the oxygen atoms of one triflate anion interacts
with Cu2. The second triflate anion appears separated in the asymmetric unit. In addition, four
orientations of the cooper centres can be realised due to disorder and symmetry generation.

Consequently, the individual conformations can be converted into each other by rotation.

The As-As bond lengths within the cyclo-Ass ligand of 3 are very uniform, but slightly elongated
(2.3579(12) A - 2.3750(19) A) in comparison to those in 1 (2.137(1) A = 2.330(1) A). In contrast, the
Cu-As distances of 3 range from 2.303(5) A to 2.840(6) A, being partially severely elongated in
comparison to reported Cu-As distances. In the literature, average Cu-As distances of
2.34 A-2.42 A are common,™ however, in coordination compounds even longer Cu-As distance
up to 2.97 A and 2.83 A are known as well 123 Therefore, Cu---As interactions can be discussed,
since the observed Cu-As distances in 3 are shorter than the sum of the van der Waals radii of
copper and arsenic (3.25 A).[G] Additionally, the elongated As-As bond lengths within the cyclo-Ass
ligands of 3 suggest a coordination of the Cu” cations. Furthermore, the Cu2--0O1 distance can be
determined to be 2.108(8) A, which is in good agreement with the reported Cu-O distance in
Cu(CF5S0s) - CHg (2.048(5) A and 2.043(6) A)." This distance is also remarkably shorter than the

! However, coordination

sum of the van der Waals radii of copper and oxygen (2.92 A).
compounds deriving from As, ligand complexes and Cu(CFs;SOs) are unknown to date. Hence, 3
displays the first coordination compound containing Cu(CF;SO;) and I, exhibiting an uncommon
o-coordination to copper as well as a n°*-coordination and n*coordination of the cyclo-Ass unit of

3 to a single copper centre.

Compound 3 is moderately soluble in CH,Cl,, Et,0 and CHsCN and insoluble in n-hexane or
toluene. The "H NMR spectrum of 3 in CD,Cl, shows a singlet at & = 1.36 ppm for the Cp* ligands,
which is lowfield shifted in comparison to the observed signal of the pentaarsaferrocene
derivative | (6 = 1.08 ppm), indicating a coordination of | to the copper atom(s). In the “C{'H}
NMR spectrum, the corresponding signal for the CH; groups could be found at 6 = 11.65 ppm.
Unfortunately, due to the poor solubility no signal for the Cp ring could be detected in the
BC{*H} NMR spectrum. Moreover, the **F{'H} NMR spectrum shows the corresponding signal for
the triflate anion (8§ = -77.71 ppm). As mentioned, the Cu® cations are expected to be weakly
coordinated by the cyclo-Ass ligand of 3. Therefore, in the ESI mass spectrum the fragment

[(Cp*FeAss),Cul” (m/z = 1194.6) could be assigned.
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Rearrangement of 1to 4

Since salt metathesis is often the essential force in many reactions, the question arose
whether the silver containing dimers 1-2 are suitable precursors for the formation of triple decker
complexes of the general formula [Cp*FeAssMCp"] (M = transition metal, Cp" = any
cyclopentadienyl ligand). Unfortunately, 1-2 are not soluble and 2 explode by shock or friction due
to the unfavourable perchlorate anions. Consequently, we decided to react in situ generated 1 in
a mixture of toluene/CHsCN with [Cp’”’Co(u-Cl)], in thf yielding [(Cp’”’Co)s(ps,n***-Ase)][BF4l, (4),
[(Cp”’Co),(u-Cl)3][BF.] (5) as well as an unidentified green brownish powder (probably a mixture
of AgCl and different polyarsenides of iron) (Scheme 7.3). Thereby, the cyclo-Ass ligand of 1 is
completely degraded and rearranged to give 4.%° Furthermore, the fragmentation products do
not contain the [Cp*Fe]” fragment anymore. Hence, it must be probably split off to form the
known intermediate [Cp*Fe(p-Cl)],, which can only be isolated by using Cp® ligands with high

! Similar fragmentation reactions have been observed by reacting

steric demand.™®
[Cp*Fe(n’-{1,2,4-P;C,mes,})](mes = 2,4,6-trimethylphenyl) with CuX (X = Cl, Br, 1) to form different
coordination products.m] Unfortunately, no fragmentation products containing the [Cp*Fe]

fragment could be isolated so far.[®

B G /A gsEs Agawnn X~
I_As-}_\ _ _
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Scheme 7.3 Reaction of 1 with [Cp”’Co(u-Cl)],.
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Crystals of 4 are obtained by layering a concentrated solution (toluene/CH3;CN/thf) of 4 with
n-pentane or n-hexane. Compound 4 crystallises as dark black plates in the triclinic space group
P1. Additionally, few dark blue plates of 5 are obtained (see supplementary information, Figure
S7.8). Single crystal X-ray structure analysis of 4 reveals an Asg prism as the central structural core
motif. Here, the quadrangular faces are capped by [Cp’”’Co] fragments (Figure 7.3). The Asg prism
in 4 consists of two As; triangles, exhibiting an average As-As bond length of 2.562 A. Additionally,
the As; units are connected through As-As single bonds (av. 2.791 A). All As-As distances are
longer than an usual As-As single bond (electron diffraction: 2.435 A in As,,™' DFT calculations:
2.4372 A'in As4[20]). Nevertheless, the observed bond lengths in the Asg unit are still shorter than
the sum of the van der Waals radii of arsenic (3.7 A).” Furthermore, the isostructural clusters
[CpCoAse]*" (Cp" = Cp*, Cp™" (n°-CsMe,'Bu)) were reported in literature, showing similar trends in
the As-As bond lengths (Cp®= Cp*: 2.564 A / 2.854 A; Cp® = Cp™: 2.564 A / 2.834 A).*Y Applying
the Wade concept,m] 4 can be best described as a nido type cluster with 22 valence electrons.”
Moreover, other Wade clusters with the general formula [(Cp*M);As¢] are known in literature,
showing close structural analogy to 4 as well as elongated As-As bond lengths within the Asg

prism.m]

117

Figure 7.3 Molecular structure of 4 in the solid state. H atoms and counterions are omitted for clarity. Cp
ligands are drawn in wire or frame model. Thermal ellipsoids are drawn at 50% probability level. Selected
bond lengths [A] and angles [°]: Col-Asl 2.3620(13), Col-As3 2.4057(13), Col-As4 2.3878(13), Col-As6
2.3860(13), Co2-As2 2.3835(13), Co2-As3 2.3831(13), Co2-As4 2.3782(13), Co2-As5 2.3776(13), Co3-Asl
2.3898(13), Co3-As2 2.3777(14), Co3-As5 2.3803(13), Co3-As6 2.3975(13), As1-As2 2.5530(10), As1-As3
2.5643(10), As1-As6 2.7906(11), As2-As3 2.5632(10), As2-As5 2.8138(11), As3-As4 2.7671(10), As4-As5
2.5707(10), As4-As6 2.5642(10), As5-As6 2.5546(10), As1-As2-As3 60.16(3), As1-As2-As5 89.55(3), As1-As3-
As2 59.72(3), Asl-As3-As4 89.65(3), Asl-As6-As4 89.14(3), Asl-As6-As5 90.04(3), As2-Asl-As3 60.12(3),
As2-As3-As4 90.44(3), As2-Asl-As6 90.48(3), As2-As5-As4 89.25(3), As2-As5-As6 89.93(3), As3-Asl-As6
90.34(3), As3-As2-As5 89.71(3), As3-As4-As5 90.60(3), As3-As4-As6 90.87(3), Asd-As5-As6 60.04(3), As4-
As6-As5 60.29(3), As5-As4-As6 59.67(3).
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Compound 4 is soluble in CH,Cl,, CH3CN and thf and insoluble in n-hexane or toluene. The H
NMR spectrum of 4 in CDsCN shows the corresponding set of signals for the Cp’” ligands, which
are slightly broadened. EPR spectroscopy has been performed, to get an insight in the electronic
structure of 4. Unfortunately, no signal in the EPR spectra at room temperature or at 77 K is
detected, suggesting diamagnetisms (22 VE) or an open shell system with short relaxation times.
Moreover, a broadening of the signals in the NMR spectra due to paramagnetic impurities could
also be a possible explanation. However, the molecular ion peak for [4]2+ at m/z = 663.1 could be

detected as the base peak by ESI mass spectrometry.

In summary, we could isolate the first coordination compounds containing | and monovalent
metal salts with a coordinating anion [M][X] (M = Ag®, X = BF,, ClO,; M = Cu®, X = CF3S05). First,
the reaction of | with AgX vields the discrete and isostructural dimers [Ag{Cp*Fe(n’*%Ass)X],
(X =BF, (1a), ClO, (2a)) and [Ag{Cp*Fe(n>*?-Ass)}X], (X =BF, (1b), ClO, (2b)), crystallising as
co-crystals in the solid state. For 1a and 2a, only rt-coordination by As-As bonds of the cyclo-Ass
unit (n**-coordination) is observed, whereas 1b and 2b show an unexpected n**-coordination
mode. In addition, the BF, or ClO, anions interact mainly with the Ag" centre, confirming the
coordinating nature of these counterions. Surprisingly, short Ag:--Ag distances are observed in all
dimers, being sometimes even shorter than the sum of the covalent radii of silver. Unfortunately,
spectroscopic studies could not be conducted within the scope of this thesis and will be part of
further studies. In contrast, the reaction of | with Cu(CF;SOs;) - 0.5 C;Hg leads to the formation of
the discrete  dimer [Cu,{Cp*Fe(n’"-Ass){Cp*Fe(n>?-Ass)}{Cp*Fe(n’ -Ass){CF:S0s)]  (3)
exclusively. Besides the mentioned coordination via As-As bonds of the cyclo-Ass ligand
(n’-coordination), an uncommon n’-coordination as well as a o-coordination of | to Cu® is
observed. Here, one triflate anion interacts with a Cu® cation, while the other triflate anion is
separated in the asymmetric unit. Subsequent reaction of in situ generated 1a and 1b with
[Cp”’Co(u-Cl)], leads to the degradation and rearrangement of the former cyclo-Ass unit of | to
yield [(Cp"’Co)s(us,n***-Ase)][BF4l> (4). Complex 4 displays a prismatic Ass unit as the central
structural motif, in which the quadrangular faces are capped by [Cp”’Co] fragments. In
accordance to the wade concept, 4 can be best described as a nido cluster with 22 valence

electrons. Furthermore the by-product [(Cp”’Co),(u-Cl)s][BF4] (5) has been obtained.
7.4 Experimental Part

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or

Schlenk techniques. Solvents were purified, degassed and dried prior to use. [Cp*Fe(n -Ass)]*”

and [Cp””Co(p-C1)],"*® were prepared according to literature procedures. The AgX salts (X = BFy,
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ClO4) and Cu(CF3SO3) - 0.5 C;Hg are commercially available and were used without further

purification.

The NMR spectra were recorded on a Bruker Avance 300 or Avance Ill HD 400 spectrometer.
The ESI MS spectra of the mother solutions were measured on a ThermoQuest Finnigan MAT TSQ
7000 mass spectrometer. The elemental analyses were determined with a Vario ELIll apparatus.
The X-band EPR measurements of 4 and 5 were carried out with a MiniScope MS400 device with a

frequency of 9.5 GHz and rectangular resonator TE102 of the company Magnettech GmbH.

Synthesis of [Ag{Cp*Fe(n>?%Ass)}X], (X = BF, (1a), ClO, (2a)) and [Ag{Cp*Fe(n>*%-Ass)}X], (X = BF,
(1b), ClO, (2b))

In a thin Schlenk tube, a green solution of [Cp*Fe(n’>-Ass)] (1: 20 mg, 0.04 mmol, 2: 42 mg,
0.07 mmol) in toluene or thf was layered with a solution of AgX (X' = BF, : 14 mg, 0.07 mmol,
ClO4: 22 mg, 0.11 mmol) in CH;CN. At the phase boundary a colour change to brown can be
observed immediately. Furthermore, the formation of dark red needles of 1 and dark brown
plates of 2, a metallic mirror as well as brown powder can be observed during the diffusion. After
complete diffusion, the mother liquor of 1 is decanted and the crystals were washed with a small
amount of n-pentane and dried in vacuo. Crystals of 2 could not be isolated in a sizeable amount
due to explosion hazard. By concentrating the decanted solution and layering with Et,0 a second

crop of 1 or 2 can be obtained, while the mother liquor has turned almost colourless.

Analytical data of 1

Crystalline yield: 2.4 mg (1.5 pmol, 8 % referred to [Cp*Fe(n’-Ass)]).

Positive ion ESI MS (mother liquor, toluene/CH;CN): m/z (%) = 1434.2 (3) ([{Cp*FeAss},Ag{BF.}]"),
1238.4 (40) ([{Cp*FeAss},Ag]"), 713.7 (84) ([{Cp*FeAss}Ag(CHSCN)]Y), 672.6 (8) ([{Cp*FeAsstAg]Y),
326.1 (100) ([Cp*,Fe]’).

Negative ion ESI MS (mother liquor, toluene/CH;CN): m/z (%) = 86.8 (100) ([BF,4]).

Elemental Analysis: Calculated (%) for [CooH3oFe,As10Ag,B,Fs - CH3CN] (1561.76 g/mol): C 16.92,
H2.13, N 0.90; found C17.07, H 2.25, N 0.97.

Analytical data of 2

Crystalline yield: The yield of 2 could not be determined due to explosion of 2 by shock, friction or

loss of solvent.
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Positive ion ESI MS (mother liquor, toluene/CH;CN/Et,0): m/z (%) = 1238.4 (60) ([{Cp*FeAss},Ag]"),
565.7 (8) ([Cp*FeAss]"), 326.1 (100) ([Cp*,Fe]’).

Negative ion ESI MS (mother liquor, toluene/CH;CN/Et,0): m/z (%) = 352.6 (20) ([Fe(ClO,)s]),
306.6 (5) ([Ag(Cl0O4),]), 98.8 (20) ([ClO4]).

Synthesis of [Cu,{Cp*Fe(n>>*-Ass)HCp*Fe(n>*-Ass)L,{Cp*Fe(n**-Ass){CFsS0s},] (3)

To a solution of Cu(CFsS0s) - 0.5 CsHg (18 mg, 0.07 mmol) in CH,Cl, a solution of [Cp*Fe(n’-Ass)]
(20 mg, 0.04 mmol) in CH,Cl, is added and stirred for 10 minutes resulting in a red brownish
solution. Then, the reaction mixture is concentrated, transferred into a thin Schlenk tube and
layered with n-hexane or Et,0. After complete diffusion, small dark brown plates and needles of 3

are obtained. The crystals were washed with a small amount of n-pentane and dried in vacuo.

Analytical data of 3

Crystalline yield: 6.4 mg (4.1 pmol, 47 % referred to [Cp*Fe(n’-Ass)]).

'H NMR (CD,Cl,): & [ppm] = 1.36 (s, CHs).

BC{*H} NMR (CD,Cl,): 6 [ppm] = 11.65 (CHs), Cp signal is not observed.

YF{"H} NMR (CD,Cl,): & [ppm] = -77.71 (CFs).

Positive ion ESI MS (CH3CN): m/z (%) = 1194.6 (35) [{Cp*FeAss},Cu]"), 326.0 (100) ([Cp*,Fe]’).
Negative ion ESI MS (CH3CN): m/z (%) = 360.7 (10) ([Cu{CF5SOs},]), 148.9 (100) ([CF3SOs]).
Elemental Analysis: Calculated (%) for [Cy,H33Fe,As10CuU,S,06F3] (1556.59 g/mol): C 16.98, H 1.94,
S4.11; found C 16.53, H 1.84, S 4.67.

Synthesis of [(Cp’Co)s(pa,n***-Ase)1[BF4]; (4) and [(Cp"’Co),(p-Cl)s][BF4] (5)

In a thin Schlenk tube, a green solution of [Cp*Fe(n’-Ass)] (20 mg, 0.04 mmol) in toluene was
layered with a solution of AgBF, (14 mg, 0.07 mmol) in CH3CN. At the phase boundary, a colour
change to brown can be observed. During diffusion, the formation of dark red needles of 1
(2.4 mg, 8 % referred to [Cp*Fe(n’-Ass)]) and a metallic mirror as well as brown powder can be
observed. After complete diffusion, the mother liquor is decanted and concentrated. Then, the
brown solution of 1 was added to [Cp””’Co(u-Cl)], (56 mg, 0.07 mmol) in thf and stirred at room
temperature. After 2 hours, the solvent was concentrated in vacuo. The brown solution is filtered
into a thin Schlenk tube and layered with n-pentane. After complete diffusion, black plates of 4
and dark blue plates of 5 can be obtained next to each other and cannot be separated from each

other.
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Analytical data of 4

Crystalline yield: few crystals.

*H NMR (CD,Cl,): & [ppm] = 1.37 (s, 27H, ‘Bus), 1.56 (s, 54H, 'Bus), 6.25 (s, 6H, CH).

Bc{*H} NMR (CD,Cl,): & [ppm]=31.13 (‘Bus), 34.49 (‘Bus), 36.20 (‘Bus), 88.33 (Cs) (due to
broadening of the signals no further assignment possible).

Positive ion ESI MS (CH3CN): m/z (%) = 1345.2 ([{(Cp"’Co)sAse}F]’) (8), 1326.2 ([{(Cp"’Co0)sAse}]")
(2), 663.1 ([{(Cp"’Co)3As6}]*") (100).

X-band EPR (CH,Cl,): EPR silent.

Analytical data of 5

Crystalline yield: few crystals.

X-band EPR (77 K, CD,Cl,): g;s, = 2.004.

7.5 Supplementary Information

NMR Investigations
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Figure S7.1 'H NMR spectrum of 3 in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents.
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Figure S7.3 19F{lH} NMR spectrum of 3 in CD,Cl, at 300 K.
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Figure S7.4 "H NMR spectrum of 4 in CDsCN at 300 K.
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Figure S7.5 °C{*H} NMR spectrum of 4 in CD5sCN at 300 K.



Novel Coordination Compounds of [Cp*Fe(n -Asc)] and
Monovalent Metal Salts |119

Representation of the X-Band EPR spectra of 5
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Figure S7.6 EPR spectrum of 5 in CH,Cl, at 77 K.

Crystallographic Details

The data for 1a, 1b, 2a and 2b were collected on an Agilent Technologies Gemini R-Ultra
diffractometer equipped with Ruby CCD detector and using an Enhanced Ultra CuK, sealed tube
(A=1.54178 A). The data for 3, 4 and 5 were collected on an Oxford Diffraction GV50
diffractometer equipped with Titan®> CCD detector and a CuK, microfocus source. All
measurements were performed at 123 K. Crystallographic data and details of the diffraction
experiments are given in Table $7.1-57.3. Using Olex2,"” the structures were solved either with
the ShelxT?® (1a, 1b, 3, 4, 5) or ShelxS?® (2a and 2b) structure solution program using Direct
Methods and refined with the ShelXLP” refinement package using Least Squares minimisation.
Especially in case of disorder, commonly used restraints for the ShelXL program were applied
(SIMU). Moreover, H atoms were located in idealised positions and refined isotropically according
to the riding model. A semi-empirical numerical absorption correction based on gaussian®"
integration over a multifaceted crystal model (3, 4 and 5) or an analytical®” absorption correction

from crystal faces (1a and 1b) was applied. For 2a and 2b, a semi-empirical numerical absorption

correction (multiscan) was applied.® Figures were created with DIAMOND3.0.2%!
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Table S7.1 Crystallographic data for 1a/1b and 2a/2b.

1a/1b - CH;CN

2a/2b - 2 CH;CN

Chemical formula
M/g-mol™

T/K

Crystal system
Space group

a/A

b/A

c/A

o/°

B/

v/°

V/A3

Z

Pea/g-cm”
w/mm’*

F(000)

Crystal size/mm3
Radiation

26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

CaaHasFerAs10Ag,BoFgN
1561.75

123

monoclinic
P2./n
12.08320(15)
24.3361(3)
26.0164(3)
90.00
90.9136(11)
90.00
7649.36(15)

8

2.712

24.215

5840.0

0.1909 x 0.1211 x 0.0784
CuKy

7.264 to 134.154
-14<h <10,
-20<k <28,
-27<1<31
38244

13434

[Rint = 0.0422, Rgigma = 0.0435]

13434/0/387

1.070

R: = 0.0407, wR, = 0.1040
R: = 0.0504, wR, = 0.1123
1.40/-1.36

CaaHssF€4AS20A84C14, 016N,
3174.06

123

triclinic

P1
12.2404(4)
15.6069(5)
22.7037(5)
93.535(2)
102.897(2)
111.657(3)
3879.4(2)

2

2.717

24.992
2984.0
0.2932 x 0.039 x 0.0214
CuKyq
7.9t0134.21
-12<h <14,
-18 <k <18,
-26<1<27
32302

13591

[Rint = 0.0535, Rgigma = 0.0633]

13591/96/925

0.991

Ri = 0.0454, wR, = 0.1076
Ri=0.0691, wR, = 0.1214
1.40/-1.40
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Table S7.2 Crystallographic data for 3 and 4.
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3 - CHyCl, 4
Chemical formula Cy3H3,Fe,As14CuU,S,06F6Cly Cs1Hg7Co3As¢B,Fg
M/g-mol™ 1641.48 1500.13
T/K 123 123
Crystal system monoclinic triclinic
Space group 12/m P1
a/A 13.7212(2) 10.3137(2)
b/A 12.04356(19) 14.0207(5)
c/A 25.2510(3) 22.8866(5)
a/° 90.00 91.922(2)
B/ 96.0032(12) 98.6557(19)
v/° 90.00 90.119(2)
V/A3 4149.89(10) 3269.89(16)
Z 4 2
Pea/grcm’ 2.627 1.524
p/mm’’ 18.233 9.704
F(000) 3112.0 1508.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I>20(l)]

Final R indexes [All Data]

Largest diff. peak/hole/eA'3

0.378 x0.047 x 0.037
CuKy

7.04 to 134.15
-15<h <16,

-14 <k <13,
-30<1<30

18292

3894

[Rine = 0.0326, Ryigma = 0.0200]

3894/0/285

1.333

R, =0.0483, wR, = 0.1212
R, = 0.0486, wR, = 0.1213
0.72/-1.13

0.162 x 0.109 x 0.048
CuKyq

6.308 to 134.132
-12<h <7,

-16 <k <16,
-27<1<27

20424

11579

[Rint = 0.0292, Ryigma = 0.0360]

11579/156/748

1.049

Ri = 0.0707, wR, = 0.2234
Ri=0.0757, wR, = 0.2305
4.72/-1.05
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Table S7.3 Crystallographic data for 5.

Compounds of [Cp*Fe(n -Ass
Monovalent Metal Salts

5
Chemical formula C34HsgCo,Cl3BF,
M/g-mol™ 777.82
T/K 123
Crystal system triclinic
Space group P1
a/A 10.2551(6)
b/A 13.2032(10)
c/A 15.3820(9)
a/° 66.205(7)
B/° 87.160(5)
v/° 79.511(6)
V/A3 1873.2(2)
Z 2
Pea/g-cm’” 1.379
p/mm’’ 9.251
F(000) 816.0

Crystal size/mm3

Radiation

26 range/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

0.677 x 0.107 x 0.049

CuKy

6.282 to 134.158
-11<h<12,-15<k<15,-18 <1< 15
11136

6637 [Rint = 0.0673, Ryjgma = 0.0863]
6637/60/460

1.041

R;=0.0739, wR, =0.1889
R;=0.0838, wR, =0.2017
1.50/-0.93
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Figure S7.7 Molecular structure of 2a and 2b in the solid state. H atoms and solvent molecules are omitted
for clarity. Cp* ligands and ClO, anions are drawn in wire or frame model. Due to the disorder of the silver
cations in 2a and 2b only one part is depicted. Thermal ellipsoids are drawn at 50 % probability level. 1a/2a
and 1b/2b are isostructural dimers.

Figure S7.8 Molecular structure of 4 in the solid state. H atoms are omitted for clarity. Cp””’ ligands and BF,
are drawn in wire or frame model. Thermal ellipsoids are drawn at 50% probability level. Selected bond
lengths [A] and angles [?]: Col--Co2 2.9479(10), Col-Cl1 2.3000(12), Col-Cl2 2.3112(15), Col-CI3
2.3087(13), Co2-Cl1 2.3211(12), Co2-Cl2 2.3102(14), Co2-CI3 2.3029(13), Cl1-Co1-CI2 81.87(5), CI2-Co1-CI2
85.71(5), Cl1-Co1-CI3 83.47(5), Cl1-Co2-CI2 81.44(5), Cl1-Co2-CI3 83.13(5), Cl2-Co2-CI3 85.87(5), Cl1-Col-
Co2 50.68(3), Cl2-Co1-Co2 50.35(4), Cl3-Col-Co2 50.18(3), Cl1-Co2-Col 50.05(3), Cl2-Co2-Col 50.38(4),
Cl3-Co2-Co1 50.35(3).
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8. A Breakthrough in Redox Chemistry: The Chemical Reduction of
[Cp*Fe(n’-Ass)]

M. Schmidt, D. Konieczny, E. V. Peresypkina, A. V. Virovets, M. Bodensteiner, G. Baldzs, F.

Riedlberger, H. Krauss and M. Scheer

Abstract:

The redox chemistry of [Cp*Fe(n>-Ass)] (Cp* = n°-CsMes) has been investigated by cyclic
voltammetry. It shows two irreversible oxidations as well as an irreversible reduction. Subsequent
chemical reduction of [Cp*Fe(n’-Ass)] with KH has been performed, resulting in the formation of a
mixture of diverse anionic polyarsenide complexes. Besides the dianion [(Cp*Fe),(u,n**-Asio)]*
([1)7) and the triple decker complex [{Cp*Fe(p,n**-As,)}h]" ([2]), even larger polyarsenide As,
frameworks - up to n =14 and n =18 — stabilised by [Cp*Fe] fragments could be obtained. This
includes [(Cp*Fe),(,n**-As14)]” ([31%) as well as [(Cp*Fe)s{ua,n™***Asis}]> ([4]%). Along with
compound [3]%, the dianion [4]* represents the largest anionic As, ligand complex reported so
far. Moreover, [2]" can also be obtained by treatment of [Cp*Fe(r]S—Ass)] with elemental
potassium. All complexes were characterised by single crystal X-ray diffraction analysis as well as
'"H NMR spectroscopy. In addition, to get an insight in the electronic structure of [1]*, DFT
calculations have been performed, showing a fast dimerisation of the presumably formed
intermediate [Cp*Fe(nS—As5)]' to [1]*. Since [2] is paramagnetic, it was characterised by EPR

spectroscopy, revealing that the unpaired electron is localised at the [Fe,As,] core.
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8.2 Introduction

Ferrocene [Cp,Fe] (I, Cp = n>-CsHs) and its derivatives belong to the most frequently used

compounds in organometallic chemistry, e.g. for catalysis'” and bioorganometallic purposes.”

]OI’ as a reference

Since | is redox active, it has also found application in redox switchable systems®
in cyclovoltammetry. While the oxidation of | to [I]" is a reversible one electron process, the
electrochemical oxidation and reduction of the pentaphosphaferrocene derivative [Cp*Fe(n’-Ps)]
(), which is isolobal to I, is more complex.[‘” Both processes of oxidation and reduction are
irreversible in nonagueous solvents but reversible in bulk electrolysis. Furthermore, complex Il is
first oxidised to [ll]" (17 VE) followed by a rapid dimerisation into the dication [I1,)*. The same
dimerisation behaviour has been observed for the reduction of Il to [ll] (19 VE) followed by its

rapid dimerisation to [II,]*. In 2013, the proposed compounds [1,]* and [II,]* as well as the

dianionic doubly reduced [II]Z' could be fully characterised and the structures of [II2]2+ and [”2]2-
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have been determined by single crystal X-ray diffraction analysis (Scheme 8.1)."! Besides the
reduction with elementary potassium or potassium hydride the reduction of Il by divalent
lanthanide complexes has also been realised, leading to the formation of mixed d/f triple decker

complexes® and reductive P-P bond formation.”
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Scheme 8.1 Reduction and oxidation of I1.”!

In contrast to the relatively well investigated redox chemistry of Il, little is known about the
redox chemistry of the heavier congener [Cp*Fe(n’-Ass)] (Ill). Although DFT calculations® and
comparative studies on the charge distribution® based on Mdssbauer spectroscopy exist and
show only small differences between Il and lll, the experimentally found coordination behaviour
of Il is in sharp contrast to that of lll. While 1l tends to form n-coordination through As-As bonds
(n’~fashion), its lighter congener Il favours a o-coordination vig the lone pairs (n'-fashion),
opening an access to fullerene like spherical aggregates and one and/or two dimensional

B9 The results of the DFT calculations show a reversed ordering of the unoccupied

polymers.
orbitals (LUMO, LUMO+1) for lll compared to Il. However, the HOMO is localised at the cyclo-Es
ring (E =P (Il), As (lll)) in both cases. Therefore, it is not surprising that the reduction of lll by the
divalent samarium complex [Cp”,Sm(thf)] (Cp” =n>-1,3-CsH5'Bu,) leads to the formation of
complexes containing different As, units instead of the expected dianionic complex [,)>.

While reduction of Il enables the formation of new P-P bonds, Il is completely rearranged by the
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reduction with [Cp”,Sm(thf)]. Depending on the solvent used, either [(Cp”’,Sm)(w,n**-As,)(Cp*Fe)]

(toluene) or [(Cp”',Sm),As;(Cp*Fe)] (n-pentane) is obtained.

Therefore, it has been of fundamental interest whether an electrochemical redox reaction of
Il would first lead to the formation of the ionic species [Cp*Fe(n’-Ass)]” followed by dimerisation
to [,)** and [NI1,)%, respectively. Furthermore, the question arose whether the reactivity of llI
towards elemental potassium or KH proceeds analogously to that of Il or similar to the reduction
with [Cp”,Sm(thf)]. Herein, we report on the reduction of Ill with K and KH, which leads to an
unprecedented rearrangement of the former cyclo-Ass moiety to vyield [(Cp*Fe)s(i,n**-Asio)]”
(1117 = [,)%) and [{Cp*Fe(w,n**-As,)}]" ([2]) as well as the arsenic rich ligand complexes
[(Cp*Fe)y(,n**-As)]* ([31%) and [(Cp*Fe)i{pa,n****-Asis)]> ([4]%), which is the largest one

reported so far.
8.3 Results and Discussion

Since the redox chemistry of Il has not been studied by electrochemical methods, cyclic
voltammetry has been used to get insight in its redox behaviour. In Figure 8.1, the cyclic

voltammogram of lll in CH,Cl, is depicted.

2.500 2.000 1.500 1.000 500 0 500
A
20 1 20
10 - C {1 10
—_—
0 - 0
(na) —
-10 | -10
20 | -20
B
-30 30
-2.500 2.000 -1.500 -1.000 -500 0 500
E(mV)

Vvs. [Cp,Fel/[CpsFel*

Figure 8.1 Cyclic voltammogram of Ill recorded at a platinum disc electrode in CH,Cl, at 0.1 Vs' and
referenced against [Cp,Fel/[Cp,Fe]’; supporting electrolyte ["BusN][PFe] (0.1 mol/L).

Here, Ill shows an irreversible reduction (peak B: Eg=-2.08 V; Il: E =-2.05 V) and an irreversible
oxidation (peak C, E.=-1.48 V; Il: E=-1.34 V). Consequently, it could be expected that llI

undergoes reduction to [lll] and subsequent dimerisation to [I1,]*" as well as reoxidation to lll, as
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the cyclic voltammogram (CV) shows close similarity to the CV of the pentaphosphaferrocene
derivative 1. Moreover, complex Ill exhibits an irreversible oxidation (peak A, Ex=+0.29 V).
However, if the electrochemical oxidation (peak A) is studied only in the relevant range at
different scan rates (v=0.02Vs™' to v=1.2Vs"), the oxidation of Ill to [Ill]" appears to be
reversible especially for higher scan rates (approximately E;,= +0.29 V, v=0.8 Vs to v=1.2 Vs™)
(Figure 8.2). In summary, the reduction behaviour of lll is similar to that of I, whereas the

oxidation process of Il differs to Il.
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Figure 8.2 Cyclic voltammogram of the reversible oxidation (peak A) of lll recorded at a platinum disc
electrode in CH,Cl, at different scan rates and referenced against [Cp,Fe]/[Cp,Fe]’; supporting electrolyte
["BugN][PFg] (0.1 mol/L).
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The reaction of lll with KH in dme at room temperature results in the formation of a mixture of
[1]%, [2], [3]* and [4]* (Scheme 8.2). In contrast, the reaction of IIl with elemental K at analogous

reaction conditions yields [2]".

=, |

Fe _ bj+K
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Scheme 8.2 Reactivity of Il towards a) KH in dme and b) K in dme. Both reactions are performed at room
temperature.

Crystals suitable for single crystal X-ray diffraction analysis can be obtained by layering the
reaction mixture with n-hexane after complete diffusion at 0 °C. However, (1%, [2], [3]* and [4]*
crystallise simultaneously as potassium salts. Hitherto, the separation of a sizeable amount of
analytically pure samples was not possible due to their similar physical properties, colour and
crystal shape. Nevertheless, few crystals of [1]%, [2], [3]* and [4]* could be separated under the
microscope from the reaction mixture. Consequently, the signals in the "H NMR spectra of all
polyarsenide complexes could be tentatively assigned (Figure S8.1-S8.4, see supplementary
information). All compounds are well soluble in dme or thf, slightly soluble in CH;CN and insoluble
in n-hexane, n-pentane or toluene. Solutions of [1]%, [2], [3]* and [4]* in CH,Cl, decompose over
an extended period of time. Moreover, the formation of [2] is also observed by the reaction of llI
with elemental potassium. Although the 'H NMR spectrum of the reaction mixture gives evidence
for the presence of other polyarsenides in the reaction mixture, compound [2] is the only isolable

product so far.

Complex [1]* can be obtained as dark brown blocks as the potassium salt [K(dme)s],[1] and

crystallises in the monoclinic space group P24/n. In Figure 8.3, the molecular structure of the
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dianion [1]* in the solid state is depicted. Only half of the molecule can be found in the

asymmetric unit, the other half is generated by symmetry.

Figure 8.3 Molecular structure of [1]2' in the solid state. Counterions, solvent molecules and H atoms are
omitted for clarity. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A],angles [*] and torsion angles [°]: As1-As2 2.3712(14), As2-As3 2.37354(14), As3-As4 2.3691(12), As4-As5
2.4382(11), As1-As5 2.4367(13), As5-As5’ 2.4398(16), Asl-As5-As4 81.34(4), As1-As5-As5’ 93.01(5), As4-
As5-As5’ 92.52(5), As1-As5-As5’-As4’ 98.55(4), As4-As5-As5’-As4’ 180.00(7).

The single crystal X-ray structure analysis of [1]* reveals a bridging Asio ligand consisting of
two n’-coordinating Ass units in an envelope conformation, which are connected by an As-As
single bond. The As-As bond lengths within the Ass moiety of [1]* are in the range of an As-As
double bond (2.245(1)A in [{(l\/|e3Si)3CAs}2]),[12] but elongated in comparison to |l
(2.317(1) A-2.330(1) A)."® The remaining As-As bond lengths are in good agreement with an
As-As single bond (electron diffraction: 2.435 A in As,, DFT calculations: 2.4372 Ain As4[15]). The
Asyo ligand of [1]* represents the all arsenic analogue of dihydrofulvalene and has only been
found before in neutral transition metal complexes such as [(Cp*M)a(ps,n* %% -As10)] (M = Co,
cpt= cp” M cp™l® M = Rh, Cp® = Cp” (n°-1,3-CsH3'Bu,y)™). Although [1]F is expected to be
isostructural to the phosphorus derivative [I1,]%, its molecular structure differs especially in the
conformation around the bridging E-E bond (E =P ([ll,]*), As ([1]%)). The bridging As-As bond
(As5-As5’) in [1]” points towards the [Cp*Fe] moieties representing an exo conformation of the
n*-Ass moieties (Figure 8.4). In contrast, the bridging P1-P10 bond in [Il,]* points away from the
[Cp*Fe] fragments which matches an endo arrangement of the n*-Ps unit. A similar conformation
to [1]* has been observed for the oxidised phosphorus species [II,]*, however the envelope type
Ps units are less distorted from planarity than in [I1,]* and still ns—coordinated to the [Cp*Fe]

fragments (Figure 8.4).
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Figure 8.4 Comparison of the molecular structure of (17 (left), [”2]27[5] (middle) and [”2]2+[5] (right) in the
solid state. Counterions, solvent molecules and H atoms are omitted for clarity. In case of disorder the main
part is depicted. Thermal ellipsoids are drawn at 50 % probability level.

This feature is also apparent if the torsion angles of [1]%, [Il,]* and [II,]*" are compared (Table
8.1). In [1]* the relevant torsion angle is 98.55(4)° (As4-As5-As5’-As1’), presenting an anti
conformation of the [Cp*Fe(n*-Ass)]” units. In contrast, the corresponding torsion angle in [I1,]*
are found to be 22.37(9)° (P5-P1-P10-P9) rather indicating a syn conformation of the
[Cp*Fe(n*-Ps)] moieties. In [II,]**, the relevant torsion angle is 67.75(10)° (P10-P6-P1-P2). Selected

torsion angles of [1]%, [I,)* and [Il,]*" are summarised in Table 8.1.

Table 8.1 Selected torsion angles [°] for 1, [”2]2-[5] and [llz]z+.[5]
1 [11,]* [11,)%
As4-As5-As5’-As1' 98.55(4) P5-P1-P10-P9 22.37(9) P10-P6-P2-P1 67.75(10)
As4-As5-As5’-Asd’ 180.00(7) P2-P1-P10-P9 -81.43(7) P10-P6-P2-P1 -160.83(7)
P6-P1-P10-P2 -80.66(7) P7-P6-P1-P5 -27.67(9)
P9-P1-P10-P2 175.55(5) P7-P6-P1-P2 -159.09(7)

It has been expected that [1]” is the initial species formed by chemical reduction of Il with KH,
whereas compounds [2]’, [3]* and [4]” are established due to decomposition and reaggregation.
To prove this, a sample of crystalline [1]* was dissolved in thf-dg and *H NMR spectra have been
recorded over a period of one week. Within this time, the NMR tube has been exposed to light
and stored at room temperature. Surprisingly, neither new signals, nor grey arsenic could be
observed, indicating the decomposition of [1]*. This is additionally confirmed by the fact that all

compounds seem to crystallise simultaneously from the reaction mixture.



A Breakthrough in Redox Chemistry: The Chemical Reduction
of [Cp*Fe(n°-Ass)] |135
To get an insight into the electronic structure of [1]*, DFT calculations have been performed
at the BP86/def2-TZVP level. The DFT results reveal a dimerisation of the presumably formed
intermediate [Cp*Fe(n’-Ass)]” to [1]*7, which is with 42.0 ki-mol™ exothermic. Furthermore, in
[Cp*Fe(n’-Ass)]” 33% of the spin density is localised on the bent arsenic atom, indicating why a
fast dimerisation to [1]* occurs. The inspection of the molecular orbitals in [1]*” shows that the
occupied frontier molecular orbitals are iron centred (d orbitals), which are basically nonbonding.
Only starting with HOMO-4, the molecular orbitals contain atomic orbital contributions from
arsenic (Figure 8.5). In contrast, the LUMO’s are mainly localised on the Asiq unit. The natural
population analysis (NPA) displays that the negative charge is spread over the Cp* and the Asy,
ligand. In one Ass unit in [1]> the atom As5 bares the least negative charge (-0.08 e), followed by
Asl and As4 (-0.10 e’), while As3 and As4 carry the most negative charge (-0.14 ') (numbering
according to the X-ray structure in Figure 8.3). The Wiberg Bond Indices (WBI) indicate the
presence of As-As single bonds (WBI 0.95 to 1.13).

HOMO-9

Figure 8.5 Selected molecular orbitals in [1]2_, calculated at the BP86/def2-TZVP level.

Complex [2] crystallises as dark brown blocks as the potassium salt [K(dme),][2] in the triclinic
space group P1. The central structural motif of [2] in the solid state is a triple decker complex

with two As, units as middle deck, which is severely disordered over four positions with
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occupancy factors of 0.51, 0.41, 0.05 and 0.03 (Figure 8.6 for the main occupied part, for

representation of the disorder of the two As, units see Figure S8.9, supplementary information).

Figure 8.6 Molecular structure of [2] (main part) in the solid state. Counterion, solvent molecules and
H atoms are omitted for clarity. Due to disorder only the main part is depicted. Thermal ellipsoids are
drawn at 50 % probability level. Selected bond lengths [A] and angles [*]: As1-As2 2.333(3), As3-As4
2.334(3), As1--As3 3.169(5), As2:--As4 3.007(4), As2-As1-As2 87.44(4), As1-As3-As4 88.56(7), As3-Asd-As2
91.38(5), As4-As2-As1 92.59(2).

The As-As bond lengths of the As, ligands of [2] lie between an As-As single and double bond
(2.333(3) A, 2.334(3) A). Hence, the As-As bond lengths are in line with literature known neutral
triple decker complexes of cobalt [{Cp*Co(w,n**As,)}] (Cp" = Cp*,*¥ Cp’ (n°-CsEtMe,),!*® Cp’”
(n°-1,2,4-CsH,'Bus),™® Cp®" (n°-Cs{CH(CeHs)}s)Y). In contrast, the Asl--As3 distances (3.169(5) A)
and As2---As4 (3.007(4) A) distances are considerably longer in [2], but nevertheless still shorter
than the sum of the van der Waals radii of arsenic (3.7 A),”" indicating the presence of some
weak interactions between the As, units. Interestingly, the chemical reduction of lll by the
divalent samarium complex [Cp”,Sm(thf)] leads to [(Cp”,Sm)(w,Nn** -As,)(Cp*Fe)], containing a

cyclo-As, unit.*!

As the As, ligand can be considered as a two m-electron donor, [2] can be best described as a
31 VE complex. Accordingly, [2] should exhibit paramagnetic behaviour due to the presence of at
least one unpaired electron. Indeed, the EPR spectrum of [2] in thf at 77 K shows an anisotropic
signal indicating an unpaired electron which is expected to be localised on the central [Fe,Asy]
unit (see Figure S8.5 and simulated EPR spectra Figure S8.6, supplementary information). In the
series of neutral triple decker complexes of iron [(Cp"Fe),(u,n**-As,)] (Cp® = Cp’”,?? Cp®"®)) and
[(CpRFe)z(u,r]4:4—cyc/o—As4)] (CpR = Cp”',m] CpBIG (nS—C5{4—”BuC6H4}5)[24]), [2] can be regarded as the
corresponding reduced onefold negatively charged analogue. Conversely, [2] is expected to be

oxidised by an appropriate oxidising agent to yield the neutral triple decker complex which likely
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possesses a butadiene like As, ligand as realised in [(CpiFe)(w,n**As,)] (Cp® = Cp’”, Cp®").12>* In
fact, the cyclic voltammogram of [2] gives evidence for the reversible electrochemical oxidation
of [2] in thf (Ey,=-1.2V vs. [Cp,Fe]/[Cp,Fe]’; see Figure S8.8, supplementary information).
Unfortunately, the preparative chemical oxidation of [2]" could not be achieved regardless of

several attempts.

Compound [3]* crystallises as dark black prisms as the potassium salt [K(dme),],[3] in the
monoclinic space group P2,/c. Due to an inversion centre located in the middle of the Asl1-Asl’
bond, the Asy, ligand is built up by only seven crystallographically independent arsenic atoms. In

Figure 8.7, one of the two independent molecules of the asymmetric unit is depicted.

Figure 8.7 Molecular structure of (317 in the solid state. Only one of the two molecules of the asymmetric
unit is depicted. Counterions, solvent molecules and H atoms are omitted for clarity. Thermal ellipsoids are
drawn at 50 % probability level. Selected bond lengths [A] and angles [*]: As1-Asl’ 2.4377(19), As1-As2
2.4026(16), As2-As3 2.4357(14), As3-As4 2.3563(14), As4-As5 2.4294(14), As5-As6 2.4423(15), As6-As7
2.3648(14), As1-As5 2.3901(15), As2-As7 2.4380(14), As1-As2-As3 106.30(6), Asl-As5-As4 106.77(6), Asl-
As5-As6 98.55(5), Asl-As2-As7 99.02(5), As2-As1-As5 102.15(5), As2-Asl-Asl’ 97.50(7), As2-As3-As4
106.51(5), As3-As2-As7 80.60(4), As3-As4-As5 106.26(5), As4-As5-As6 81.82(5), As5-As1-As1l’ 97.39(6), As5-
As6-As7 106.20(5).

The central structural motif of [3]° exhibits an Asy, ligand, which consists of two
norbornadiene like As; moieties linked by an As-As bond. Each As, unit is n*-coordinated to a
[Cp*Fe] fragment. The As-As bond lengths within the coordinating arsenic atoms show double
bond character (As3-As4 2.3563(14) A, As6-As7 2.3648(14) A) just like in the alkali metal
derivative [Rb(18-crown-6)]4As 4 6 NH,,*" which has been synthesised by the use of RbyAsg in
liquid ammonia. Compared to [Rb(18-crown-6)],As.4- 6 NH; the As-As distances to the apical
arsenic atom Asl (As1-As2 2.4026(16) A, As1-As5 2.3901(15) A) are slightly shortened due to
delocalisation of the negative charge of the [Cp*Fe] fragments. The remaining As-As bond lengths
range from 2.4294(14) A to 2.4423(15) A, which is in line with As-As single bond lengths. While
[3]” originates formally by the oxidative coupling of two norbornadiene like As,* cages stabilised
by [Cp*Fe] fragments, the reduction of Il with [Cp”,Sm(thf)] yielded to [(Cp”,Sm),As;(Cp*Fe)]™
inter alia, containing a norbornadiene like As; unit. Therefore, besides the alkali metal derivatives

4- [25,26] [3]2-

of the Zintl anion [As]™, represents the first characterised transition metal complex
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containing an Asy, ligand. Other neutral or charged Asy, ligand complexes are not known in

literature so far, although the norbornadiene structural motif has been realised in some transition

metal complexes.**19%"2

The potassium salt [K(dme).],[4] crystallises as black brown blocks in the monoclinic space
group P2;/c with two independent molecules of [4]* in the asymmetric unit. The dianion [4]*
displays an unprecedented Asis ligand, consisting of three As, subunits. Therein, a chair like
cyclo-Asg subunit (As6 to As11) is connected through two adjacent arsenic atoms to an envelope
like Ass unit and a norbornadiene like As; moiety via As-As single bonds (As5-As6 2.453(4) A,
As11-As12 2.442(3) A), (Figure 8.8).

\As12
0 ,‘;; A516
As2@L | /’ A6 f a1 G [ A518
SE— ( ‘J,‘ASIS
As3 3 Asd // - @
1 A — A
Asl4 fe -3

Figure 8.8 Molecular structure of (4] in the solid state. Only one of the two molecules of the asymmetric
unit is displayed. Counterions, solvent molecules and H atoms are omitted for clarity. Cp* ligands are drawn
in wire or frame model. Thermal ellipsoids are depicted at 50 % probability level. Selected bond lengths [A]
and angles [°]: As1-As2 2.360(6), As3-As2 2.353(8), As1-As5 2.447(4), As3-As4 2.357(4), As4-As5 2.441(3),
As5-As6 2.453(4), As6-As7 2.451(4), As6-Asll 2.419(4), As7-As8 2.384(4), As8-As9 2.570(4), As9-As10
2.384(3), As10-As11 2.439(4), As11-As12 2.442(3), As12-As13 2.469(4), As12-Asl6 2.445(4), As13-Asl4d
2.416(4), As13-As18 2.438(4), Asl4-As15 2.374(5), As15-As16 2.432(4), As16-Asl7 2.429(4), As17-As18
2.358(5), As1-As5-As4 85.81(12), As1-As5-As6 90.77(15), As2-As1-As5 106.3(2), As2-As3-As4 101.42(18),
As3-As4-As5 107.23(16), As4-As5-As6 86.29(12), As5-As6-As7 96.30(13), As5-As6-As11 90.68(13), As6-As7-
As8 101.94(13), As6-As11-As10 104.31(13), As6-As11-As12 90.64(12), As7-As6-As11 102.79(12), As7-As8-
As9 100.81(13), As8-As9-As10 100.75(12), As9-As10-As11 102.55(12), As11-As12-As13 95.05(12), Asll-
As12-As16 95.23(12), As12-As13-Asl4 101.46(14), As12-As13-As18 106.30(15), As12-Asl6-Asl5
100.79(14), As12-As16-As17 107.16(15), As13-As12-As16 99.46(14), As13-Asl4-As15 106.21(15), As13-
As18-As17 106.55(15), As14-As13-As18 79.85(13), As14-As15-As16 106.73(14), As15-As16-As17 79.55(14),
As16-As17-As18 106.65(15).

The As-As bond lengths within the envelope like Ass moiety and the As; unit are similar to
those of [1]* and [3]%, respectively. The As-As bond distances in the cyclo-Asg unit alternate,
exhibiting two shorter As-As bond lengths (As7-As8 2.384(4) A, As9-As10 2.384(3) A) and four
longer As-As bond lengths (As6-As7 2.451(4) A, As6-Asll 2.419(4) A, As8-As9 2.570(4) A,
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As10-As11 2.439(4) A). The latter are in the range of As-As single bond lengths. Merely, the As8-
As9 distance is elongated but still in the range of single bonds. Considerably longer As-As
distances, up to approximately 2.87 A, have been reported in literature.*** Among [3]%, the
dianionic cluster [4]* represents the largest As, ligand complex reported so far. Larger arsenic

clusters are only reported for Zintl anions.***

In summary, we report on the electrochemical investigation of [Cp*Fe(n’-Ass)] (IIl) by cyclic
voltammetry. Thereby, 1l displays similar oxidation and reduction properties as the
pentaphosphaferrocene derivative II, suggesting the formation of [lll,]*. Subsequent chemical
reduction of lll by KH or K leads to the unprecedented degradation and rearrangement of the
former cyclo-Ass ligand of lll to yield different polyarsenic ligands stabilised by [Cp*Fe] fragments.
Here, [(Cp*Fe),(,n**Asi0)]1* ([1]* = [II,]%), as well as the novel As, ligand complexes with n = 4
([{Cp*Fe(k,n**-Aso)L] (2])), 14 ([(Cp*Fe)y(,n**-As1a)]* ([3]17)) and 18 ([(Cp*Fe)afua,n™***-Asg)]*
([4]%)) are obtained. DFT calculations reveal a fast dimerisation of the presumably formed
intermediate [Cp*Fe(n>-Ass)] to [1]*, which contains the centrosymmetric Asy, ligand.
Remarkably, [2], [3]* and [4]* are not formed due to decomposition of [1]* followed by
aggregation as assumed. The triple decker complex [2] contains two As, units, representing the
once reduced analogue of neutral triple decker complexes of the type [{Cp*Fe},(p,n**-As,)] (Cp" =
Cp’”, Cp°"). Furthermore, [2] exhibits paramagnetic behaviour due to at least one unpaired
electron, which is localised on the central [Fe,As,] unit and confirmed by EPR spectroscopy.
Additionally, [3]* and [4]” were isolated, displaying the largest As, ligand complexes up to date.
Thereby, [3]* contains two norbornadiene like As; units which are linked together to form an Asq,
ligand, whereas [4]” consists of a chair like Asg subunit which is connected through adjacent
arsenic atoms to an envelope like Ass unit as well as to a norbornadiene like As; cage to give the
unprecedented As;g ligand. These observations show the potential of lll for the formation of novel

As, ligand complexes, which will be investigated further on.
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8.4 Experimental Part

General Remarks

All reactions were performed under an atmosphere of dry argon using glovebox or Schlenk
techniques. Solvents were purified, degassed and dried prior to use. [Cp*Fe(n’-Ass)] was prepared
according to literature procedure.® Elementary potassium and KH are commercially available

and were used without further purification.

The 'H NMR spectra were recorded on an Avance IIl HD 400 spectrometer. For this, a small
amount of crystalline [K(dme);],[1], [K(dme),][2], [K(dme),],[3] or [K(dme).],[4] was isolated in the
glovebox and washed with n-pentane The X-band EPR measurements of [K(dme),][2] were carried
out with a MiniScope MS400 device with a frequency of 9.5 GHz and rectangular resonator TE102
of the company Magnettech GmbH. The EPR spectrum has been fitted using the program

(32]

EasySpin.
Synthesis of [K(dme);],[1], [K(dme),][2], [K(dme),],[3] and [K(dme).],[4]

To a mixture of [Cp*Fe(n’-Ass)] (60 mg, 0.106 mmol) and KH (4 mg, 0.1 mmol) dme (20 mL)
was added at room temperature. The reaction mixture turned brown immediately and little gas
evolution was observed. After 24 h, the solvent was reduced to 10 mL and filtered into a thin
Schlenk tube. The dark brown mixture was layered with n-hexane (20 mL) and stored at 0 °C
under the exclusion of light. After complete diffusion, crystals of [K(dme)s],[1], [K(dme),][2],
[K(dme),],[3] and [K(dme).],[4] were obtained.

Crystalline yield: 37 mg (mixture of [K(dme)s],[1], [K(dme),][2], [K(dme),],[3] and [K(dme),],[4]).

Alternatively, [K(dme),][2] can be also obtained by reacting [Cp*Fe(n’-Ass)] (60 mg, 0.106 mmol)
with K (17 mg, 0.424 mmol) in dme (15 mL) at room temperature. Within 1 h, the mixture turned
from green to brown. After 4 h, the solution was filtered and the solvent was reduced to
approximately 5 mL. Layering with n-hexane and storage at 0 °C lead to the formation of

crystalline [K(dme),][2] as dark brown blocks.
Crystalline yield: 32 mg (mixture of [K(dme),][2] and unidentified products).

Analytical data of [K(dme)s],[1]

'H NMR (CD,Cl,): & [ppm] = 1.39 (s, 30 H, Cs(CHs)s).
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Analytical data of [K(dme),][2]

"H NMR (CD,Cl,): 6 [ppm] = 1.38 (s, 30H, Cs(CHs)s).
X‘band EPR (77 K, Cchlz): Jiso = 2.008.

Analytical data of [K(dme),],[3]

"H NMR (CD,Cl,): & [ppm] = 1.39 (s, 30 H, Cs(CHs)s).

Analytical data of [K(dme),4],[4]

'H NMR (CD,Cl,): & [ppm] = 1.44 (s, 60 H, Cs(CH)s).

8.5 Supplementary Information

NMR Investigations
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Figure S8.1 "H NMR spectrum of [K(dme);],[1] in thf-dg at 300 K. Signal of [K(dme);],[1] is marked with an
asterisk. All other signals are due to different solvents and silicon grease.
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Figure S8.2 "H NMR spectrum of [K(dme),][2] in thf-dg at 300 K. Signal of [K(dme),][2] is marked with an
asterisk. All other signals are due to different solvents and silicon grease.
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Figure S8.3 "H NMR spectrum of [K(dme),],[3] in thf-dg at 300 K. Signal of [K(dme),],[3] is marked with an
asterisk. The signal marked with a square is due to impurities of [K(dme),],[4]. All other signals are due to
different solvents and silicon grease.
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Figure S8.4 "H NMR spectrum of [K(dme),],[4] in thf-dg at 300 K. Signal of [K(dme).],[4] is marked with an
asterisk. All other signals are due to different solvents and silicon grease.

Representation of the X-Band EPR spectra of [K(dme),][2]
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Figure S8.5 EPR spectrum of [K(dme),][2] in thf at 77 K.



144|A Breakthrough in Redox Chemistry: The Chemical Reduction of
[Cp*Fe(n’-Ass)]

s M i P AN A S et

1 1 1 | 1 1 1 1 1 1
290 300 310 320 330 340 350 360 370 380
magnetic field [mT]

Figure S8.6 Experimental (red) and fitted EPR spectrum (blue) of [K(dme),][2] in thf at 77 K. Parameters
used for the fitting: g, = 1.93146, g, = 2.00505, g, = 2.08603; g;, = 2.0075 (g;sx(experimental) = 2.008);
Aqp = 15.5 MHz, Ay, = 44.5 MHz, Ays = 45.4 MHz, A,y = 15.5 MHz, Ay, = 44.5 MHz, Ay; = 45.4 MHz.

Details on DFT calculations

B3 at the

All DFT calculations have been performed with the TURBOMOLE program package
RIBY-BP86> /def2-TZVPE® |evel of theory, followed by single point calculations without the Rl
approximation. For the determination of relative energies, single point calculation have been
performed on the geometries optimised in the gas phase, in which the solvent effects were
incorporated via the Conductor like Screening Model (COSMO),E” using THF (¢ = 7.580) as

solvent. The Multipole Accelerated Resolution of Identity (MARI-J)®¥ approximation was used in

the geometry optimisation steps.

Table S8.1 Cartesian coordinates of the optimised geometry of [1)” at the BP86/def2-TZVP level of theory.

Atom X y X
As -2.1105637 -0.3604923 1.8534671
As -0.4727360 1.0062508 0.5788199
As -2.3827883 1.1571099 -1.0024660
As -3.9916883 2.3973204 0.2839371
As -3.7902640 1.2685518 2.4051387
Fe -4.0065190 -0.0906959 0.3321639
As 2.1105637 0.3604923 -1.8534671
As 0.4727360 -1.0062508 -0.5788199

As 2.3827883 -1.1571099 1.0024660
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LUMO+1 LUMO ‘ HOMO
(134ag; -2.449 eV)

(134au; -0.967 eV)

HOMO-3
(132au; -2.650eV)

(133au; -2.543 eV)

HOMO-4 HOMO-5 HOMO-6
(132ag; -3.098 eV) (131au; -3.225 eV) (131ag; -3.269 V)

HOMO-7 HOMO-8 \ HOMO-9
(130ag; -3.419 eV) (130au; -3.498 eV) (129au; -3.515 eV)

Figure S8.7 Selected molecular orbitals in [1]%, calculated at the BP86/def2-TZVP level.
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Representation of the cyclic voltammogram of [K(dme),][2]

-2.800 -2.300 -1.800 -1.300 -800 -300
T T T T T
70 70
2,0 — 2,0
1 {nA)
-3,0 4 4 -3,0
8.0 -8,0
-13,0 T T -13,0
-2.800 -2.300 -1.800 -1.300 -800 -300
E (mV)

Vvs. [Cp,Fel/[Cp,Fel”

Figure S8.8 Cyclic voltammogram of [K(dme),][2] recorded at a platinum disc electrode in thf at 0.1 Vs and
referenced against [Cp,Fe]/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).

Crystallographic Details

The data for [K(dme);],[1] and [K(dme),],[3] were collected on an Oxford Diffraction GV50
diffractometer equipped with Titan®*> CCD detector and a CuK, microfocus source (A = 1.54178 A).
The data for [K(dme),][2], [K(18-crown-6)(dme),],[3’] and [K(dme),],[4] were collected on an
Agilent Technologies diffractometer equipped with an Atlas CCD detector and a SuperNova CuK,
([K(dme),][2] and [K(dme).),[4]) or MoK, microfocus source ([K(18-crown-6)(dme),],[3'])
(A=0.71073 A). The crystal structure analyses were performed at 123 K. Crystallographic data
and details of the diffraction experiments are given in Table $8.2-S8.4. Using Olex2,®¥ the

[40]

structures were solved by direct methods with the program ShelXT™ and refined with least

40]

square method on F? employing the ShelXL"*? refinement package with anisotropic displacements

for non H atoms. H atoms were located in idealised positions and refined isotropically according
to the riding model. A semi-empirical numerical absorption correction based on gaussian'"
integration over a multifaceted crystal model was applied for all compounds. Figures were

created with DIAMOND3.0.1?
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Table S8.2 Crystallographic data for [K(dme)s],[1] and [K(dme),][2].

[K(dme)s],[1] [K(dme),][2]
Chemical formula CaaHgoFe As10K;,015 CyyH137FesAsgK,046
l\/l/g-mol'1 1750.25 2159.77
T/K 123 123
Crystal system monoclinic triclinic
Space group P2./n P1
a/A 10.1319(4) 11.48414(16)
b/A 14.9825(6) 20.8778(3)
c/A 22.3987(10) 22.4231(3)
a/° 90.00 115.7830(14)
B/° 100.465(4) 91.6895(11)
v/° 90.00 102.3095(13)
V/A3 3343.6(2) 4683.87(13)
z 2 2
Pea/g-cm” 1.738 1.531
p/mm’’ 10.489 9.246
F(000) 1734.0 2206.0

Crystal size/mm3

0.1x0.087 x 0.059

0.4049 x 0.1554 x 0.0914

Radiation CuKy, CuK,
20 range/® 7.136 to 134.158 7.91to 147.236
Index ranges -12<h <10, -14<h <14,

-15<k<17, -25<k <25,

-19<1<26 -27<1<27
Reflections collected 11395 133430
Independent reflections 5905 18712

[Rint = 0.0534, Ryigma = 0.0624] [Rint = 0.0599, Ryigma = 0.0286]
Data/restraints/parameters 5905/483/297 18712/1031/1266
Goodness-of-fit on F* 1.034 1.023
Final R indexes [I>20(l)] R;=0.0640, wR, =0.1611 R, =0.0359, wR, = 0.0948
Final R indexes [All Data] R, =0.0803, wR, =0.1715 R;=0.0401, wR, =0.0978

Largest diff. peak/hole/eA'3 1.50/-1.26 1.18/-0.70
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Table S8.3 Crystallographic data [K(dme),],[3] and [K(18-crown-6)(dme),],[3’].

of

[K(dme),],[3] [K(18-crown-6)(dme),],[3’]
Chemical formula CsgH70Fe,As14K,0g CooH118FE2A514K5,0459
M/g-mol™ 1869.70 1199.16
T/K 123 123
Crystal system monoclinic triclinic
Space group P2,/c P1
a/A 25.2393(6) 11.8649(2)
b/A 16.6711(3) 12.71961(19)
c/A 14.5333(3) 16.5113(3)
a/° 90.00 109.0830(14)
B/° 92.847(2) 94.2938(14)
v/° 90.00 105.1712(14)
V/A3 6107.6(2) 2237.39(7)
z 4 2
Pea/grem’ 2.033 1.780
w/mm™ 13.779 5.613
F(000) 3608.0 1190.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

0.073 x 0.046 x 0.031
CuKy

6.356 to 148.858

-24<h <31,

-20<k <20,

-17<1<17

21887

21887

[Rint = 0.06, Rgigma = 0.0382]
21887/12/583

1.071

R;=0.0553, wR, =0.1619
R, = 0.0705, wR, = 0.1748
1.30/-1.21

0.168 x 0.098 x 0.065
MoK,

5.79 to 64.66

-17<h <17,
-19<k<19,
24<1<24

82999

15145

[Rint = 0.0412, Ryigma = 0.0293]

15145/0/480

1.042

R, =0.0304, wR, = 0.0689
R, =0.0446, wR, =0.0741
1.10/-0.58
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Table S8.4 Crystallographic data for [K(dme),],[4].
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[K(dme)a]o[4]
Chemical formula Ci2sH240FE3AS36K4 024
M/g-mol™ 5463.51
T/K 123
Crystal system monoclinic
Space group P2,/c
a/A 15.9041(4)
b/A 24.5448(5)
c/A 51.0063(14)
a/° 90.00
B/ 109.348(3)
v/° 90.00
V/A3 18786.5(9)
z 4
Pea/g-cm” 1.932
w/mm™ 13.095
F(000) 10688.0

Crystal size/mm3
Radiation
20 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F’

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA'3

0.285 x 0.099 x 0.009
CuKy

7.204 to 145.558

-18 <h <19,

-28 <k <30,

-49<1<62

64355

30108

[Rint = 0.0709, Ryigma = 0.0870]
30108/0/1105

1.102

R;=0.1363, wR, =0.3539
R, = 0.1679, wR, = 0.3762
2.64/-2.71

[Cp*Fe(n

Reduction

*-Ass)]

| 151
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Figure S8.9 Molecular structure of [K(18-crown-6)(dme),],[3’] in the solid state. Hatoms and solvent
molecules are omitted for clarity. Thermal ellipsoids are drawn at 50 % probability level. Selected bond
lengths [A] and angles [*]: As1-As2 2.3516(3), As3-As4 2.3722(4), As1-As5 2.4454(3), As3-As5 2.4470(3),
As2-As6 2.4343(3), Asd-As6 2.4475(3), As5-As7 2.4098(3), As6-As7 2.40066(3), As7-As7’ 2.4425(5), As1-As2-
As6 106.146(12), As1-As5-As3 79.945(10), As1-As5-As7 107.198(12), As2-As1-As5 106.392(12), As2-As6-As7
107.436(12), As2-As6-As4 81.521(10), As3-As4-As6 105.968(12), As3-As5-As7 99.491(12), As4-As6-As7
99.124(12), As4-As3-As5 105.968(12), As5-As7-As6 101.095(11), As5-As7-As7’ 96.684(14), As6-As7-As7’
96.063(14).

Figure S8.10 a) Molecular structure of [2] (main part) in the solid state. The H atoms, counterion and
solvent molecules are omitted for clarity. Thermal ellipsoids are drawn in 50 % probability level.
b) Disordered core of compound [2] (occupancy factors 0.51, 0.41, 0.05, 0.03). Cp* ligands as well as Fe
atoms are omitted for clarity. Orange coloured As atoms belong to the main part. For selected bond lengths
see Table S8.4.
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Table $8.4 As-As bond lengths [A] for compound [2] within the disordered (As,), unit.
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d(As-As) occupancy factor d(As-As) occupancy factor
As1-As2 2.333(3) As1B-As2B 2.413(7)
As1-As3 3.169(5) As1B-As3B 2.989(8)

0.51 0.05
As2-As4 3.007(4) As2B-As4B 2.975(8)
As3-As4 2.334(3) As3B-As4B 2.336(7)
As1A-As2A 2.319(4) As1C-As2C 2.331(7)
As1A-As3A 3.169(6) As1C-As3C 2.999(9)

0.41 0.03
As2A-As4A 2.991(4) As2C-As4C 2.968(9)
As3A-As4A 2.335(4) As3C-As4C 2.405(7)
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9. Novel As, Ligand Complexes of Cobalt

M. Schmidt, G. Balazs, F. Riedlberger and M. Scheer

R R R%
R R
R R Z@R /
R \ _Co R
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_Co. 190 °C, decalin N R \/// Co
ocC co g CO R Co R— R
Rjéq,ra \%*R R
R = CH,(C.H.) R R
2\~6"15 R R R
Abstract:

The co-thermolysis of [Cp®"Co(CO),] (Cp®" = n°-Cs{CH,(CeHs)}s) with yellow arsenic (Ass) in
decalin afforded [{Cp®"Co(p,n**As,)}b] (1) and [(Cp®"Co)a(pa,n** > -As10)] (2) in a ratio of almost
1:1. Both As, ligand complexes bear the Cp™ ligand. Complexes 1 and 2 were both fully
characterised by NMR spectroscopy and mass spectrometry, elemental analysis as well as by
single crystal X-ray diffraction analysis. To gain more insight into the bonding situation of 1, DFT
calculations were carried out and confirm the presence of two As, dumbbells as a middle deck.

Furthermore, the redox behaviour of 1 has been investigated by cyclic voltammetry, showing two

reversible oxidations.



158 | Novel As, ligand complexes

9.1 Author contributions
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9.2 Introduction

Over the last few decades, many complexes with substituent free phosphorus ligands, the so
called P, ligand complexes, have been synthesised. Here, white phosphorus (P,) is often used as a
starting material due to its high reactivity and availability.™ Interestingly, the first group 15
element ligands in organometallic chemistry were synthesised in the late 1960s by using AsCl; and
AsMes as starting materials (Figure 9.1).[2] However, the research area of As, ligand complexes is

only poorly investigated up to date.

CO co
CcO
OC\'\\\\-'CO oc £ ' .o
Co Co\
’ / \As/ ™~
Ph,P | co
As
As/ \As As

Figure 9.1 First reported As, ligand complexes. [Co(CO)g(rf—Asg)] (left) and [COz(CO)5(Pphg)(u,nzzz‘ASﬂ]
(PPh3 = P(C6H5)3) (r|ght)

In the following years, especially Scherer and co-workers established the use of yellow arsenic
(As,) for the synthesis of As, ligand complexes.®? Cyclopentadienyl containing carbonyl complexes
are usually suitable starting materials and novel As, ligand complexes can be easily synthesised.
The co-thermolysis of [Cp"Co(CO),] (Cp® = Cp*(n>-CsMes), Cp’ (n°-CsEtMey)) with As,, for instance,
afforded [{Cp*Co(p,n*?As,)}] (I/11) and [(CpiCo)s(p,n**-Ase)] (1) as well as [{CpiCo(p,n*?-As,)}s]

(IV), containing a central Asg prism like unit (Figure 9.2).1
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Figure 9.2 Products of the co-thermolysis of [CpRCo(CO)z] with As, (CpR =Cp*, Cp').

An alternative source for As, ligand complexes is the use of the [As;]*> Zintl anion, which leads
mostly to ionic complexes. For example, the reaction of the potassium salt K3;As; with
[Co(mes),(PEt,Ph,)] (mes = 2,4,6-trimethylphenyl) in ethylenediamine gives
[Co(n*-Ass){n*-Ass(mes),}]*, which consists of a cyclo-As; unit and a n*-As,(mes), butadiene like
Iigand.[s] Furthermore, [As;(SiMes);] can also serve as a starting material for the synthesis of novel

As, ligand complexes.

Recently, we reported on the mild activation of As, by [(Cp”’Co)y(,n**-toluene)]

"I The reaction leads to the complexes

(Cp”” =n°-1,2,4-CsH,'Bus) at room temperature.
[{Cp”’Co(un**As))l] (V) and  [(Cp™”'CO)aluan ™ ***-Asi)] (V) as  well as to
[(Cp"’"Co)s(ps,n***"-As,)] (VII), containing the largest neutral polyarsenic ligand reported so far

(Figure 9.3).

: O S e ;
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> "\ =0 Co i ~ n
~ A Py
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As As N \ \ I
s T N
s/--\As SR8 s/ A
AIS}\'\'7!/“ AS\/\/AS \AS\CO/ L2
5 C(/)// A ys %o
. i Xy,
< R e
\") Vi Vil

Figure 9.3 Products of the mild activation of yellow arsenic (As,) by [(Cp“'Co)z(u,r]4’4—to|uene)].[7]

In respect to the previous results of As, activation by Cp*Co complexes under mild activation

conditions and co-thermolysis, the question arose if an introduction of the Cp®" ligand
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(Cp®" = N°-Cs{CH,(CsHs)}s) would lead to the formation of unprecedented As, ligand complexes of
cobalt. Herein, we report on the synthesis and characterisation of [{Cp®"Co(u,n**As,)},] (1) and
[(CP®"Co)alta,n**#* 1 -As10)] (2). Here, 2 represents a new example of an arsenic rich As, ligand
complex which is available by a co-thermolysis reaction for the first time, from which smaller As,

ligand complexes are usually obtained.
9.3 Results and Discussion

Complexes 1 and 2 can be synthesised by the co-thermolysis of [Cp®"Co(CO),] with As, in

decalin (Scheme 9.1).

R R
" R
R " Co R
R | "R
R co AS_AS /\B
R R PN >
- g ”\'AS As’ 5
R | > —— A N + / AS‘“As
Co 190 °C, decalin Ag==---1 As —
- ~ \\ //
ocC cO . o
R R i
R = CH,(C.H
2(CgHs) . i
1 2
42 % E4 5%

Scheme 9.1 Synthesis of [{Cp"Co(i,n>?-As,)},] (1) and [(Cp®"Co)alpa,n” > -As10)] (2).

After column chromatographic workup, both products can be crystallised by layering a toluene
solution with CH;CN. Complexes 1 and 2 are soluble in CH,Cl, and toluene, nearly insoluble in
n-hexane and thf and insoluble in CHsCN. The *H and *C{*H} NMR spectra of 1 and 2 show the
corresponding set of signals for the Cp®" ligands. In compound 2, signals for two magnetically and
chemically inequivalent Cp®" ligands are observed (Figure $9.1-59.4, see supplementary

information).

Complex 1 crystallises as dark green blocks in the monoclinic space group P2i/c. The single
crystal X-ray diffraction analysis reveals a triple decker structure with two As, units as the middle
deck (Figure 9.4). Therefore, 1 is isostructural to I (Cp’)/Il (Cp*) and V (Cp’”’). In contrast to the
afore mentioned complexes, the Cp®" ligands of 1 are aligned almost ecliptically. Moreover, the
(As,), units appear to be disordered over four positions with occupancy factors of 0.16, 0.31, 0.42
and 0.11. The molecular structure of 1 (major component) is depicted in Figure 9.4. The bond
lengths within the (As,), ligands (2.3764(19) A and 2.389(2) A) are shortened compared to an As-
As single bond (electron diffraction: 2.435 A in As,® DFT calculations: 2.4372 A in As,””) but the
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distances are longer as expected for an As-As double bond (2.245(1) A in [{(Me3Si);CAs}L]™™). In
contrast, the distances between the As, units As1--As2 (2.7439(19) A) and As3--As4 (2.742(2) A)
are elongated, but nevertheless still shorter than the sum of the van der Waals radii of arsenic

(3.7 A).HY

Figure 9.4 Molecular structure of 1 in the solid state. H atoms are omitted for clarity and due to disorder
only the main part is depicted. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and angles [°]: As1-+As2 2.7439(19), As2-As3 2.389(2), As3--As4 2.742(2), As4-As1 2.3764(19), As4-As1-
As2 90.24(7), As1-As2-As3 89.72(7), As2-As3-As4 90.01(8), As3-As4-As1 90.03(7).

To get an insight into the disorder of the (As,), middle deck, DFT calculations (BP86/def2-TZVP)
were carried out. They confirm the presence of As, dumbbells and eliminate the possibility of the
existence of a cyclo-As, ligand or a butadiene like As, unit. Selected molecular orbitals are
depicted in Figure 9.5 and show the bonding situation in the (As,), ligand. The HOMO represents
the two shorter As-As bonds while the LUMO is bonding with respect to the longer As-As unit.
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Figure 9.5 Selected molecular orbitals of 1 (LUMO: -2.731 eV (left); HOMO: -4.257 eV (right)). Calculated at

the BP86/def2-TZVP level of theory.

While the As-As distances in the Cp’ derivative | and Cp’”’ derivative V within and between the
As, dumbbells are quite similar,””’ the bond lengths in 1 differ strongly from these isostructural
complexes. This trend is also observed for the Co-As distances (2.4125(10) A - 2.4545(10) A) and

reflects a slight distortion of the [CosAs,] core. Table 9.1 summarises selected bond features of

the isostructural complexes 1, I and V for comparison.

Table 9.1 Selected bond lengths [A] for 1, 1" and v.”

1 | v
d(As-As) 2.3764(19) / 2.389(2) 2.272(1) 2.2795(5)
d(As-As) 2.742(2) / 2.7439(19) 2.844(1) 2.8209(4)
d(Co-AS)min 2.4126(9) 2.414(1) 2.4211(5)
d(CO-AS) max 2.4547(10) 2.424(1) 2.4355(5)

Additionally, electrochemical investigations have been performed (Figure 9.6). The cyclic
voltammetry data of 1 in CH,Cl, showed up two reversible oxidations at a potential of
E1/,=-0.36 V (peak A) and Ey,= +0.01 V (peak B). Accordingly, 1 should be oxidised by [Cp,Fe]* to

the monocation or by Ag* to the dication."® Unfortunately, all preparative attempts to oxidise 1

to the monocationic or dicationic species failed so far.
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Figure 9.6 Cyclic voltammogram of 1 recorded at a platinum disc electrode in thf at 0.1 Vs ™ and referenced
against [Cp,Fe]/[Cp,Fe]’; supporting electrolyte ["BusN][PFg] (0.1 mol/L).

Complex 2 crystallises as dark brown needles in the monoclinic space group P2,/n with one
and a half molecules 2 and one solvent molecule toluene in the asymmetric unit. Figure 9.7 shows
the molecular structure of 2 in the solid state, which is similar to the Cp’”’ derivative VI. The
central structural motif of 2 consists of two envelope like Ass units, which are connected through
an As-As bond. Since arsenic is isolobal to CH, the As;y framework can be considered as the
hypothetic As,o dihydrofulvalene analogue and serves as a 16 electron donor ligand. The two 4n
systems bind to Col and Co4 resulting in 18 VE per cobalt atom, whereas Co2 and Co3 are both
formally side-on coordinated to an As-As bond and by the lone pair of As5 and As6, respectively.
This bonding situation leads unavoidably to an elongation of the As2-As3 bond (2.7003(7) A) and
the As8-As9 bond (2.7595(7) A). Comparable As-As distances have been reported in VI or in
[(CpMO)5(1,n*-Ass)] (Cp = n>-CsHs).™®! All remaining bond lengths of the Asy, ligand are in the

range of a single bond or in-between a double and a single bond.
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Figure 9.7 Molecular structure of 2 - 0.67 C;Hg in the solid state. Only one molecule of the two independent
molecules of 2 is depicted. H atoms and solvent molecules are omitted for clarity and due to disorder only
the main part is depicted. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths [A]:
As1-As2 2.3733(7), As2-As3 2.7003(7), As3-As4 2.3746(7), As4-As5 2.4289(7), As5-As6 2.4080(7), As6-As7
2.4500(7), As6-As10 2.4276(7), As7-As8 2.3774(7), As8-As9 2.7595(7), As9-Asl0 2.3664(7), Asl-As5
2.4311(7).

In summary, we reported on the synthesis and characterisation of two novel As, ligand
complexes of cobalt bearing the Cp® ligand. Both complexes [{Cp*'Co(u,n**-As,)},] (1) and
[(CP®"CO)alpa,n***# ! -Asy0)] (2) are isostructural to | (Cp’)/Il (Cp*), V (Cp”’) and VI (Cp”),
respectively. In contrast to V and VI, complexes 1 and 2 can be received by co-thermolysis of
[Cp°"Co(CO),] with As, in high yields, while I/1l (2%/6%) and VI (8%) present the minor products in
the corresponding synthesis. For this reason and due to the good solubility, further studies will
focus especially on the use of 1 in coordination chemistry to form soluble products. Further As,
ligand complexes with unprecedented structural motifs could not be obtained, but mild activation
of vellow arsenic by the possible isostructural complex [(Cp®"Co),(,n**-toluene)] seems to be a

promising way.
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9.4 Experimental Part

General remarks:

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk techniques. Solvents were purified, degassed and dried prior to use. [Cp®"Co(CO),]™ and

As,™ were prepared according to literature procedures.

The NMR spectra were recorded on a Bruker Avance 300 or Avance Il HD 400 spectrometer.
El MS spectra were measured on a Finnigan MAT SSQ 710A mass spectrometer and LIFDI MS
spectra on a Finnigan MAT 95 mass spectrometer. The elemental analyses were performed on a

Vario ELIIl apparatus.

A freshly prepared solution of As, (starting from 5 g grey arsenic) in 250 mL decalin was added
to a suspension of [Cp®"Co(CO),] (836 mg, 1.33 mmol) in 50 mL decalin. The mixture was heated
to reflux and the reaction progress was monitored by IR spectroscopy. After 60 min, the carbonyl
bands disappeared and the solvent was removed under vacuum. Column chromatographic work
up (silica gel, n-hexane, 27 x 3 cm) with n-hexane/toluene (3:1) afforded a green fraction of 1.
Complex 2 was eluted as a brown zone by using toluene. Both complexes can be crystallised from

toluene solutions layered with CH;CN after complete diffusion.

Analytical data of 1

Crystalline yield: 400 mg (0.28 mmol, 42 % referred to [Cp®"Co(CO),]).

'H NMR (CD,Cl,): 6 [ppm] = 4.02 (s, 20H, CH,), 6.54-6.56 (m, 20H, C¢Hs), 6.85-6.89 (m, 20H, CgHs),
6.93-6.96 (m, 10H, CeHs).

Bef*H} NMR (CD,Cly): & [ppm] =33.66 (CH,), 97.39 (Cs), 126.15 (CeHs), 128.25 (CeHs), 129.26
(CeHs), 140.08 (CgHs).

El MS (70 eV, CH,Cl,): m/z (%) = 1447.9 (50) ([(Cp™"Co),(As,),]"), 514.4 (90) ([Cp®"-H,]*), 423.3
(100) ([Cp®™-H,-CsH,]%), 330.3 (40) ([Cp®"™-H,-2 C5H,]"), 241.2 (70) ([Cp®™-H»-3 C5H-]").

Elemental Analysis: Calculated (%) for [CgoH70C0,As,] (1448.96 g/mol): C 66.31, H 4.87; found
C 66.40, H 4.88.

Analytical data of 2

Crystalline yield: 550 mg (0.18 mmol, 54 % referred to [Cp®"Co(CO),]).
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"H NMR (CD,Cl,): 6 [ppm] = 3.89 (s, 20H, CH,), 4.16 (s, 20H, CH,), 6.23-6.25 (m, 20H, C¢Hs), 6.67-
6.72 (m, 20H, C¢Hs), 6.81-6.86 (m, 10 H CgHs), 6.94-7.09 (m, 50H, CgHs).

3c{*H} NMR (CD,Cl,): 6 [ppm] = 33.57 (CH,), 34.24 (CH,), 98.66 (Cs), 99.10 (Cs), 126.04 (C¢Hs),
126.39 (CeHs), 128.05 (CeHs), 128.54 (CeHs), 129.41 (CeHs), 129.71 (CeHs), 139.34 (CeHs), 139.43
(CeHs).

LIFDI MS (CH,Cl,): m/z (%) = 3046.7 (20) [(Cp®"Co)4As1o]*), 2173.3 (100) ([(Cp®"Co)sAsg]").

Elemental Analysis: Calculated (%) for [CigoH140C04AS1y - 0.67 C;Hg] (3109.51 g/mol): C 63.61,
H 4.71; found C 63.41, H 4.68.

9.5 Supplementary Information

NMR Investigations
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Figure S9.1 "H NMR spectrum of 1 in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents and silicon grease.
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Figure $9.2 “C{'H} NMR spectrum of 1 in CD,Cl, at 300 K.
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Figure S9.3 'H NMR spectrum of 2 in CD,Cl, at 300 K. Signals marked with an asterisk are due to different
solvents and silicon grease.
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Figure $9.4 13C{lH} NMR spectrum of 2 in CD,Cl, at 300 K.

Crystallographic Details

The data for 1 were collected on an Oxford Diffraction GV50 diffractometer equipped with
Titan>® CCD detector and a CuK, microfocus source (A = 1.54178 A) using 1° w scans. The data for
2-0.67 C;Hg were collected on an Agilent Technologies diffractometer equipped with an Atlas
CCD detector and a SuperNova CuK, microfocus source using 0.25° w scans. The crystal structure
analyses were performed at 128 K (1) and 123 K (2). Crystallographic data and details of the
diffraction experiments are given in Table S9.1.

Using Olex2,™ the structures were solved by direct methods either with the program
ShelXs™ (1) or SIR97™ (2) and refined with least square method on F? employing the ShelXL™
refinement package with anisotropic displacements for non H atoms. The disordered (As,), units
in 1 were refined to sum up to full occupancy applying distance and ellipsoid restraints (SUMP,
SIMU, SADI). H atoms were located in idealised positions and refined isotropically according to
the riding model. A semi-empirical numerical absorption correction based on gaussian®
integration over a multifaceted crystal model (1) or an analytical® absorption correction from

crystal faces (2) was applied. Figures were created with DIAMOND3.0.
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Table $9.1 Crystallographic data for 1 and 2.
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1 2-0.67 C;Hg
Chemical formula CgoH70C03As, CagaHa36C012AS3
M/g-mol™ 1448.90 9327.16
T/K 128 123
Crystal system monoclinic monoclinic
Space group P2,/c P2./n
a/A 24.5716(3) 12.57980(10)
b/A 10.39797(13) 92.8970(7)
c/A 25.6957(3) 17.2928(2)
a/° 90.00 90.00
B/° 105.5140(12) 91.2470(10)
v/° 90.00 90.00
V/A3 6325.93(14) 20204.0(3)
z 4 2
Pea/grem’ 1.521 1.533
w/mm™ 6.778 6.931
F(000) 2944.0 9428.0

Crystal size/mm3
Radiation
26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA'3

0.1978 x 0.1466 x 0.1121
CuKyq

7.118 to 148.786

-30< h <30,

-11<k <12,

-32<1<31

67331

12756

[Rint = 0.0463, Ryigma = 0.0261]

12756/284/883

1.021

R1=0.0406, wR, = 0.0968
R1=0.0436, wR, =0.0990
1.22/-0.52

0.564 x 0.0792 x 0.0572
CuKy

5.854 to 142.078
-15<h <11,

-111<k €112,
-21<1<17

79296

37623

[Rint = 0.0301, Ryjgma = 0.0471]

37623/1807/2441

1.067

R1=0.0464, wR, =0.1076
R1=0.0558, wR, =0.1102
0.81/-0.75
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Figure S9.5 a) Molecular structure of 1 (main part) in the solid state. H atoms are omitted for clarity.
Thermal ellipsoids are drawn at 50 % probability level. b) Disordered core of compound 1 (occupancy
factors 0.16, 0.31, 0.42, 0.11). Cp"" ligands as well as Co atoms are omitted for clarity. Red coloured As

atoms belong to the main part. For selected bond lengths see Table $9.2.

Table 59.2 As-As bond lengths [A] for compound 1 within the disordered (As,), unit.

d(As-As) occupancy factor d(As-As) occupancy factor
As1-As2 2.421(4) As1B-As2B 2.7439(19)
As2-As3 2.666(4) As2B-As3B 2.389(2)

0.16 0.42
As3-As4 2.382(4) As3B-As4B 2.742(2)
As1-As4 2.700(4) As1B-As4B 2.3764(19)
As1A-As2A 2.602(2) As1C-As2C 2.723(5)
As2A-As3A 2.599(3) As2C-As3C 2.347(5)

0.31 0.11
As3A-As4A 2.600(3) As3C-As4C 2.815(5)
As1A-As4A 2.568(3) As1C-As4C 2.333(4)
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Details on DFT calculations

The DFT calculations were performed with the TURBOMOLE"® program package at the RI"*-

BP86'*"!/def2-TzVvP* level of theory. The Multipole Accelerated Resolution of Identity (MARI-J)®”
approach was used to speed up the geometry optimisations which were performed without any

symmetry restrains.

LUMO(-2.731 eV) HOMO(-4.257 eV)

Figure S9.6 Selected molecular orbitals representing the bonding situation in the (As,), core of 1. Calculated
at the BP86/def2-TZVP level of theory.
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10. Synthesis and Characterisation of E, Ligand Complexes (E = P, As)
of Nickel

M. Schmidt, M. Eberl and M. Scheer
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Abstract:

The reaction of in situ generated [Cp®'Ni(p-Br)], (1) (Cp®" = n°-Cs(CH»{CsHs})s) with the transfer
reagent [Cp”5Zr(n*™-E4)] (E= P, As; Cp” =n’-1,3-CsHs'Bu,) at room temperature afforded
[(Cp®"Ni)s(ps-E)4{Ni(-Br)}], (E = P (2), As (3)). The structural core motif of 2 and 3 consist of two
adjacent, distorted [Nis(u-E)s] cubes, which are connected by bromide bridges (u,-mode). The
subsequent transfer reaction of 3 with [Cp”,Zr(n"'-E4)] at room temperature leads to the
selective formation of [{(Cp®"Ni)s(ps-As)aNi}(,n"*-E4)] (E =P (4), E = As (5)), exhibiting a cyclo-E,
ligand between the distorted cubic [Nis(u-As),] moieties. In contrast, the co-thermolysis of
[CP°"Ni(u-CO)], (6) with As, at elevated temperatures exclusively results in the formation of
[(CpB”Ni)z(u,n3:3—A56)] (7), which is obtained in moderate vyields. Complex 7 shows an
unprecedented [Ni,Asg] cuban structural core motif whose composition is unknown for As,, ligand
complexes of nickel so far. Beside the synthesis of novel E, ligand complexes either by transfer
reaction or co-thermolysis, a synthetic route for the preparation of 1 and 6 has been developed,

yielding both compounds in high yields.
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10.1 Author contributions

e Syntheses and characterisations of 1-5 and 7 were performed by Monika Schmidt.

e Synthesis and IR spectroscopy of 6 was first performed by Dr. Miriam Eberl during her Ph.D.
thesis and the characterisation was completed by Monika Schmidt.

e Manuscript was written by Monika Schmidt.

e Figures were made by Monika Schmidt.

e Single crystal X-ray structure analyses and refinements were performed by Monika Schmidt.

10.2 Introduction

The synthesis of unsubstituted group 15 element ligand complexes is of great interest in
current research. Accordingly, a large library of different E, ligand complexes (E = P, As) has been
developed since their establishment in the 1970s.™ The majority of these complexes has been
prepared by co-thermolysis or photolysis of the corresponding transition metal precursor with E,.
Especially in the case of thermolysis, the reactions usually lead to the formation of the
thermodynamically favoured complexes. Thus, compounds with different structural core motifs
are obtained, since the E, tetrahedron often undergoes a successive degradation, yielding smaller
E, ligand complexes. However, subsequent aggregation to larger E, ligand complexes can also
occur. In case of nickel for example, distorted cubanes [Cp*Ni(us-E)]s (1) (E = P, As; Cp" = Cp™®
(n°-CsHaMe), Cp* (n°-CsHa'Bu))"™ or [(Cp™Ni)s(ps-E)(E4)] (1) (E = P, As; Cp® = Cp* (n*-CsMes))," the
sandwich complex [Cp"Ni(n*Es)] () (E = P, Cp® = Cp” (r]5-1,3-C5H3tBu2),[2] Cp*,B] Cp*™
(nS-CsiPr4H);[4] E=As, Cp" = Cp‘”Pr[‘”) or prismatic complexes [(Cp*Ni)y(1,n*?-E4)] (IV) (E = P, As;

Cp® = cp®™) are often the favoured structural motifs (Figure 10.1).

INi] 3 INi] E - E
< | i~ T | £ i /\\E
E—1—E _/E\ \
E—|—INi] E—|—INi] N [Ni] /\ .
] - NI ——E" £ \E/[N'J
E=P, As | 1 M v

[Ni] = CpRNi
Figure 10.1 Selected representation of favoured structural motifs (I-1V) in E, ligand complexes of nickel.

However, the isolation of metastable E, ligand complexes seems to be a challenging task in the
last years. Therefore, E, activation by unsaturated transition metal complexes has attracted
substantial interest. These compounds bear B-diketiminato ligands or Cp® ligands as well as labile
ligands (e.g. toluene), which can be easily replaced by P, or As,. Recently, we reported on the

reaction of [(L™'Ni),(toluene)] (L™ = CH[CMeN(2,6-Pr,CeH3)],) with E, (E = P, As) vyielding



176 |Synthesis and Characterisation of E, Ligand Complexes
(E = P, As) of Nickel

[(L"'Ni)»(,n*3-E3)] and [(L"'Ni),(w,n**-E,)]."! The P, ligand complex was also obtained by the
Driess group in 2010." Besides the mentioned nickel precursors, the 17 VE nickel(l) compound
[CpNi(IDipp)] (Cp = n°>-CsHs, IDipp = CH[NCH(2,6-Pr,CsHs)]5) has also been used for the transition
metal mediated P, transformation, resulting in the formation of the butterfly like P, complex

[{CpNi(IDipp)},(,n""-P4)).""

A further interesting approach to the synthesis of metastable compounds is the use of transfer
reagents. Since the first report of Regitz on the synthesis of [Cp,Zr(n*-C,'Bu,P5)],® this complex
was frequently used in salt metathesis reactions, yielding diverse heterocycles.” In recent years,
especially the Cummins group extended the studies on the transfer of P, units. These
investigations are  exemplary  highlighted by the synthesis of AsP; using
[Na(thf)s][(n*-P3)Nb(ODipp)s] (Dipp = 2,6-Pr,CeHs) and AsCl:.™ In contrast, the cyclo-Ps unit can
be also transferred unscathed from the niobium precursor to [Rh(PPh;);Cl] to form
[Rh(PPhs)s(n*-P3)].*" Besides the synthesis of phosphorus containing transition metal complexes,
transfer reactions also offer an access to the inorganic analogues of frequently used organic
molecules like benzene or the cyclopentadienyl anion. Recently, the Cummins group reported on
the synthesis of the [P,Ns]” by the reaction of [Py(CiHio)2] with [N'Bus][N5].*?' Despite this
progress in the transfer of P, units, especially the transfer of As, moieties has been neglected so
far due to the lack of an appropriate transfer reagent. Just recently, the synthesis of the
pnictogen silicon analogues of benzene [(PhC(N'Bu),)sSisEs] (E = P, As) along with the pnictogen
silicon congeners of cyclobutadiene [(PhC(N'Bu),),Si,E,], starting from [Cp’>Zr(n*'-E4)] and
[PhC(N'Bu),SiCl] at room temperature have been reported by our group. These examples can be

seen as a benchmark in organometallic chemistry and in particular in the transfer of As, units.™*

These results prompted us to investigate the reactivity of [Cp”’,Zr(n*"-E4)] (E = P, As) towards
transition metal complexes, especially in the case of nickel. Preliminary studies show a
stoichiometry  dependent  reactivity of  [Cp”>Zr(n"'-Es)]  towards  [Cp””’Ni(u-Br)l,
(Cp = n5—1,2,4—C5H2tBu3),[14] resulting for E = P in the formation of [(Cp’"’Ni)s(us-P)4{Ni(u-Br)}], or
[Cp”’Ni(n*-P3)] and [(Cp”’Ni)>(,n*3-Py)].** In contrast, for arsenic the hypothetic bromide
bridged cubane dimer [(Cp’’Ni)s(us-As)4{Ni(u-Br)}], is not observed, since the reaction yields
[(CP™"Ni)ao(wn**Asa)]  and  [{(Cp""Ni)s(ka-As)aNika(k,n**-Ass)]  or  [(Cp"'Ni)s(ks-As)(Ase)]. "
Therefore, the question arose whether a decrease in the steric demand of the Cp ligand by using
Cp°" (Cp™" = n°-Cs{CH,(CeHs)}s) would lead to the selective formation of the observed complexes or

to unprecedented As, ligand complexes of nickel. In addition, it is reasonable to consider whether
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co-thermolysis of the corresponding nickel dimer [Cp®"Ni(CO)], with As, yield other As, ligand

complexes in comparison to the transfer reaction.

Herein we report on the reaction of in situ generated [Cp®"Ni(u-Br)], (1) with [Cp”5Zr(n*"-E4)]
(E =P, As) at room temperature, giving [(Cp*"Ni)s(ps-E)a{Ni(1-Br)}]; (E = P (2), As (3)) in moderate
yields. The subsequent reaction of 3 with [Cp”,Zr(n""-E,)] leads to the selective formation of
[{(CP®"Ni)3(Hs-As)aNi}a(L,n**-Es)] (E= P (4), E=As (5)). In contrast, the co-thermolysis of
[CP®"Ni(u-CO)], (6) with As, at elevated temperatures results in the formation of

[(Cp®"Ni),(1,n*-Ase)] (7) exclusively.
10.3 Results and Discussion

Following the synthetic route for [Cp*Ni(u-Br)], (Cp® = Cp’’, Cp®™ (n°>-CsH'Prs), Cp*™

[16]

(N>-CsH'Pry)),™ the Cp® nickel derivative 1 can easily be prepared by reacting Cp®Li*® with

[NiBr,-dme] (for single crystal X-ray structure see Figure $10.14, supplementary im‘ormation).m]
Subsequent reaction of in situ generated 1 with [Cp”’,Zr(n*"-E4)] (E = P, As) at room temperature
results in the formation of [(Cp®"Ni)s(ps-E)4{Ni(p-Br)}], (E = P (2), As (3)) exclusively (Scheme 10.1).
The driving force of the reaction is the formation of the thermodynamically stable complex
[Cp”,ZrBr,). Interestingly, a degradation of the E, unit of [Cp”,Zr(n"*-E,)] to single E atoms is
obtained, which are assembled in distorted [Nis(u-E)s] cubes. No unscathed transfer of the E,

moiety is observed. Moreover, bromide bridges (u,-mode) remain in 2 and 3 building a linkage

between two adjacent [Nis(u-E)4] units.

L
;ﬁ E  +[Cp®NiBr], (1) [Ni]—
N 5\7 toluene, ?.t. / \ \ / (Ni] [,lv\“]
Zr\ " Ni] E / \\ \
R T NS
- e [N|
E=P As E=P: 2(19%)
m=CBu E=As: 3(42%)
[Ni] = CpBMNi

Scheme 10.1 Reactions of in situ generated 1 with [Cp”,Zr(n""-E,)] at room temperature.

After column chromatographic workup, crystals of 2 and 3 suitable for single crystal X-ray
diffraction analysis can be obtained by layering a toluene solution with n-hexane. 2 and 3 are
isostructural and crystallise as dark brown blocks in the triclinic space group P1. Single crystal
X-ray structure analysis of 2 and 3 reveals two distorted [Nis(u-E)4] cubanes, while those nickel

atoms bearing no Cp°" ligands bridge the [Ni4(pi-E)4] moieties by [Ni,(p-Br),] four-membered rings.



178 |Synthesis and Characterisation of E, Ligand Complexes
(E = P, As) of Nickel

In Figure 10.2, the molecular structure of 3 in the solid state is exemplarily depicted (for the

molecular structure of 2 in the solid state see Figure S10.15, supplementary information).

Figure 10.2 Molecular structure of 3 in the solid state (above). H atoms and solvent molecules are omitted
for clarity. CpBn ligands are drawn in wire or frame model and due to disorder only the main part is
depicted. Central structural core motif of 3 (below). Can ligands are omitted for clarity. Thermal ellipsoids
are drawn at 50 % probability level. 2 and 3 are isostructural.

As it can be seen in Table 10.1, complexes 2 and 3 show similar trends in the observed bond
lengths and bond angles, being in good agreement with reported bond distances and angles in
the distorted cubanes [Cp"Ni(ps-E)]s (E = P, As; Cp® = Cp™®, Cp")™? and [(Cp®Ni)s(ps-E)(E4)] (E = P,
As; Cp® = Cp*)®! or the isostructural complex [(Cp’”’Ni)s(ps-P)afNi(p-Br)},."** For the arsenic
derivative, the obtained structural core motif of 3 is unknown so far, since the transfer reaction of
[Cp’”’Ni(W-Br)], with [Cp”,Zr(n""-As,)] vyields the prismatic complex [(Cp’’Ni)y(i,n*>-As,)] and

[{(Cp"Ni)s(Hs-As)aNi}y (1,0 **-As4)] or [(Cp”Ni)s(s-As)(As,)].
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Table 10.1 Selected bond lengths [A] and angles [°] of 2 and 3. Whenever more than one bond is present in
the asymmetric unit, the ranges of bond lengths are given.

2(E=P) 3(E=As)
Ni-E 2.1898(5) - 2.2475(6) 2.2939(5) - 2.3581(5)
Ni-Br 2.4204(4) - 2.4585(4) 2.4054(5) - 2.4515(5)
Ni-E-Ni 101.77(2) - 106.92(2) 99.468(17) - 104.838(18)
E-Ni-E 71.558(19) - 75.154(19) 74.420(15) - 77.769(16)
Ni-Br-Ni 87.956(12) / 88.071(12) 84.541(16) / 84.825(16)

Compounds 2 and 3 are well soluble in CH,Cl, and toluene, slightly soluble in n-hexane and
insoluble in CH5CN. The *H and “*C{*H} NMR spectra of 2 and 3 show the corresponding set of
signals for the Cp®" ligands (Figure $10.1,510.2 and $10.4, supplementary information). The
*'P{'H} NMR spectrum of 2 shows two sharp singlets at § = 194.1 ppm and & = 130.8 ppm with an
integral ratio of 3:1 (Figure S10.3, supplementary information). In comparison to the isostructural
derivative [(Cp’”’Ni)s(H3-P)a{Ni(L-Br)}], the signals are downfield shifted (6 =169.3 ppm and
& =113.6 ppm).™ Unfortunately, the characterisation of 2 and 3 by mass spectrometry was not
possible due to the high molecular weight. Several attempts and different spectrometric methods

only led to peaks assignable to the Cp®" ligands.

Since 2 and 3 still contain bromide bridges, it has been reasonable to consider whether further
reaction with [Cp”’,Zr(n"*-E,)] (E = P, As) can occur. Furthermore, it is also of current interest if a
selective formation of [{(Cp®"Ni)s(us-As)sNilb(1,n**-E4)] would be possible, since in the case of the
Cp’” derivative different As, ligand complexes have been obtained. Indeed, the reaction of 3 with
[Cp”ZZr(nlzl—Ez;)] at room temperature results in the selective formation of

[{(CP®"Ni)3(Hs-As)aNi}a(,n**-E4)] (E = P (4), E = As (5)) in moderate yields (Scheme 10.2).

) E As
[Ni]—A As—__ _ [N|] _“‘-—[N|]
/X s\ /NN +[eptzint e S //E/\J\S / N.]\

AS—[Ni] As—N <Br>Ni\[NI]7f\\\ toluene, r.t. 5—[N|] As— Nl-—-__ | _=Ni /-—
) / Br \ /“‘A_r, /AS - [Cp",ZrBr,] ‘/y \ /
[Ni]—As AS\[\Ni] [Nl]—As E ““‘—[Nll
[Ni] = CpBNi
3 E=P: 4(10%)
E=As: 5(31%)

Scheme 10.2 Reactions of 3 with [Cp”,Zr(n"'-E4)] at room temperature.

After column chromatographic workup, crystals of 4 and 5 suitable for single crystal X-ray

diffraction analysis are obtained by layering a CH,Cl, solution with CHsCN (4) or n-hexane (5).
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Complexes 4 and 5 are isostructural and crystallise as dark brown to black blocks in the
monoclinic acentric space group Cc (Flack parameter: 0.030(15) (4); 0.06(3) (5)). Single crystal
X-ray structure analysis of 4 and 5 reveal that the structural core motif of both complexes still
consists of two distorted [Nis(-As)s] cubanes. However, the adjacent [Nis(p-As)s] moieties are
bridged by a cyclo-E, moiety, which is coordinated in a w,n*“-fashion. Unfortunately, the
refinement for 4 and 5 is unstable so far, due to serious disorder of the CpBn ligands, solvent
molecules and the cyclo-E,4 ligands. Consequently, only a preliminary model is obtained, but
trends in the bond lengths and bond angles could still be observed. In Figure 10.3 the molecular
structure of 5 in the solid state is exemplarily depicted (for the molecular structure of 4 in the

solid state see Figure S10.16, supplementary information).

Figure 10.3 Preliminary molecular structure of 5 in the solid state (above). H atoms and solvent molecules
are omitted for clarity. Cp" ligands are drawn in wire or frame model. Central structural core motif of 5
(below). Cp°" ligands are omitted for clarity. Due to disorder only the main part is depicted. Thermal
ellipsoids are drawn at 50 % probability level. 4 and 5 are isostructural.

The Ni-As bond lengths as well as the bond angles of 4 and 5 within the distorted [Nis(u-As)4]
moieties are in the same range as observed for the starting complex 3 (Table 10.2). The average
E-E bond length within the planar cylco-E, ligand of 4 and 5 (4: av. 2.21 A, 5: av. 2.46 A) is in line
with reported E-E single bond distances in E; (E = P: electron diffraction 2.1995 A Raman

spectroscopy 2.2228 A" DFT calculations 2.1994 A;*Y E = As: electron diffraction 2.435 A,"® DFT
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calculations 2.4372 AP, In terms of simple formalism the cyclo-E, unit would be expected to be
a cyclo-E,* ligand. E, ligand complexes exhibiting a cyclo-E,* moiety are especially rare in the case
of E = As.”") However, the reported bond lengths in these complexes are usually in-between a
double and a single bond and the majority contains end-on coordinated cyclo-E, ligands. The
observed elongation of the E-E bond lengths of 4 and 5 to an E-E single bond might be due to the
serious disorder of the cyclo-E, ligand and the bridging p,n**-coordination to nickel, respectively.
Nevertheless, in literature the ‘free’ cycIo—E42" unit is known in [K@18-crown-6],P, - 3 NH; and
[K@18-crown-6],As,, showing similar elongation of the E-E bond distances (E=P: av.2.21 A;
E = As: av. 2.39 A), which suggests an E-E single bond.”? Moreover, for E = As recent reports on
[(CP®"°Fe)s(,n*Ass)]  (Cp®® = n°-Cs{4-"BUCeH.)s, av. 2.43 A and  the isostructural Cp””’
derivative [{(Cp’”’Ni)s(ps-As)sNi}(,n**As,)] (av. 2.43 A)® show similar trends in the described
As-As bond distances within the cyclo-As, moiety. Besides the synthesis of new representatives of
cyclo-E, ligand complexes, especially the formation of 4 reveals an access to mixed E, ligand
complexes. The latter are only rarely known and are supposed to show an interesting reactivity

pattern in coordination chemistry. 121l

Table 10.2 Selected preliminary bond lengths [A] and angles [°] of 4 and 5. Whenever more than one bond
is presented in the asymmetric unit, the ranges of bond lengths are given. Due to disorder, the described
bond lengths and bond angles correspond to the main part.

4(E=P) 5 (E = As)
Ni-As 2.301(3) - 2.365(3) 2.301(2) - 2.364(2)
Ni-E 2.334(9) - 2.373(9) 2.401(6) - 2.508(8)
E-E 2.198(14) - 2.222(12) 2.438(6) - 2.464(6)
Ni-As-Ni 98.97(10) - 106.02(10) 99.18(9) - 105.80(8)
As-Ni-As 73.17(9) - 78.43(9) 73.21(7) - 78.30(7)
E-E-E 89.8(5) —90.3(5) 88.3(3) - 91.5(3)

Compounds 4 and 5 are well soluble in CH,Cl, and toluene, slightly soluble in n-hexane and
insoluble in CHsCN. The "H and “C{*H} NMR spectra of 4 and 5 show the corresponding set of
signals for the Cp®" ligands (Figure $10.5-510.6 and $10.8-510.9, supplementary information). The
*'P{’"H} NMR spectrum of 4 shows a sharp singlet at & = 148.3 ppm for the cyclo-P, unit (Figure
S10.7, supplementary information). Unfortunately, characterisation of 4 and 5 by mass

spectrometry was not possible due to the high molecular weight.

While transfer reactions at room temperature lead to metastable compounds inter alia,

co-thermolysis results in the formation of the thermodynamically favoured product. Under these
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conditions the co-thermolysis of [Cp®"Ni(n-CO)], (6) with As, at elevated temperatures has been
investigated. Since the synthesis of 6 has not been reported in literature, a synthetic strategy was
developed, following the preparation of [Cp*Ni(p—CO)]z.m] Compound 6 can be obtained in high
yields by starting from Cp®'Li"® with [NiBr,-dme]™” in the presence of CO and subsequent

reduction (Scheme 10.3).

=
CoPLi + NiBr,*dme] + CO — ,\|“ Z://'z"g tBhf /@ —Nl—Nl
) - nBr
- LiBr / \ !

R = CH,(C4H:) 6 (77 %)

Scheme 10. 3 Synthesis of 6.

Compound 6 is soluble in CH,Cl, and toluene, slightly soluble in n-hexane and insoluble in CH5;CN.
By layering a CH,Cl, solution with CH5CN, 6 crystallises in the triclinic space group P1 as dark red
blocks. Single crystal X-ray structure analysis of 6 reveals a dinuclear complex with bridging CO
ligands (p,-fashion) as well as a staggered conformation of the Cp®" ligands (Figure 10.4). Two
halves of molecules of 6 can be found in the asymmetric unit, the other halves are generated by

symmetry.

Figure 10.4 Molecular structure of 6 in the solid state. Only one molecule of the two independent molecules
of 6 is depicted. H atoms and solvent molecules are omitted for clarity and CpBn ligands are drawn in wire or
frame model. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths [A] and
angles [°]: Ni-Ni’ 2.3983(3), Ni-C 1.845(2), Ni-C’ 1.866(3), C-O 1.171(3), Cpeen-Ni-Ni’ 176.034(26), Ni-C-O
141.8(2), Ni-C’-0’ 138.2(3), Ni-C-Ni’ 79.98(10).

The bridging W,-coordination mode of the carbonyl ligands is in line with the CO stretching bands
of 6 in the IR spectrum (veo(KBr) = 1813 cm™, 1863 cm™). The Ni-Ni single bond in 6 is typically
short (Ni-Ni’ 2.3983(3) A) and similar to reported Ni-Ni distances in [Cp*Ni(u-CO)], (Cp® = Cp’”":
2.396(4) A1 cp*™: 2.387(4) A cp™® (n°-CcHaMe): 2.3901(1) A®)). The H and “C{*H} NMR

spectra of 6 show the corresponding set of signals for the Cp®" ligands as well as a signal for the
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carbonyl ligands in the C{*H} NMR spectrum (& [CD,Cl,]=237.41 ppm) (see Figure
$10.10-S10.11, supplementary information).

Subsequent reaction of 6 with yellow arsenic in decalin for 35 minutes leads to the formation

of 7 exclusively (Scheme 10.4).

0 \
/C\ . NII A/As
N—Ni (\ + As,, 35 min S | S |
A _+Asy35min
‘\/' k/ 190 °C, decalin ) ‘ )
S= |/ AS
Re < Rs AsZ—nNi”
R =CH,(CgHs) @
/
R5
6 7 (43 %)

Scheme 10.4 Co-thermolysis of 6 with As,in decalin.

Compound 7 is soluble in CH,Cl, and toluene and insoluble in n-hexane and CH;CN. The 'H and
BC{*H} NMR spectra of 7 show the corresponding set of signals for the Cp®" ligands (Figure
S$10.12-510.13, supplementary information). By layering a CH,Cl, solution with CHsCN, 7
crystallises in the triclinic space group P1 as dark green plates. Single crystal X-ray structure
analysis of 7 reveals a cubic [Ni,Asg] structural core motif (Figure 10.5). Two halves of molecules

of 7 can be found in the asymmetric unit, the other halves are generated by symmetry.

Figure 10.5 Molecular structure of 7 in the solid state. Only one molecule of the two independent molecules
of 7 is depicted. H atoms and solvent molecules are omitted for clarity and CpBn ligands are drawn in wire or
frame model. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths [A] and
angles [°]: As1-As2 2.4488(6), As1-As3 2.4371(6), As2-As3’ 2.4374(6), Ni-Asl 2.3352(7), Ni-As2 2.3455(8),
Ni-As3 2.3518(8), As1-As3-As2’ 82.241(19), As2-As1-As3 80.44(2), As1-As2-As3’ 80.776(19).
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Complex 7 can be alternatively considered as a chair like Asg ligand stabilised by two [Cp®'Ni]
fragments (n**-coordination). All As-As bond lengths within the chair like Asg unit in 7 are in good
agreement with an As-As single bond length (av. 2.44 A). The [Ni,As¢] structural core motif of 7 is
unknown in literature, since only the distorted cubanes [Cp"Ni(ps-As)]s (Cp® = CpMe, Cp*)™ and
[(Cp*Ni)g(Hg‘AS)(A&;)][3] have been observed so far, which are also obtained by co-thermolysis of

[CPNi(p-CO)], with As,.

In summary, the syntheses of novel E, ligand complexes (E = P, As) of nickel bearing the Cp™
ligand are presented. The reaction of in situ generated [Cp®'Ni(p-Br)], (1) with [Cp”,Zr(n""-E,)]
leads to the selective formation of [(Cp®"Ni)s(ts-E)4{Ni(1-Br)}l, (E=P (2), As (3)). Here, the
degradation of the former E, unit of the Zr precursor to single E atoms is observed. This fact is
displayed in the distorted [Nis(4-E4)] cubanes, which are linked via bromide bridges (u,-mode).
Furthermore, the bromide atoms in 2 and 3 are available to subsequently react with
[Cp”’,Zr(n""-E4)]. To achieve this, 3 has been reacted with [Cp”,Zr(n*'-E,)] to give
[{(CP®"Ni)3(s-As)aNib (1,0 -E4)] (E = P (4), E = As (5)) in moderate yields exclusively. In complexes
4 and 5 the two distorted [Nis(la-Ass)] cubes remain, which are now connected by a cyclo-E,
ligand (p,n**-coordination). Consequently, we succeeded in the selective synthesis of 2 and 5,
being isostructural to [(Cp”'Ni)3(u3-P)4{Ni(u-Br)}]z[Ma] and [{(Cp"'Ni)3(u3-As)4Ni}z(u,r]A:A-Aszl)],[lAb]
which were previously only obtained in a stoichiometrically dependent reaction of [Cp””’Ni(u-Br)],
with [Cp”,Zr(n*"-E4)]. Moreover, the arsenic analogue 3 and the phosphorus congener 4 could be
isolated, which could not be observed in the case of the Cp’”’ ligand. Especially 4 represents an
access to mixed E, ligand complexes, which are only rarely known so far. In contrast,
co-thermolysis of [Cp®"Ni(u-CO)], (6) with As, at high temperatures results in the formation of
[(CP®"Ni),(1,n*>-Ase)] (7) exclusively. Complex 7 exhibits an unknown cubic [Ni,Asg] structural core
motif, consisting of a chair like Asg ligand. Thereby, the Asg moiety is stabilised by two [CpB”Ni]
fragments. Altogether 2-5 and 7 show the preference of nickel to form cubic structural motifs to

give novel E, ligand complexes bearing the Cp®" ligand.
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10.4 Experimental Part

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk techniques. Solvents were purified, degassed and dried prior to use. As,?” Cp®'Li,!"
[NiBr,-dme]™ and [Cp”,Zr(n**-Ey)] (E = P, As™™)) were prepared according to literature
procedure. "Buli (c = 1.6 mmol/L, solution in n-hexane) was commercially available and was used

without further purification.

The NMR spectra were recorded on a Bruker Avance 300 or Avance Il HD 400 spectrometer.
The EI MS spectra were measured either on a ThermoQuest Finnigan MAT SSQ 710A mass
spectrometer or on a Jeol AccuTOF GCX spectrometer. The LIFDI MS spectra were measured on a
Jeol AccuTOF GCX spectrometer or on a Finnigan MAT 95 mass spectrometer. The elemental
analyses were determined with a Vario ELIIl apparatus. The IR spectrum was measured on a

VARIAN FTS-800 FT-IR spectrometer.
Synthesis of [Cp®"Ni(p-Br)], (1)

A solution of "Buli in n-hexane (0.65 mL, ¢ = 1.6 mol/L, 1.04 mmol) was added dropwise to a
solution of Cp®"H (520 mg, 1.01 mmol) in thf at -30 °C. The solution became purple and was
stirred for 15 minutes. Then, the reaction mixture was added to a -30 °C cold suspension of
[NiBr,-dme] (313 mg, 1.01 mmol) in thf. The resulting brownish orange solution was stirred for 1 h
at this temperature and for 1 h at room temperature. The solvent was removed under reduced
pressure. Subsequent column chromatographic workup (silica gel, n-hexane, 14 x 2.5 cm) with
n-hexane/toluene (1:1) afforded a red fraction of 1. The solvent was removed and pure 1 can be

obtained as red powder or crystallised by layering a toluene solution with n-hexane.

Analytical data of 1

Crystalline yield: 265 mg (0.20 mmol, 40 % referred to Cp°"H).

LIFDI MS (toluene): m/z (%) = 1308.3 (2) ([Cp®"NiBr],]*), 514.3 (100) ([Cp®"H-H,]").

Elemental Analysis: Calculated (%) for [CgoH7oNiyBr,] (1308.61 g/mol): C 73.43, H 5.39; found
C72.84, H5.50.

Synthesis of [(Cp™'Ni)s(pa-E)a{Ni(u-Br)}, (E = P (2), As (3))

A solution of "Buli in n-hexane (2: 0.65 mL, ¢ = 1.6 mol/L, 1.04 mmol, 3: 0.6 mL, c = 1.6 mol/L,
0.96 mmol) was added dropwise to a solution of Cp®"H (2: 516 mg, 0.999 mmol, 3: 502 mg,

0.97 mmol) in thf at -30 °C. The resulting purple solution was stirred for 1 h at -30 °C and for 1 h
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at room temperature. Then, the reaction mixture was added dropwise to a suspension of
[NiBr,-dme] (2: 308 mg, 0.999 mmol, 3: 300 mg, 0.97 mmol) in thf at -30°C. The orange brownish
reaction mixture was stirred for 1 h at this temperature and for 1 h at room temperature. The
solvent was removed under reduced pressure, the brown oily residue was dissolved in toluene
and filtered into a solution of [Cp"zzr(nl‘l—E4)] (E = P: 142 mg, 0.25 mmol, E = As: 181 mg,
0.24 mmol) in toluene. After stirring for 7 days at room temperature, the solvent was removed in
vacuo. Subsequent column chromatographic workup (silica gel, n-hexane, 2: 14 x 2 cm,
3:26 x 2 cm) afforded [Cp”,ZrBr,] as first fraction. A mixture of n-hexane/toluene (1:2) yielded a
green fraction of 2 and 3, respectively. Crystals of 2 and 3 suitable for single crystal X-ray

diffraction analysis can be obtained by layering a CH,Cl, or toluene solution with n-hexane.

Analytical data of 2

Crystalline yield: 95 mg (0.02 mmol, 19 % referred to [Cp”’,Zr(n""-P4)]).

'HNMR (CD,Cl,): 6 [ppm]=4.14 (s, 60H, CH,), 6.61 (d, 60H, CeHs), 6.81-6.92 (m, 90H, CgHs).
3C{*H} NMR (CD,Cl,): 6 [ppm] =32.44 (CH,), 108.47 (Cs), 125.50 (CeHs), 127.77 (CeHs), 128.73
(CeHs), 139.45 (CeHs).

31p{'H} NMR (CD,Cl,): & [ppm] = 194.08 (s), 130.79 (s).

*1p NMR (CD,Cl,): & [ppm] = 194.08 (s), 130.79 (s).

Positive ion ESI MS (CH,Cl,): m/z (%) = 655.3 (45) [Cp°"Ni(CH5CN),]", 614.2 (100) [Cp®"Ni(CH5CN)]*,
573.1 (65) [Cp®"Ni]".

Elemental Analysis: Calculated (%) for [CyaoH10NigPsBr,] (3971.38 g/mol): C 72.58, H 5.32; found
C72.43,H5.47.

Analytical data of 3

Crystalline yield: 196 mg (0.05 mmol, 42 % referred to [Cp”,Zr(n""-AsJ)]).

'H NMR (CD,Cl,): & [ppm] = 4.09 (s, 60H, CH,), 6.56 (d, 60H, CgHs), 6.77-6.91 (m, 90H, CgHs).

El MS (70 eV, toluene): m/z (%) = 514.2 (47) ([Cp""-H,]"), 423.2 (17) ([Cp®™-H,-C;H,]"), 331.1 (10)
([Cp®™-Hy-2 C5H-]"), 242.1 (4) ([Cp™"-H,-3 C;H-]", 91.1 (100) ([CsH,]").

Elemental Analysis: Calculated (%) for [CisoH»10NigAsgBr, - 2 CH,Cly] (4492.83 g/mol): C 64.69,
H 4.80; found C 64.82, H 4.77.
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Synthesis of [{(Cp®"Ni)3(p3-As)aNi},(1,n**-E4)] (E = P (4), E = As (5))

[(CP®"Ni)3(Hs-As)a{Ni(-Br)}], (4: 20 mg, 4.63 pmol, 5: 25 mg, 5.78 pmol) and [Cp”,Zr(n""-E,)]
(E=P:10 mg, 0.02 mmol, E = As: 20 mg, 0.03 mmol) were dissolved in toluene. After stirring the
reaction mixture for approximately 1 day at room temperature, the solvent was removed in
vacuo. Subsequent column chromatographic workup (silica gel, n-hexane, 4: 8 x 2 cm, 5:
10 x 2 cm) afforded [Cp’’,ZrBr;] as first fraction and with toluene or CH,Cl, a brown fraction of 4
and 5, respectively. Crystals of 4 suitable for single crystal X-ray diffraction analysis can be
obtained by layering a CH,Cl, solution with CH3CN. For 5 crystals are obtained by layering a CH,Cl,

solution with n-hexane.

Analytical data of 4

Crystalline yield: 2 mg (0.47 umol, 10 % referred to 3).

'HNMR (CD,CL,): 6 [ppm] =4.24 (s, 60H, CH,), 6.58 (d, 60H, CsHs), 6.75-6.90 (m, 90H, CgHs).
BC{"H} NMR (CD,Cl): & [ppm] =33.47 (CH,), 107.50 (Cs), 126.02 (CeHs), 128.29(CeHs), 129.31
(CeHs), 140.41 (CgHs).

31p{'H} NMR (CD,Cl,): & [ppm] = 148.29 (s).

1P NMR (CD,Cly): & [ppm] = 148.29 (s).

El MS (70 eV, toluene): m/z (%) = 514.2 (45) ([Cp®™-H,]"), 423.2 (20) ([Cp™"-H,-C,H,]"), 331.1 (11)
(ICp°"-H,-2 C5H]"), 241.1 (18) ([Cp®"-H,-3 C5H-]", 91.1 (100) ([C/H-]%).

Elemental Analysis: Calculated (%) for [CaoH210NigAsgPs - CH,Cly] (4371.98 g/mol): C 66.21, H 5.32;
found C 66.29, H 5.02.

Analytical data of 5

Crystalline yield: 8 mg (1.79 umol, 31 % referred to 3).

'H NMR (CD,Cl,): & [ppm] = 4.24 (s, 60H, CH,), 6.58 (d, 60H, CgHs), 6.75- 6.90 (m, 90H, CgHs).
Bc{*H} NMR (CD,Cl): & [ppm] =32.89 (CH,), 106.52 (Cs), 125.40 (C¢Hs), 127.67 (CeHs), 128.72
(CeHs), 139.89 (CeHs).

El MS (70 eV, toluene): m/z (%) = 514.2 (58) ([Cp""-H,]"), 423.2 (17) ([Cp®™-H,-C;H,]%), 331.1 (10)
([Cp®™-H5-2 C5H-]"), 241.1 (16) ([Cp®™-H»-3 C5H-]", 91.1 (100) ([CsH,]Y).

Elemental Analysis: Calculated (%) for [C,aoH,10NigAs, - 2 CH,Cly] (4632.71 g/mol): C 62.74, H 4.66;
found C 62.69, H 4.75.



18 |Synthesis and Characterisation of E, Ligand Complexes
(E = P, As) of Nickel

Synthesis of [Cp®"Ni(u-CO)), (6)

A solution of "Buli in n-hexane (8 mL, ¢ = 1.6 mol/L, 0.01 mol) was added dropwise to a solution
of Cp®™H (5.3 g, 0.01 mol) in thf (25 mL) at -20 °C. The solution became purple and was stirred for
2 h at-20 °C and for 2 h at room temperature. The solvent was removed under vacuum and the
purple residue was washed with n-hexane (3 x 10 mL). Then Cp®'Li in thf was added to a -30 °C
cold suspension of [NiBr,-dme] (2.56 g, 0.01 mol) in thf. The resulting brownish red solution was
stirred overnight and was warmed to room temperature. The next day, CO gas was discharged in
the reaction mixture at -20 °C. After 3.5 h, a mixture of zinc-mercury alloy (4.6 g Zn, 0.5 uL Hg)
was added to the reaction mixture and it was stirred over night at room temperature. The
following day the solvent was removed in vacuo. The red residue was extracted with toluene and
filtered (Al,Os, 8 x 3 cm). The solvent was removed and pure 6 was obtained as red powder or

crystallised by layering a CH,Cl, solution with CH;CN.

Analytical data of 6

Crystalline yield: 4.75 g (3.94 mmol, 77 % referred to Cp""H).

'H NMR (CD,Cl,): & [ppm] = 3.59 (s, 20H, CH,), 6.84-6.87 (m, 20H, C¢Hs), 7.04-7.06 (m, 30H, CgHs).
BC{*H} NMR (CD,Cly): & [ppm] =30.99 (CH,), 107.34 (Cs), 126.18 (CgHs), 128.43 (CgHs), 129.09
(CeHs), 133.30 (CgHs), 140.09 (CeHs), 237.41 (CO).

IR (KBr): veo [cm™] = 1813 (s), 1863 (w).

El MS (70 eV, CH,Cl,): m/z (%) = 1204.3 (20) ([Cp*"Ni(CO)],]*), 1088.6 (90) ([Cp®,Ni]"), 516.3 (80)
([Cp®"H]"), 425.3 (60) ([Cp®™-C,H4]"), 91.1 (100) ([C,H]").

Elemental Analysis: Calculated (%) for [CgH7oNi,O,] (1204.82 g/mol): C 81.74, H 5.85; found
€ 81.70, H 5.609.

Synthesis of [(Cp®"Ni)(,n*>-Ase)] (7)

A freshly prepared solution of As, (starting from 4.8 g grey arsenic) in 250 mL decalin was added
to a suspension of [Cp®"Ni(u-CO)], (315 mg, 0.26 mmol) in 50 mL decalin. The mixture was heated
to reflux and the reaction progress was monitored by IR spectroscopy. After 35 min, the carbonyl
bands disappeared and the solvent was removed in vacuo. The green residue was dissolved in
CH,Cl, and filtered through diatomaceous earth. The eluate was concentrated and layered with

CH3CN. After complete diffusion, complex 2 was obtained as dark green needles.
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Analytical data of 7

Crystalline yield: 177 mg (0.11 mmol, 43 % referred to 6).

"H NMR (CD,Cl,): & [ppm] = 3.37 (s, 20H, CH,), 6.82-7.09 (m, 50H, CgHs).

Bc{*H} NMR (CD,Cl,): 6 [ppm] =31.15 (CH,), 105.76 (Cs), 126.05 (CeHs), 128.46 (CeHs), 129.01
(CeHs), 139.89 (CgHs).

LIFDI MS (CH,Cl,): m/z (%) = 1613.8 (39) ([{Cp""Ni},Ass+0]", 1597.7 (53) ([{Cp*"Ni},Ase]*), 1448.0
(100) ([{Cp®"Ni}As,)"), 1371.3 (11) ([{Cp°"Ni}hAss]"), 1088.9 (6) ([Cp",Ni]*), 798.1 (82)
([CP®"NiAss]").

Elemental Analysis: Calculated (%) for [CgoH7oNisAsg - 0.5 CH,Cl,] (1640.79 g/mol): C 58.93, H 4.36;
found C 59.37, H 4.43.

10.5 Supplementary Information
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Crystallographic Details

The data for 1, 2 and 4 were collected on an Agilent Technologies Gemini R-Ultra
diffractometer equipped with an Atlas®* CCD detector and using an Enhanced Ultra CuK,
(A\=1.54178 A) sealed tube. The data for 3 were collected on an Agilent Technologies
diffractometer equipped with an Atlas CCD detector and a SuperNova CuK, microfocus source.
The data for 5, 6 and 7 were collected on an Oxford Diffraction GV50 diffractometer equipped
with Titan>* CCD detector and a CuK, microfocus source. All measurements were performed at
123 K. Crystallographic data and details of the diffraction experiments are given in Table S10.1-
$10.4. Using Olex2, the structures were solved either with the ShelXT®” (1-5 and 7) or
SUPERFLIP®Y (6) structure solution program using Direct Methods and refined with the ShelXL®
refinement package using Least Squares minimisation. Especially in case of disorder, commonly
used restraints for the ShelXL program were applied (SIMU). Since several solvent molecules are
seriously disordered, the EADP constraint was used. Furthermore, the refinements for 4 and 5 are
unstable so far due to severe disorder of the Cp™ ligands, solvent molecules and the cyclo-E,
ligands. Consequently, a preliminary model is obtained. Moreover, H atoms were located in
idealised positions and refined isotropically according to the riding model. A semi-empirical

B3 integration over a multifaceted crystal

numerical absorption correction based on gaussian
model (1-3 and 7), an analyticalm] absorption correction from crystal faces (4 and 6) or a semi-
empirical numerical absorption correction (multiscan for 5) was applied.® Figures were created

with DIAMOND3.0.5¢
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Table $10.1 Crystallographic data for 1 and 2.

Ligand Complexes
P, As) of Nickel

1

2 '7C7H8

Chemical formula
l\/l/g-mol'1

T/K

Crystal system
Space group
a/A

b/A

c/A

a/°

B/

v/°

V/A3

Z

Pea/g-cm”
w/mm™
F(000)

Crystal size/mm3

CgoH7oNizBr,
1308.60
123

triclinic

P1
9.9438(2)
12.1351(2)
14.6374(3)
93.4576(16)
107.0166(19)
112.904(2)
1525.06(6)
1

1.425

2.646

676.0

0.243 x0.119 x 0.084

CagoHae6NigPgBr,
4616.26

123

triclinic

P1
17.71184(9)
22.61704(12)
29.89807(18)
95.0607(5)
90.6755(4)
104.5530(5)
11540.23(11)
2

1.328

2.060

4828.0

0.763 x0.392 x 0.338

Radiation CuKyg CukK,

20 range/® 8.068 to 133.448 6.87 to 134.16

Index ranges -11<h <11, -21<h <21,
-14 <k <14, -27 <k <27,
-17<1<17 -34<1<35

Reflections collected 33451 580698

Independent reflections 5386 41091

[Rint = 0.0328, Ryigms = 0.0198] [Rint = 0.0517, Rgjgma = 0.0187]

Data/restraints/parameters 5386/0/379 41091/642/2951
Goodness-of-fit on F* 1.023 1.091

Final R indexes [I>20(l)] R;=0.0228, wR, = 0.0564 R;=0.0350, wR, =0.0881
Final R indexes [All Data] R, =0.0245, wR, =0.0577 R;=0.0357, wR, = 0.0886

Largest diff. peak/hole/eA'3 0.34/-0.32 0.71/-0.70
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Table $10.2 Crystallographic data for 3 and 4.

3 '6C7H8

4 3 CH2C|2

Chemical formula
M/g-mol™

T/K

Crystal system
Space group

a/A

b/A

c/A

o/°

B/

v/°

V/A3

Z

Pea/g-cm”
w/mm’*

F(000)

Crystal size/mm3
Radiation

26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

Flack parameter

CagaHassAsgNigBr,
4875.73

123

triclinic

P1

17.7192(2)
22.6405(2)
29.9422(3)
94.9583(8)
91.1153(8)
104.6084(9)
11569.5(2)

2

1.400

2.792

5016.0

0.187 x 0.159 x 0.055
CuKyq

6.342 to 134.16
-21<h <21,
-27<k<27,
-35<1<35
142925

41028

[Rint = 0.0285, Rgigma = 0.0251]

41028/986/2928

1.059

R1=0.0328, wR, =0.0850
R1=0.0366, wR, = 0.0875
1.20/-0.63

CagaHa26As16Ni16P5Cle
8828.75

123

monoclinic

Cc

28.9845(4)
16.8386(3)
43.0838(9)
90.00
100.396(2)
90.00
20682.2(6)

2

1418

3.259

9044.0

0.306 x0.111 x 0.056
CuKy

6.622 to 133.428
-29<h <34,
-20<k <19,
-51<1<51
76172

31449

[Rint = 0.0554, Rgjgma = 0.0714]

31449/161/2494

1.097

R, = 0.0764, wR, = 0.1904
R, = 0.0827, wR, = 0.1942
1.65/-1.07

0.030(15)
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Table $10.3 Crystallographic data for 5 and 6.

of E,
(E

Ligand Complexes
P, As) of Nickel |199

5 : 3 CH2C|2

6 -1.15 CH,Cl; - 0.85 CH;CN

Chemical formula
l\/l/g-mol'1

T/K

Crystal system
Space group

a/A

b/A

c/A

a/°

B/

v/°

V/A3

Z

Pea/g-cm”
w/mm™

F(000)

Crystal size/mm3
Radiation

26 range/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(l)]
Final R indexes [All Data]
Largest diff. peak/hole/eA'3

Flack parameter

CagaHa26A524Ni16Clg
9180.35

123

monoclinic

Cc

29.0686(4)
16.8745(2)
43.0146(6)

90.00

100.7428(13)

90.00

20729.7(5)

2

1471

3.669

9332.0
0.221x0.143x0.11
CuKyq

6.084 to 146.074
-35<h <25,

-20<k <19,
-53<1<52

56395

27766

[Rint = 0.0324, Ryigms = 0.0390]
27766/131/2458
1.045

R;=0.0759, wR, =0.2033
R1=0.0767, wR, = 0.2042
1.79/-1.09

0.06(3)

Caa.g5H74.85Ni20,Cly 3N gs
1337.36

123

triclinic

P1

11.7408(4)

15.2992(3)

21.0463(6)

71.269(2)

84.588(2)

69.505(2)

3352.93(17)

2

1.325

1.927

1402.0

0.1059 x 0.0589 x 0.0465
CuKy

6.484 to 148.612

-14<h <14,

-18 <k <14,

-26<1<26

36426

13083

[Rint = 0.0645, Rgjgma = 0.0594]
13083/18/854

1.023

R; =0.0531, wR, =0.1352
R; =0.0652, wR, =0.1461
1.02/-1.24
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Table $10.4 Crystallographic data for 7.

7 : CH2C|2

Chemical formula

C81H72A56N i2C|2

M/g-mol™ 1683.22
T/K 123
Crystal system triclinic
Space group P1

a/A 13.3409(3)
b/A 16.3105(5)
c/A 18.4309(5)
a/° 111.660(3)
B/ 103.196(2)
v/ 92.687(2)
V/A3 3590.58(17)
Z 2
Pea/g-cm” 1.557
w/mm™ 4.738
F(000) 1692.0

Crystal size/mm3

0.312 x 0.072 x 0.065

Radiation CuKyg

26 range/® 5.35to 134.152

Index ranges -15<h <11,
-18<k<19,
-22<1<20

Reflections collected 20936

Independent reflections 12593

Data/restraints/parameters
Goodness-of-fit on F°

Final R indexes [I>20(1)]
Final R indexes [All Data]
Largest diff. peak/hole/eA’3

[Rint = 0.0215, Ryigma = 0.0303]
12593/346/931

1.027

R, = 0.0488, WR, = 0.1447
Ri=0.0537, wR, = 0.1502
2.33/-0.97
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Figure S10.14 Molecular structure of 1 in the solid state. H atoms are omitted for clarity. CpBn ligands drawn
in wire or frame model. Thermal ellipsoids are drawn at 50% probability level. Selected bond lengths [A]
and angles [°]: Ni-Ni" 3.4191(4), Ni-Br 2.4593(4), Ni"-Br 2.5236(3), Ni-Br-Ni’" 89.141(12), Cpcent-Ni-Ni’
177.427(13).

Figure $10.15 Molecular structure of 2 in the solid state (above). H atoms and solvent molecules are
omitted for clarity. CpBn ligands are drawn in wire or frame model and due to disorder only the main part is
depicted. Central structural core motif of 2 (below). Cp®" ligands are omitted for clarity. Thermal ellipsoids
are drawn at 50 % probability level. 2 and 3 are isostructural.



202 |Synthesis and Characterisation of E, Ligand Complexes
(E = P, As) of Nickel

Figure S10.16 Molecular structure of 4 in the solid state (above). Hatoms and solvent molecules are
omitted for clarity. CpBn ligands are drawn in wire or frame model and due to disorder only the main part is
depicted. Central structural core motif of 4 (below). CpBn ligands are omitted for clarity. Thermal ellipsoids
are drawn at 50 % probability level. 4 and 5 are isostructural.
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11. Conclusion

This work deals with the preparation of transition metal complexes bearing the Cp®" ligand
(Cp®" = N°-Cs(CH,{CsHs})s), which are used as starting materials for the synthesis of As, ligand
complexes. The latter are obtained either by co-thermolysis of the corresponding
cyclopentadienyl containing carbonyl complexes with As, at elevated temperatures or by transfer
reaction using [Cp”»Zr(n*"-As,)] (Cp” = n°-1,3-CsH5'Bu,) as an arsenic source under mild reaction
conditions. In addition, the reactivity of selected As, ligand complexes towards coinage metal
salts and the redox chemistry of [Cp*Fe(n>-Ass)] (Cp* = n°-CsMes) has been investigated. Within
this thesis, the introductory part (chapter 1) gives a brief overview of the relevance of As, ligand
complexes in organometallic chemistry as well as of its reactivity. Furthermore, the research
objectives (chapter 2) and some general aspects of the Cp™ ligand and its transition metal
complexes have been discussed (chapter 3), followed by the obtained results which are presented

in the chapters 4-10.
11.1 Synthesis of Transition Metal Precursors Bearing the Cp®" Ligand

A major part of this work deals with the synthesis of novel As, ligand complexes of the
transition metals chromium, molybdenum, iron, cobalt and nickel bearing the CpBn ligand. Here,
suitable precursors have been prepared for the co-thermolyses and transfer reactions. While
co-thermolysis requires cyclopentadienyl containing carbonyl complexes of the general formula
[CpB”l\/I(CO)X]y, for transfer reactions [Cp®"M(p-Br)], is used (M = Fe (1), Ni (2)). Therefore, a simple
synthesis for 1 and 2 is presented (Scheme 11.1). Unfortunately, 1 could not be isolated within
the scope of this thesis. Consequently, 1 has usually been generated in situ for the subsequent
reactions. In contrast, 2 is obtained in moderate yields. In the case of thermolysis, for M = Mo and
Co, the preparation of [Cp®"Mo(CO),], and [Cp®"Co(CO),] is reported in the literature, whereas
[CPp°"Cr(CO),), (3) and [Cp™'Ni(CO)], (4) are obtained in good vyields by following the synthetic
route for [Cp®"Mo(CO),], (for M = Cr) and [Cp*Ni(p-CO)], (M = Ni), respectively (Scheme 11.1). For
iron, the original synthesis for [Cp"Fe(CO),], (5) has been improved, providing 5 in 87 % vield

(literature: 8%).
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Scheme 11.1 Syntheses of the transition metal precursors 1-5.

11.2 Synthesis of As, Ligand Complexes

Although a variety of As, ligand complexes has been described so far, the preparation of these
compounds are much more challenging than the synthesis of P, ligand complexes. Moreover,
arsenic complexes bearing the Cp®" ligand are not reported to date, whereas some Cp°"
derivatives of the lighter congener phosphorus are known. Accordingly, it has been the scope of
this thesis to synthesise novel As, ligand complexes carrying the Cp™ ligand. Furthermore, to
compare the influence of the reaction conditions on the overall yield of these compounds, the
latter has been prepared in some cases by co-thermolysis at elevated temperatures as well as by
transfer reaction with [Cp”,Zr(n**-As,)] at room temperature. In the following, all As, ligand
complexes are summarised according to the type of synthetic strategy: (a) is referred to co-
thermolysis at higher temperatures and (b) describes a comparison between co-thermolysis and

transfer reaction.
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(a) Co-Thermolysis of [CpB"M(CO)X]y (M=Cr(3),Mo,x=y=2; M=Co, x=2, y = 0) with As, at

Elevated Temperatures

Under thermolytic conditions, usually the thermodynamically favoured complexes are
obtained. In Scheme 11.2, the As, ligand complexes formed by the reaction of [CpB”l\/I(CO)X]y

(M=Cr(3), Mo, x=y=2; M=Co, x=2,y=0) with As,in decalin are summarised.

Cr
3IM=Cr,x=y=2 Asl-As
17h AS"-I 2As
Cr
@
RS
,@ @7 &
i
_ = il AS As
oo, o S premmves i, il\g - R
R = CH,(CgHs) | \\|/ ot
Rci Mo \I\>I//
Recs Rl - 0 R
== <5 L
7 (Rt =CH,(CgHs)) 8 9
7' (R1=H)
R R
= =
| fCo
P CC’\ AS\
M=Co,x=2,y=0 Aj/--\@‘s N /\ Ag,\»As/
1h As-\\'c'/;As \\A As\ \/
(0] R y
<5 @\% <7
10 1

Scheme 11.2 Syntheses of the As, ligand complexes 6-11.

Starting from 3, the reaction with As, exclusively leads to the formation of the triple decker
complex [(Cp®"Cr),(,n>>-Ass)] (6) in moderate yields, exhibiting a cyclo-Ass middle deck. In the
case of the molybdenum derivative, several different triple decker complexes are obtained.
Thereby,  [(Co""Mo)o(kn*™Asg)]  (7)  and  [(Cp""*"Mo)(wn"*Asg)]  (7)
(Cp™"™™® = n°-CsH(CH,{CsHs})a) display the main product, co-crystallising in a 1:1 ratio. Both 7 and
7' contain a cyclo-Asg unit, which is stabilised in-between two [Cp®"Mo]* fragments. The presence
of the Cp"™™®" ligand probably arises from impurities during the synthesis of the Cp®"H ligand.

TetraBn

Unfortunately, the formation of Cp H cannot be eliminated and the separation by column
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chromatographic workup failed. Moreover, the by-products [(Cp®"Mo),(p,n’As,)(1,n>-Ass)] (8)
and [(Cp®"Mo),(1,n>>" " -As10)] (9) could be obtained in traces, depending on reaction time and
stoichiometry of As,. While 8 shows a distorted pseudo five-membered ring, consisting of a r]3—As3
unit and a nz—Asz moiety, the cyclo-Asqg ligand of 9 represents the largest known cyclic arsenic
ligand reported so far. Changing to cobalt, the co-thermolysis of [Cp®"Co(CO),] with As, results in
the formation of [{Cp®"Co(u,n*?-As,)},] (10) and [(Cp®"Co)a(pa,n** " *-Asy0)] (11) in good vyields.
Complex 10 reveals a triple decker structure with two As, units as middle deck, whereas 11 shows

an As;o framework, which can be considered as the hypothetic As, dihydrofulvalene analogue.
(b) Co-Thermolysis Versus Transfer Reaction

Until now, the majority of As, ligand complexes have been synthesised by co-thermolysis,
leading to the thermodynamically most stable arsenic compounds. However, it has also been a
subject of this thesis to investigate transfer reactions, since the reaction of [Cp”,Zr(n""-As,)] with
[Cp®"M(u-Br)], (M = Fe (1), Ni (2)) at room temperature is expected to give metastable arsenic
complexes in good yields. In the case of nickel, the reactivity of 2 has also been studied towards
[Cp”,Zr(n"*-P,)], as preliminary studies on the Cp” derivative [Cp’”’Ni(u-Br)l,
(Cp”” =n"-1,2,4-CsH,"Bus) have shown an interesting reactivity pattern. In addition, it is
reasonable to study the corresponding co-thermolysis of [CpB”l\/I(CO)X]y (4:M=Ni,x=0,y=2;5:

M = Fe, x =y = 2) with As, in comparison to the transfer reactions (Scheme 11.3).

The co-thermolysis of 4 with yellow arsenic at elevated temperatures leads to in the selective
formation of [(Cp®"Ni),(i,n*3-Ase)] (12), showing a [NiAs¢] cubane structural core motif, whose
composition is unknown for As, ligand complexes of nickel so far. In contrast, the mild activation
of in situ generated 2 with [Cp”>Zr(n*'-E,)] (E= P, As) results in the formation of
[(CP®"Ni)3(ps-E)4{Ni(u-Br)}], (E = P (13), As (14)), displaying adjacent, distorted [Ni,(p-E4)] cubanes,
which are connected via bromide bridges (u,-fashion). Interestingly, the degradation of the E,
unit of the Zr precursor to E atoms is observed, instead of a transfer of the intact E; moiety. Since
13 and 14 still contain bromide ligands, the question arose whether a further transfer reaction
can take place. To confirm this assumption, 14 has been reacted with [Cp”>Zr(n'"-E4)] to yield
[{(CP®"Ni)3(1s-As)aNi}a(,n*“*-E4)] (E = P (15), E = As (16)). In complexes 15 and 16 the two distorted
cubic [Nig(p-As,)] unit remain, but a connection of both occurs via a newly formed cyclo-E, ligand.
Moreover, 15 represents an access to mixed E, ligand complexes, which have been scarcely

known up to now.
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Scheme 11.3 Syntheses of the As, ligand complexes 12-22.

In the case of iron, the reaction of 5 with As, affords a mixture of diverse As, ligand complexes,
consisting of the sandwich complex [Cp®"Fe(n’-Ass)] (17), [(Cp®"Fe)s(ps,n***-Ass)(Hs-As)] (18) and
[(Cp™"Fe)s(ps,n**-Ase){Fe(n>-As3)}] (19). Complex 17 is a representative of pentaarsaferrocene
derivatives, whose Cp* congener has already been frequently used in coordination chemistry. In
contrast, 18 and 19 display unprecedented iron containing arsenic clusters, which are unknown so
far. The central structural core motif of 18 can formally be described by an insertion of [Cp®"Fe]
fragments into three As-As bonds of the As, tetrahedron, while 19 shows a prismatic Asg ligand as
well as an end-on coordinated cyclo-As; unit. However, transfer reaction of in situ generated 1
with [Cp”,Zr(n""-As,)] vields the triple decker complex [(Cp®"Fe)y(,n**-Ass)] (20), showing a
cisoid-As, moiety. Since the redox chemistry of 20 has been investigated by CV, also chemical
oxidation has been performed. Interestingly, the reaction of 20 with AgX (X = BF,, CF3SO3) leads
to an expansion of the four-membered tetraarsabutadiene moiety, resulting in the formation of
[(CpB”Fe)z(u,r]S:S—ASS)][X] (X" = BF4 (21), CF3SO5 (22)). Thereby, 21 and 22 possess a new formed
cyclo-Ass middle deck. In general, the complexes 6-22 show the versatility of the structural core

motifs of As, ligands in combination with transition metal complexes. On one hand the As,
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tetrahedron can often go through successive degradation, yielding smaller arsenic complexes, but

on the other hand a subsequent aggregation to larger As, units stabilised by transition metal

fragments can also occur.

11.3 Reactivity of Selected As, Ligand Complexes Towards Coinage Metal Salts

[Cp*Fe(n’-Ass)] has been frequently used as a building block in coordination chemistry. Mainly

its reactivity towards different monovalent metal salts, e.g. Cu' halides, has been investigated and

different coordination compounds have been obtained.

In this context, the question arose

whether the nature of the Cp ligand as well as the central metal atom of the pentaarsaferrocene

derivatives of the general formula [Cp*M(n-Ass)] (M = Fe, Cp" = Cp™" (17); M = Ru, Cp" = Cp*)

influence the reactivity towards Cu' halides. Furthermore, so far the use of copper(l) salts has

been limited to Cu' halides exclusively. Therefore, it was also part of this thesis to investigate the

coordination behaviour of [Cp*Fe(n’-Ass)] towards other Cu' sources, e.g. Cu(CF;SOs) -

(Scheme 11.4).
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Scheme 11.4 Reactions of selected pentaarsaferrocene derivatives with copper(l) salts.
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The diffusion reaction of the Cp®" derivative 17 with CuX (X = Cl, Br) leads to the formation of
the discrete dimer [{Cp®"Fe(n**2Ass){Cu(p-X)h1, (X = Cl (23), Br (24)). Complexes 23 and 24 show
two adjacent moieties of 17, coordinating Cu' atoms by an As-As bond (n*-coordination), which
are part of a {Cu,(u-X),} four-membered linking unit. In the case of the CuCl derivative, 23 is the
only observed dimer. However, using CuBr also vyields the one dimensional polymer
[{CPp°"Fe(n>**-Ass)HCu(u-Br) )], (25). Here, one molecule of 17 is coordinating two copper atoms
(n’~fashion), which are bridged by bromide atoms (p,-mode) to form the scarcely reported zigzag
structural core motif. By reacting 17 with Cul, the isostructural compound
[{Cp°"Fe(n>**-Ass)HCu(p-N}]. (26) is obtained. Consequently, an increase of complexity from
dimers to one dimensional polymers is observed for coordination compounds containing 17 and
CuX by going from CuCl to Cul. In contrast, the diffusion reaction of [Cp*Ru(n’-Ass)] with CuX
(X =Cl, Br) results in the selective formation of [{Cp*Ru(n***-Ass){Cu(p-X)}s(CHsCN)], (X = Cl
(27), Br (28)). Both 27 and 28 are isomorphs to [{Cp*Fe(n>***-Ass) {Cu(p-X)}s(CH5CN)], (X = Cl, Br),
displaying a m-coordination of the Cu' atoms, which are part of a six-membered chair like {CuX};
ring. Additionally, the moieties are linked viag intermolecular Cu--As interactions to give a one
dimensional polymer. In this context, the obtained coordination products 23-28 seem to be
independent of the metal atom or the used Cp" ligand, but a strong dependency on the Cu' halide
occurs. This is also demonstrated by using Cul, which affords the one dimensional polymer
[{Cp*Ru(n’**-Ass){Cu(p-HCu(ps-)}a (29) and the dimer [{Cp*Ru(n>***2-Ass){Cu(p-1)}a(CH3CN)1,
(30). The central structural motif in 29 reveals a {Cul}, ladder, which is connected either by Cu--As
or Cu-l interactions, resulting in a one dimensional strand. Polymer 29 shows close structural
similarity to the reported one dimensional polymer containing the Cp* iron derivative. In contrast,
the dimer 30 exhibits an unknown modified crown like structural core motif, built up by four
moieties of Cu' (n*-coordination) which are connected by weak Cu--Cu interactions or by iodide
atoms (W,-fashion). In the coordination compounds 23-30 the preference of As, ligand complexes
for m-coordination is obvious, while o-coordination plays a minor role. However, the reaction of
[Cp*Fe(n>-Ass)] with Cu(CFsSOs) - 0.5 C;Hs exclusively vyields the soluble discrete dimer
[Cu,{Cp*Fe(n”"-Ass) {Cp*Fe(n"*-Ass)L,{Cp*Fe(n”'-Ass)HCF:SOsL] - (31),  revealing  an
unprecedented n’-coordination mode, an uncommon o-coordination of the cyclo-Ass complex to
Cu' as well as the favoured m-coordination of two adjacent cyclo-Ass units. In addition, one triflate
anion interacts with Cu*, while the other counterion is separated. Moreover, [Cp*Fe(n’-Ass)] has
been reacted with AgX (X" = ClO,, BF, ), which bears a coordinating anion. This is of interest,
since not much is known about the coordination behaviour of the pentaarsaferrocene derivative

towards Ag' salts. These reactions lead to the formation of [Ag{Cp*Fe(n>**-Ass)X], (X = ClO,
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(32a), BF, (33a)) and [Ag{Cp*Fe(n>*?-Ass)}X], (X =ClO, (32b), BF, (33b)), which crystallise as
co-crystals in the solid state (Scheme 11.5). Both 32 and 33 show either an unexpected
n**-coordination (32b/33b) or n**coordination (32a/33a) and an additional interaction of the
ClO, or BF, anions with the Ag” centre. Interestingly, short Ag---Ag distances are observed, being
sometimes even shorter than the sum of the covalent radii of silver. Moreover, 33 can be used as
a transfer reagent of As, units by reacting the latter with [Cp’”’Co(u-Cl)],. Surprisingly, here the
cyclo-Ass ligand is degraded and rearranged to give [(Cp’’Co)s(ps,n***-Ase)][BF4l, (34) as well as
the by-product [(Cp”’Co),(u,-Cl)3][BF4] (35).
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Scheme 11.5 Reaction of 33 with [Cp’”’Co(p-Cl)], at room temperature.
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11.4 Investigation on the Redox Chemistry of [Cp*Fe(n>-Ass)]

A minor part of this thesis has been the investigation of the redox chemistry of
[Cp*Fe(n>-Ass)]. Within this context, the chemical reduction with KH or K leads to the
unprecedented degradation and rearrangement of the former cyclo-Ass ligand to give a mixture
of diverse anionic polyarsenide complexes (Scheme 11.6). Besides the triple decker complex
[{Cp*Fe(u,n**As,)}]” ([36]) and the dianion [(Cp*Fe),(u,n**-Asi)]* ([37]%) even larger
polyarsenide As, frameworks - up to n =14 and n = 18 — stabilised by [Cp*Fe] fragments could be
obtained. This includes [(Cp*Fe)y(,n**Asw)]” ([38]%) as well as [(Cp*Fe)sps,n****-Asis)]*
([39]%). Compound [38]* possesses two connected norbornadiene like As, moieties, whereas
[39]% consists of a chair like Asg subunit, which is connected through adjacent arsenic atoms to an
envelope like Ass ligand as well as to a norbornadiene like As; cage. Remarkably, [36], [38]* and
[39]* are not formed due to decomposition and reaggregation of [37]%, which has been confirmed
by 'H NMR spectroscopy. Moreover, [38]* and [39]” represent the largest anionic As, ligand

complexes reported, which are obtained in coordination chemistry so far.
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Scheme 11.6 Chemical reduction of [Cp*Fe(n’-Ass)] with KH or K in dme.
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12. Appendices

12.1 Alphabetic List of Abbreviations

A Angstroem, 1 A=1-10""m
°C degree Celsius

AO atomic orbital

av. average

"Bu n-butyl, C4Hs

‘Bu tert-butyl, C4Hs

butterfly bicyclo[1.1.0]butane

o concentration

CAAC cyclic (alkyl)(amino)carbenes

‘Hex cyclo-hexyl, CeH1g

COosyY correlation spectroscopy

COD cycloocta-1,5-diene, CgH1,

Cp cyclopentadienyl, n°-CsHs

Cp’ ethyltetramethylcyclopentadienyl, n>- CsEtMe,
Cp” 1,3-di-tert-butylcyclopentadienyl, n*-CsHs'Bus
Cp”” 1,2,4-tris-tert-butylcyclopentadienyl, n*-CsH,'Bus
Cp* pentamethylcyclopentadienyl, n>-CsMes

cp®° pentakis-4-n-butylphenylcyclopentadienyl, n°~Cs(4-"BuCgHa)s
CpBn pentabenzylcyclopentadienyl, nS—CS(CHZ{C6H5})5
Cp'erreen tetrabenzylcyclopentadienyl, n>-CsH(CH»{CeHs})a
cp*™ triisopropylcyclopentadienyl, n°-CsH'Pr;

Cp*™™ tetraisopropylcyclopentadienyl, n>-CsH'Pr,

Cp™ tetramethylpropylcyclopentadienyl, n>-CsMe,"Pr
cpVe trimethylcyclopentadienyl, n°~CsH,Mes

cp"® methylcyclopentadienyl, n>-CsHsMe

Cp™ tetramethyltertbutylcyclopentadienyl, n°>-CsMe,'Bu
Cp” tert-butylcyclopentadienyl, n>-CsH,'Bu

Cp" substituted cyclopentadienyl ligand

cv cyclic voltammetry
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d(NMR)
)
dd(NMR)
decalin
DFT
Dipp
DIP,pyr
IDipp
dme
dpmp
dppe
DSC

E

E(CV)

o

EI MS
EPR

L/'Pr

doublet

chemical shift

doublet of doublets
decahydronaphthalene, CigH1s

density functional theory
2,6-diisopropylphenyl
2,5-bis{N-(2,6-diisopropylphenyl)iminomethyl}pyrrolyl
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene,
1,2-dimethoxyethane, C4H1,0,
bis(diphenylphosphinomethyl)phenylphosphine
1,2-bis(diphenylphosphino)ethane
differential scanning calorimetry

heavier element of the 15" group, E = P, As
potential

electron

electron impact mass spectrometry

electron paramagnetic resonance

Ethyl, CHs

electron spray ionisation mass spectrometry
frequency

[FA|{OC6F10(C6F5)}3]

field desorption ionization mass spectrometry
hour(s)

heteronuclear multiple bond correlation
highest occupied molecular orbital
heteronuclear single quantum coherence
Hertz

infrared spectroscopy

coupling constant

Kelvin

ligand (specified in text)

litre

CH[CMeN(2,6-Pr,CeH3)15)
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LMO localised molecular orbital

LUMO lowest unoccupied molecular orbital
M metal

Ug Bohr magneton

Hegr effective magnetic moment

m(NMR) multiplet

m/z mass to charge ratio

Me methyl, CHs

MHz megahertz, 10° Hz

mg milligram, 10° g

mL milliliter, 10° L

menthyl 1-iso-propyl-1-methylcyclohexane, CioHyo
Mes mesityl, 2,4,6-trimethylphenyl, CoHqq
MOF metal organic framework

NMR nuclear magnetic resonance

N3N (Me3SiNCH,CH,)sN

NPA natural population analysis

Y frequency/wavenumber

OoTf triflate, CF5SO5

Ph phenyl, CsHs

Pr iso-propyl, CsH;

"Pr n-propyl, CsH;

PPhs triphenylphosphine, P(CgHs)3

ppm parts per million

R organic substituent

r.t. room temperature

s(NMR) singlet

s(CV) second(s)
TEF [A{OC(CF3)s}4]
T temperature

t(NMR) triplet
thf tetrahydrofurane, C,HgO
v(cv) Volt

VE valence electron
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vs(IR)
w(IR)
WBI

Xm

very strong
weak
wiberg bond index

molar susceptibility
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