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Preface

A general introduction about Akgand complexes artieir relevance in organometallic
chemistry is given at the beginning of this thesis. In this context, the research objectives
and some general considerations about th€"@igand, which is frequently uséd this

work, are also described. As each chapter peets a topic on its own, a short
introduction is included at the beginning of each to present the current state of research.
The resultof these chapters are suitable for publicationthia future or are on the brink

of being published. Moreover, each plexr contains the section authoouwtribution, in

which the extehof involvement is described. Here, results from collaboratioa 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 itBelevance irOrganometallicChemistry

Arsenicis a Janus faced element. On the one hamdenic and its derivatives have found
many applications in pharmaceutical industagriculture (herbiddes and insecticide} and
forestryas well as ithe semiconductor industrfe.g.GaAssemiconductors(Figurel.1). On the
other hand, especiallyhe so calledwhite arsenic (A€k) cause many murders and harm

through the centurie§’

OH

g As,,l’
As=As H,C "OH
CHy

H5N

HO

Figurel.l Historically important arsenic derivatives. Aasphenamin@a] (Salvarsa® medication for
syphilis) and b) dimbylarsinic acid” (used as a total herbicide and desiccant in agriculture).

Although thepoisonousnature of arsenianineralshas been known since the Greekhe
elementarsenicitself wasfirst identified by Albertus Magnusround 1250° Grey or metallic
arsenic(Asyy) consists of undulated layers, which areldhtogether by condensed Asings
(Figurel.2). Therefore Asyey is structurally related to the rhombohedral form of black
phosphorus at high pressurtn addition two further allotropic modifications of arsenxist
black arsenic and yellow arsenic. The latter was first described by Bettendorf ifl G8&2ous
yellow arsenic can be obtained by heating grey arsenic up to 8¥8&0dis built up by discrete
tetrahedral Asmolecules(Figurel.2)® Similar to white phosphorus 4Pit represents the most
reactive allotrope, but also the most toxic andsiestable one. Nowadayseveral modifications
of As (crystallineand amorphous) are known, but especiallylight sensitivity and therefore its
fast decomposition to amorphougrey arsenic make its investigation and also its use as

starting material difficult.
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a) b)
As As As As
As As As As
As As
As As_ 1 _As As / i\
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

Figurel.2 Structures of a) grey arsenic and b) yellow ars&nic.

Thelatestallotrope is black arsenic. It has first been mentioned in'#38% can be itided
into two subgroups,amorphous and orthorhombic black arsenldhe orthorhombic form is
closely related tdolack phosphorus at atmospheric pressufarthermore the orthorhombic

blackarsenic is also knovasthe mineralarsenolampritén nature!®

In addition to the welknown allotropic modificationsespecially theoreticatudiespredict
elemental nanostructuresf arsenic. Therebycosahedral and ring shaped arsecage®’ as well
asnanotube$’ are discussedHowever this is only mentioned for completenessd wil not be

further discussed

Due to its high reactivityparticularly yellow arsenic foundapplication in organometallic
chemistry Neverthelessthe first Ag ligand complexes were synthesi by usinguncommon
arsenic sourcetike AsGJ and cyclo(AsMas, respectively*? Hence [Co(CO)PPhRO ¢ 3-B3)]
(PPR=P(GHs)s) and [Co(CG@) *-As)] opened thenew era of unsubstitutedhaked group15

element liganc&complexesn the late 1968 (Figurel.3)."

About ten years lateHoffmann postulatedhe isolobalanalogy. Thenessagef this concept

isthat:

Wwe will call two fragments isolobal if the numt®mmmetry properties, approximate
energy and shape of the frontier orbitals and the number of electrons in them aregimilar

not identical, but simila@?

Therefore a methine group for examplecan be considered to be isolobal with arsenic and
with ad®-ML; fragment, respectively (Figuted). Since that time, this fact haxtensivelybeen

used to explain and to predict new compourl represents aconnecton betweeninorganic
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and organic chemistry. Accordindlye cyclopentadienyl anidi@sHs] is formallyisolobal withthe
pentaarsolyl anion [cycleAs]. In this context [CPFe(>-As)] (CH=Cp*( >-GMes) (),
I LOO-GEtMe,)™ can be described as the heavier analogue of wheé-known ferrocene
[CpFe](Cp=">-GHs) (Figurel.3).

a) co co

co
ocC Cco B
\C'O\\\ ' OC 5 ' \‘.‘CO
Co Co"
/|\ Ph P/ \;}57 Sco @
3
S As | |
As As Fe Fe
(':O o As=l=As
b) OC\ < ; As As
TH As c|o“ A
5 | 5= |
CH As /AS\
HC= =CH As= \"As AsT—As

Figurel.3 lllustration ofa) [Co(CQP *-As)] (left) and [CHCO)PPRO 6 ¥-A3)] (right). b) Isolobalanalogy
0S06SSYy W/ IMpFragenss. @IChR¢E]ReftRand its heavier analogi@p*Fel *-As)] (1) (right).

Sincel985 As, ligand complexebave attracted more and more organometallic chenmasgig
a variety of complexes with different codmation modes were obtaineqFigurel.4).*
Generallythe Ag tetrahedron often undergoesdegradation and complexescontaining smaller
As, units can be isolatedHowever,alsoa subsequenaggregation to larger arsenic frameworks
cantake place as itwill be shown later onUsually cyclopentadienyl containing transition metal
carbonylcomplexes of the type [@M(CO)]y are suitableprecursorsfor this purposeRecently
the useof transition metal coplexes with labile ligands,gecompounds of the general formula
[C|d*xMy(L)z] (L=e.g.toluene), got popular. To dae, the largest fully charactegd neutral As,
ligand complexo 6 QLIQE ***LAs,0 8 &/ -LEATH,'By) was preparedy this way. It
was obtainedby the reacton of As, with 06 / LIO ®@'@tbl@ene)] at roomtemperature
(Figurel 4).19

.@\ B =C'Bu

Figurel.4 Selectecheutral As, ligand complexes @3, 4,17 121
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In contrast, the smallest possible arsenic unit with only one arsenic atom can bedreali
[(NsN)W As] (NN =N(CHCHNSiMg);).*® However, in this reaction LiAs(SiMés used ashe

arsenic source.

While the discussed complexdsrive fromdegradation and aggregation, respectively, the
stabilsation of the intactAs, tetrahedron seems tde aninsuperable challenge the past But
quite recenty, the synthesis ofAg( >-As)l[TEF](Il) (TEF =[A{OC(G:}]) was presentedby
reacting the weakly coordinated sil@rcomplex [AgCHQ,)][TEF]with yellow arseni€?
Therebytwo As, unitsareO 2 2 NR A ¥ I*-fashi@nbyloye Adf cation Surprisinglythe As unit
can be transferred unscathdbm Il to a [(PPhy)Au] or a[Cp*Ru(dppe)]fragment(dppe=1,2-

29 The latter reaction leads to the

bis(diphenylphosphino)eane), respectively (Figuleb).
formation of[Cp*Ru(dppe)(*-As)][TEF]the first complexcontaining a monohaptooordinated

As ligand. At the same timéhe arsenic tetrahedrostill remainsntact.

a) 1+ b

Figurel.5 Schematic illustration of ajFRhy)Au( >-As)]" and b) [Cp*Ru(dppe)t-As)]".

Hitherto, different trarsition metalprecursorshave been discussed. Therebye majority of
the mentioned arsenic complexes carry® Ggands. However recently it could be showthat
yellow arsenic can also be activéitby unsaturated transition metal complexes bearing

21]

i -diketiminatoligands(Figurel.6).

R, R
R, AN R, R, P
W*—-
N N N
R/ G\R R/@
1 1 1

Figurel 6 General formula2 ¥  (-dik&iminato ligand. SubstituentsR, R and R can be chosen
depending orthe requiredsteric demand and electronic properties

These ligands formally represenfive electron ligantke the CBligand Due to thepossible

variation ofthe substituents a novel group of complexes was born. Several small molecules like
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No, P, S, Sl Y IVQTe,hrespectiver,omJId be activated by such comple%é%.Recently, we
reported on the fixation and release of E=P, As) by [({N{8;Pr-2,6)C(Me)CH)Cu(CIEN)],
carrying a labile acetonitrile ligand, whican easilybe replaced by the Funit*¥ Thereby,
astonishingly, the JHetrahedronstill remains intactBy the addition of pyridinethe release of
white phosphorus or yellow arsenic can be observed. Tq thasefeature is only observed for

complex|.192024

In principle the activation of yellow arsenic can also be achievemdin groupcomplexe?
and therefore also bgarbenes.During his PID. thesis Christoph Schwarzmaier succeeded in
stabilsing As, units resulting from the degradation of Asvith cyclic (alky)(@amingcarbenes
(CAACYHy an one step reaction (Figurel.7).?¥ Quch complexe are usually synthessed by a

multistep reaction startinfom AsGJandthe correlatingcarbene®”

ipr

'pr

ipr

Figurel.7 lilustration of [{*"™CAAGRAs)] (left) and [("*CAAGAS] (right).

While the use of yellow arsenic asstarting material lead$o the formation of neutral
complexesmost of the time other common arsenic sources like the Zantbn [As]® afforded
polyarsenidesHere the formation of larger arsenic clustersparticularlyfavoured Eichhorns
accomplishments deserve a special mentiegarding severglublicationsn this field during the
1990s*® One outstanding example is the synthesis of [Asg@Mis)*> (Ill), which could be
prepared byreacting KAs with Ni(CODR) (COD=cyclmctal1,5diene) in the presence of
"BuPBr* The resultinglusterlll has an onion like structure am@n beinterpretedas an Ag
pentagonal dodecahedromhich encapsulatea Nij, icosahedronin additionan arsenic atom is

enclosedn the centre ofthe Ni, subunit(Figurel.8).
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Figurel.8 Molecular structure of a) the intermetalloide clus(érs@l\ljz@Ag(,f' (1. The [l\hiz(plz-As)f'
core is depicted as icosahedron and bonds between thgshsll and the Nj unit are omitted for clarity.
b) The [Nix(Hi-As)f subunit. c)The exteriorAs,cage'®

Up to date lll represents one of the largeahionic arseniccontainingcomplexes and isthe
only known example for a fullerene likatermetalloide cluster. As already mentioned
icosahedral allotropes of arserfiave beerpredicted® and therein, the Asy, fullereneseems to
be a promising candidat®&owadaysespecially the Goicoechgaoupis interested irZintl anions
and their coordination chemistB In contrastthe neutral speciefAs(SMes)] is definitely less
common for the synthesis ofpolyarsenide. Therefore only few examples are known in

literature 24

As alreadydiscussedabove other arsenic sources can also be taken in accdarthe early
stages of As, ligand complegs cyclic organ arsenic derivaives e.g. cycle(AsMe)s or
cyclo(AsPhs, have beeroften used!!®*3 Far less used arsemicecursorsare metallic arsenié*
AsS,2 AsG P As(SiMe);, Y and PhAs(SiMe,B” respectively.

1.2 As LigandComplexes irGoordinationChemistry

Reactivityof As LigandComplexes

Taking a looknto the literature, one can notice that especially the Schaymup studied the
reactivity of Asligand complexes. Particular attention is paid to the reactivifZpfFe( >-As)]
(I) towards other transition metd complexe§? Unlike [CgFe], complex should show a different
reactivity due tahe availabldone pair of each arsenic atoamd a possibility for coordinatioto
metal fragments Thereby the reactivity pattern ofl rangesfrom simple coordinatiorover
transfer reaction to complete rearrangemertschemel.l). In addition the Scherergroup
succeeded inthe oxidation ofl with [CpFe(§Hs)][PF] to yield the 30 VE triple decker complex
[(CpFe)(11,*>As)(Cp*Fe)PFR].*¥ Toget an insighinto the charge distributiorand coordination
featuresof |, °'Fe Mdssbauespectroscopyand differential scanning calorimetry (DSC) as well as
DFTcdculations were carried ol? Based on these result$ is comparableto its lighter
congener [Cp*Fef-Ps)] (IV). However the DFTresultsreveala reversedenergy distribution of

the unoccupied orbitals (LUMO, LUMO+1)Ifoompared tolV, while theHOMO is locaed at
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the cycloE; ring in both cases. In contrasfFe Mdssbauer spectroscopgsults show similar

guadrupole hyperfine interactiorisr I andlV, but differentisomeric shif$ (at 90 K) fot andIV.

a) + [Cp*Rh(CO)],

[Rh] = Cp*Rh(CO) As—|[—As

j I : b) + [Cp*Ru(CO),], ; [

\ ./ N A%?'\'.AS
c) + [Cp*Co(p-CO)];5 Ag = A5 | \ / |
> o=

[Fe] =Cp*Fe A\ m— G Co

S

Schemel.l Reactivity pattern of[Cp*Fe(°>-As)] (I) towards transition metal complexes. a) Siue
coordination of a [Cp*Rh(CO)] fragmé&#ft. b) Transfer of theycloAs; ligand to the [Cp*Riijunit.**!
¢) Rearrangemenbf | during the reaction with [Cp*Co@0)}.**!

Nowadaysthe interest for Asligand complexes hasightlybeendiminished Especiallyhe
difficult handlingand challengingsynthesisas well adow yields and the lack ofcharacteristic
analyticaltools (e.g. NMR spectroscopyinake arsenic complexeauch more challengingn
comparison to Pligand complexesFor this reason only a small numbr of publications
concerning thereactivity of As, ligand complexes can be found in literatup to date
Neverthelessit is worth to investigatarsenic compoundsince Eligand complexes (EP, As)
are usually known for their different reactivity®*®***! This is exemplargmphasisedin the
reactivity ofl and [Cp*Fe(>-Ps)] (V) towards divalent samarium complex&epending on the
solventused differentLJ2 f & I N& S ySmR6'4As)(CptFe)Ldtbénorbornadiene scaffold
containing compleq(/ LJA)As(Cp*Fe)], can be isolately reactingl with w/ JSI(tDf)]
6 | BEI3>03GH.Buw) (Figure 1.9%3
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®
C

Figure1.9 Molecularstructure of® 6 LSO As0 6 / LIJF CS0 6  oImSAE(ErFe)] (igkty?m o/ LIQQ
[ LJF | yidands dréQxépresented in thdre or framemodel andH atoms are omitted for clarity.

In contrast, the reaction ofthe phosphorus derivativelV with [CP%Sm(thf)]
(CE=Cp* CF" (" >-GMe,"P) resultsformaly in adimerisation to [(CE.SmP(Cp*Fe).l*¥ In
addition, changing the samarium precursol({dIBpyr)SmI(thfj] (DIRBpyr=2,5bis{N(2,6-diiso-
propylphenyl)iminomethyl}pyrrolyl) afforded [Cp*F{f**-P;)Sm(DIgpyr)L, as well as
w/ LIF C8-m,)8m(DIppyr)(thf)).*) Related arsenic complexes originating from this samarium

complex arainknown so far.

Moreover, the reactivity of [{CpMo(CE)o k*5-As)] (V) and [Cp*Mo)od «k°$-As)] towards
[0-(HgGFy)s] and AgBF respectivelyhas been investigated by th&cheemgroup!*” Recently, the
0dzii i SNF f & 02 YLitxERAs)|bdulddlsone bit8uadd hsva chelating ligafiin
combination with [Cu(GEBN)][BR] the reaction leads to the formation of
©0d 9/ LIQIDXEEB)HCh][BE. The latter is expected to bea promising cdigand for
catalysisdue to its small bite angle aride stericallydemanding Cf2 iy&nd

As, LigandGomplexes irBupramoleculaChemistry

Asalreadymentioned the reactivity of Asligand complexes in comparisontteir lighter P,
homologuesis only poorly investigated. Henci is not surprising that the potential of arsenic
complexes irsupramolecular chemistry imderestimatedso far. In contrastseveralP, ligand
complexeshave found application in supramolecular chemisty to now!*® An extraordinary
position is occupiel by [CPFe( *-Ps)] (CF= Cp* (IV), CF" ( -G{CH(GHs)}) (V), CP'*°
(' >-G{4-"BuGH}s) (VID). In combination with coinagmetal salts one and two dimensional
polymers as well as fullerene like molecideshano capsuleare obtained?®**” AlthoughDFT
calculatiors suggest similar coordination behaviour ftre Cp* pentaarsaferrocene derivatilye

it reacts with Cuhalides toform one dimensional polymeFs® The formation of fullerendike
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moleculeshas not beerobserved.This mighte attributedto the preference for -coordination
of | through AsAs bong (' ?coordination), while IV, VI and VIl LINS ¥ -8ohidlination
(' -coordnation) viathe phosphorudone pairsFor a long timgli K &oordination for Asligand
complexes seemdto be out of reach, but recently the first 1,3coordination ofl to a Lewis acid
could be reafied in the one dimensional polymer [GuCIy(dpmp}{(u, **>As)FeCp*}[BE],
(dpmp= bis(diphenyphosphinomethyl)phenghosphine)Figurel.10).#® Moreover, the identical

coordination mode ialso achievefbr V, howeverjust as a discrete dimeric complex.

In addition to the firstL,3-coordination we could also observe an unexpectéetoordination
of 1 in [M{Cp*Fe},' >**-As))s] [TEF] (Figurel.10)*® 5 dzS 2 -iner&dtidns ah alignment
to columns is obtainedn the solid state In contrast the reaction ofl with [Ag][FAL]
([FAD =[FA{OGRo(GFs)}]) did not afford polymeric products However depending onthe
stoichiometry dimeric andimeric coordination compoundsre formed:* Similarcoordination
products are also prcted for using [Ag][TEF] instead of [Ag][FAL].

@ Fe
© As
@®Tl/In
®cC
@r
@®Cu
@ Cl

Figurel.10 Sections of the one dimensional polymersball and stick representation) of
a) [Cu(L-CIx(dpmp){(k, “>As)FeCp [BR],"? and b) [M({Cp*Fe}, *-AsDal[TER] (M=In, T).*"!
Cp* ligandsand phenyl substituents of dpmp ligara® drawn in thewire or framemodel. Hatomsand
counterionsare omitted for clarity.

A further well established building block $apramolecular chemistry is [Cp*Mo(@D}As)]
(VII). Thereaction ofVIlIwith CU halidesleads to the formation ofCu(iX)} bridged dimersin
contrast, the use of [AJ[TEF] bearing a weakly coordination anigorovides the dimer
[Ag{Cp*Mo(COP K*%As)L{Cp*Mo(COP ¥*F2As)LITEF] (1X).*? Thereby X represents one
of the first examples of arsenic based oligonieniterature.Hereby,the general preference for
' Zcoordination isalreadyillustrated SurprisinglyESI MSpectra indicate dissociation b to
[Ag{Cp*Mo(CQNs},]". Thereforg equilibriumis discussed to occun solution, which is also
confirmed by DFT calculatiomis.contrast tdX its Tl derivativéormsa columnarstructure in the

solid state, which idominated by -coordinationof the Ag ligandsthrough AsAs bonds™
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1.3 The CPLigandin Organometallicchemistry

The Cf ligandinfluencesthe development irorganometallic chemistryke no other ligand
Since thestructural determinationof ferrocene [CgFe]®” the cyclopentadienyl anion and its
derivativesare the mostfrequently used ligands in organometallic chemistrVhis effect is
certainly based on the versatile coordination modes reaching 'framthe maximum of °. Up
to date, a big library of Eplerivaives has been establisheg a result of the easy substitution of
H atomsat the Cp ligand(Figurel.1l). Thereby the electronic structure, the degree of
substitution as well as the steric demand can be controRadend for using larger Gpigands
can especiallybe observed in the last yearsince they are known to stabédiunprecedented
structural motifs and kineticallavoured complexes, respectiveR? Additionally, the increased

solubility ofthe resultingcomplexes cannot be neglected.

"By "Bu

Q9 Q)

n
Bu By

Figurel.11 Representation of selected Tligands with an increasing steric demand frtaft to right.
a)Cp* ligando 0/ LIQdddx) EPRligdnd/ R

The consequences of substitution are impressively revealed in the reaifti@pFe(CQ),
with Ag (CF=Cp, Cp*, Cf° (X). While the reaction of the parent compound leads to the
formation of [CpFe(As),],*? the stepwiseincrease of the steric demand resultglie formation
of [Cp*Fe(>-As)]™¥ and the butterfly compleX{CF'Fe(COh(u, *-As)] (X),*¥ respectively
RemarkablyXlis already obtained at room temperature, whereas the other reactions take place
at 190°C. Thigs caused by dissociation Xin solution at room temperaturéo highly reactive
[CF'Fe(CQ) radicald®™ Nevertheless further cothermolysis of XI with As provides
[CP'T §%As)], [(CF'Ferd k*EAs)] and [(CBFey(us, ““*Ag)] ™



Introduction| 11

In addition to the mentioned aspects Cp ligandscontaining functional groupare also of
current interest An outstanding exampleeens to be the pentacyanocylcopentadienide anion
[G(CNY]” (XI), which shows divefold symmetic moiety in the solid statg(Figure1.12).*7 In
combination with sodiuncarbonate metal organic frameworks (MGF can be isolateld®
Thereby each cyanide substituent coordinatesone sodium cation, which results irclathrate

type structure possessinfullerene like topolog{fFigurel.12).

a)

N
fl
N=— : ¢N
7\
Xl

Figurel.12 a) lllustration of [CN}]" (XI) and b) simplified representative unit of the dodecahedral
[Nau{ G(CN}ael~ dianion’*®

A further representative of th class of Cpligands withincreasing steric demandin
comparison to the Cp ligarisl the pentabenzylcylcopentadiengierivativeCp"*? Severalmain
groupcomplexe¥® as well as transition metabmplexe$” bearing the C§' ligandare reported
in literature Since the benzyl substituents avery flexible and the electroni¢eatures are
comparable tathe Cp* derivative it can begenerallyviewed asa synthon for the Cp* ligand
Moreover, the good solubility in almost all common solvents can be considered as an advantage.
Although the CH'ligand tas a high potential due tadvantageoudeatures (solubilitypossible
detection of novel structural motifs, etg.)investigationsare limited to the synthesis of
metallocens or metal containing complexes. During his Pth&sis,Fabian Dielmanimtroduced

_Rs the C" ligandin the field of Ractivation In addition
C|] the resulting Rligand complexewere usedas building
blocks in supramolecular chemist¥. Thereby the

Fe
P—|[—P
F’/ é\P pentaphosphaferrocene derivatiwd represents a first
~—

example(Figurel.13). Due to an available lone pair at

C‘: fg f EEQ} each phosphorus atomit containsfivefold symmetry

i similar toXIl ConsequentlyVI has the possibility for
Figurel.13 General formula of

[CEFe( >-Py)] (CB = Cp* (V), CB" (V). quintuple coordinationsincethe Cp* derivativelV is
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known to form spherical aggregatesreactions with Cxi(X=Cl, Brl). Thusjt is nd unexpected
that VI showssimilarreactivity towards Cunalides In addition tofullerene likemacromolecules

also a selhssembledugby ballike compoundarising fromVland CuBras well as one and two

47c-e,62,63)

dimensional polyershave been synthesid (Figurel. 14) !

®cC
@Fe
@P
@cCu
©Br

Figurel. 14 Ball ard stick representation of theugbyball [{CPFe( >-P)}4CeBrog ™ H atoms solvent
molecules as well as disorder are omitted for clarity.



Introduction| 13

1.4 References

[1]

(2]
(3]

[4]
[5]
(6]
[7]
(8]
(9]
[10]

[11]

[12]
[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

a) S. C. Grund, K. Hanusch, H. U. Wilinann's Encyclopedia of Industrial Chemistry
WileyVCH Verlag GmbH & 6GaA2000 1-43; b) S. Gibaud, G. JaoueBrganomet.
Chem201Q 32, 1-20;

G. Sus&ink,Chemunserer Zei012 46, 100-109.

A. F. Holleman, E. Wiberg, N. Wibéehrbuch der Anorganischen Chemie, Vol.\WaRer
de Gruyter, Berlir2007, 822826.

A. BettendorffLiebigs Ann. Cheit867, 144, 110114.

H. Erdmann, M. V. UnruB, AnorgChem1902 32, 437452.

Y. Morino, T. Ukaji, T. [Bull. Chem. Soc. Jat966 39, 64-71.

H. Krebs, W. Holz, K. H. Wor@kem. Berl957, 90, 10311037.

A. J. Karttunen, M. Linnolahti, T. A. Pakka@bamPhys. Chen2007, 8, 23732378.

S. Zamfira, M. Popescu, F. S&alcogenide Lette2905 2, 5561.

a) A. S. Foust, M. S. Foster, L. F. DaAin. Chem. SAQ69 91, 56315633; b) A. S. Foust,
M. S. Foster, L. F. DahlAm. Chem. SAQ69 91, 56335635.

Group 15 element ligand complexes contain substitfies@ pnictogen atoms, binding
directly to the transition metal without any organic moieties or similar groups likg &Me
NR.

R. HoffmannAngew. Chem. Int. EEtB82 21, 711-724.

0. J. Scherer, C. Blath, G. Wolmershads@rganomet. Chert99Q 387, C21C24.

a) O. J. SchereAngew. Chem. Int. Ed. EnP85 24, 924943; b) O. J. SchereAngew.
Chem. Int. Ed. Endl99Q 29, 11041122;c) O. J. SchereAcc. Chem. ReB999 32, 751
762.

C. Gral}l, M. Bodensteiner, M. Zabel, M. Scl@em. Sc2015 6, 13791382.

O. J. Scherer, W. Wiedemann, G. WolmershaGsem. Be199Q 123, 3-6.

0. J. Scherer, J. Vondung, G. Wolmershaui§imganomet. Chen1989 376, C35C38.

M. Scheer, J. Miller, M. HasAngew.Chem. Int. Ed. End996 35, 24922496.

C. Schwarzmaier, M. Sierka, M. Schegew.Chem. Int. EQ013 52, 858861.

C. Schwarzmaier, A. Y. Timoshkin, M. SchAagew.Chem. Int. EQ013 52, 76067603.

C. GraRRPhD. thesis Universitat Regensbur2Q13

selected publications: a) Y. Peng, H. Fan, H. Zhu, H. W. Roesky, J. Magull, C. E. Hughes,
Angew. Chem. Int. E2004 43, 34433445; b) Y. Xiong. Yao, M. Brym, M. DrieAagew.
Chem. Int. EQ007, 46, 451%4513; c) S. Yao, Ciléfann, E. Bill, K. Wieghardt, M. Driess,



14| Introduction

[23]

[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

[32]

[33]
[34]

J. Am. Chem. S&008 130, 1353613537; d) S. Yao, Y. Xiong, X. Zhang, M. Schlangen, H.
Schwarz, C. Milsmann, M. Driegg)gew. Chem. Int. EQO09 48, 45514555;¢e) G.
Prabusankar, A. Doddi, C. Gemel, M. Winter, R. A. Fisubrgr,Chem.201Q 49, 7976

7980.

F. Spitzer, M. Sierka, M. Latronico, P. Mastrorilli, A. V. Virovets, M. Zaigmy, Chem.

Int. Ed2015 54, 43924396.

C. Schwarzmaier, A. Schindler, C. Heindl, S. Scheuermayer, E. V. Peresypkina, A. V. Virovets,
M. Neumeier, R. Gschwind, M. Schéargew.Chem. Int. EQ013 52, 1089610899.

R. P. Tan, N. M. Comerlato, D. R. Powell, R. Afegtw.Chem. Int. Ed. Endl992 31,
12171218.

C. SchwarzmaiePhD. thesis Universitat Regensbur2012

M. Y. Abraham, Y. Wang, Y. Xie, P. Wei, H. F. Schaefer, P. v. R. Schleyer, G. H. Robinson,
Chem. Eur. 2010 16, 432435.

a) R. C. Haushalter, B. W. Eichhorn, A. L. Rheingold, S. Jl. @ibm. Soc., Chem.
Commun.1988 10271028; b) B. W. Eichhorn, R. C. Haushalter, J. C. Hufmgew.

Chem. Int. Ed. En@B89 28, 10321033; c) B. W. Eichhorn, S. P. Mattamana, Daf@né&,

J. C. Fettinged, Am. Chem. SdQ98 120, 97089709.

M. J. Moses, J. C. Fettinger, B. W. Eichls@mienc003 300, 778780.

a) C. Knapp, B. Zhou, M. S. Denning, N. H. Rees, J. M. GoicbatthealTrans201Q 39,

426-436; b) C. M. Knapp, J. S. Large, N. H. Rees, J. M. Goidbafthaealrans2011, 40,

735745; ¢) C. M. Knapp, B. H. Westcott, M. A. C. Raybould, J. E. McGrady, J. M.
Goicoechea,Chem. Commun.2012 48, 1218312185; d) R. S. P. Turbervill, J. M.
GdcoecheaChemCommun2012 48> c-aammHT SO wod {d t & ¢ dzND SNIIA |
a0/ dzf f 2dzZ3KZ 5@ 9 NH OmandnétallicR0a8 32 22344 02 SOKS | =
a)R. Ahlrichs, D. Fenske, K. Fromm, H. Krautscheid, U. Krautscheid, @, CheutieEur.

J.1996 2, 238244;b) C. von Hanisch, D. Fenske, F. Weigend, R. Ahlrichs, R. Ahlrichs, F.
Weigend,Chem. Eur. 1997 3, 14941498; c) C. v. Hanisch, D. FengkeAnorg.Allg.
Chem1998 624, 367-369.

a) P. J. Sullivan, A. L. Rheingotganometallicd982 1, 15471549; b) P. Mercando, -8.

DiMaio, A. L. RheingolAngew.Chem. Int. Ed. Endl987, 26, 244245; c) K. Mast, O. J.
Scherer, G. Wolmershausgr,AnorgAllg. Chem1999 625, 14751478.

L. Y. Goh, R. C. S. Wong, W. H. Yip, T. C. VOriyakometallicd991, 10, 875879.

I. Bernal, H. Brunner, W. Meier, Hstfrer, J. Wachter, M. L. Ziegleangew.Chem. Int. Ed.
Engl.1984 23, 438439.



[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Introduction]| 15

B. Sigwarth, L. Zsolnai, H. Berk&{J@tner,J. Organomet. Chet982 226, C5C8

a)D. Fenske, H. Fleischer, C. Per8agew. Chem. Int. Ed. Erk§89 28, 16651667; b) J.
Besinger, D. Fenské, Anorg. Allg. Che2001], 627, 14871494.

a) D. Fenske, J. Hachgerfagew. Chem. Int. Ed. Erkf86 25, 175177; b) D. Fenske, K.
Merzweiler, J. OhmeAngew.Chem. Int. Ed. End988 27, 15121513.

a) B. Rink, O. J. Scherer, G. Heckmann, G. Wolmersh@hsen, Ber1992 125 101t

1016; b)B. Rink, O. J. Scherer, G. Wolmersha@eem. Berl995 128 71-73; c) M.

Detzel, G. Friedrich, O. J. Scherer, G. Wolmershauggrw. Chem. Int. Ed. Erf95 34,
1321-:1323; d) G. Friedrich, O. J. Scherer, G. WolmershalsanorgAllg. Chem.1996

622, 14781486.

a) R. H. Herber, O. J. Scheteuy. J. Inorg. Cher200Q 12, 24512453; b) H. Krauss, G.
Balazs, M. Bodensteiner, M. Sché&tem. Sc201Q 1, 337342.

a) M. Fleischmann, S. Welsch, H. Krauss, M. Schmidt, M. Bodensteiner, E. V. Peresypkina,
M. Sierka, C. Groger, M. Schégnem. Eur. 2014 20, 37593768; b) M. Fleischmann, J. S.
Jones, F. P. Gabbai, M. Sch€aem. Sc2015 6, 132139.

M. FleischmanrPhD. thesis Universitit Regensbur2015

N. Arleth, M. T. Gamer, R. Képpe, S. N. Konchenko, M. Fleischmann, M. Scheer, P. W.
RoeskyAngew. Chem. Int. E2D16 55, 15571560.

T. Li, M. T. Gamer, M. Scheer, S. N. Konchénhlk/. Roeskfyhem.Commun2013 49,
21832185.

T. Li, J. Wiecko, N. A. Pushkarevsky, M. T. Gamer, R. Kdppe, S. N. Konchenko, M. Scheer, P.
W. RoeskyAngew.Chem. Int. ER011, 50, 94919495.

C. Schwarzmaier, S. Heinl, G. Balazs, M. S&regw.Chem. Int. EQR015 54, 13116

13121.

selected publications: &f. ScheerDalton Trans2008 33, 43214524, b) B. Attenberger,

E. V. Peresypkina, M. Scheeigrg. Chem2015 54, 70217029; c¢) M. Fleischmann, S.
Welsch, E. V. Peresypkina, A. V. Virovets, M. S@ieam. Eur. 2015 21, 1433214336;

d) C. Heindl, A. Kuntz, E. V. Peresypkina, A. V. Virovets, M. Zabel, D. Ludeker, G. Brunklaus,
M. ScheerDalton Trans2015 44, 6502-6509.

selected publications: &. Welsch, C. Grbger, M. Sierka, M. SchAegrew. Chem. Int. Ed.

2011 50, 14351438; b) F. Dielmann, A. Schindler, S. Scheuermayer, J. Bai, R. Merkle, M.
Zabel, A. V. Virovets, E. V. Peresypkina, G. Brunkatixkert, M. Scheechem. Eur. J.

2012 18, 11681179; c) F. Dielmann, C. Heindl, F. Hastreiter, E. V. Peresypkina, A. V.
Virovets, R. M. Gschwind, M. Scheergew. Chem. Int. EB014 53, 1360513608; d) F.



16| Introduction

[48]

[49]

[50]
[51]

[52]
[53]
[54]
[55]
[56]
[57]

(58]

[59]

[60]

[61]

[62]
[63]

Dielmann, M. Fleischmann, C. Heindl, Pevesypkina, A. V. Virovets, R. M. Gschwind, M.
ScheerChem. Eur. 2015 21, 62086214, e) C. Heindl, E. V. Peresypkina, A. V. Virovets, W.
Kremer, M. Scheed, Am. Chem. S@015 137, 1093810941, f)S. Heinl, E. Peresypkina, J.
Sutter, M. ScheeAngew. Chem. Int. E2015 54, 1343113435.

M. Fleischmann, L. Ditsch, M. E. Moussa, A. Schindler, G. Balazs, C. Lescop, M. Scheer,
Chem. Commui2015 51, 28932895.

L. J. Gregoriades, H. Krauss, J. Wachter, A. V. Virovets, M. Sierka, MASgpbweThem.

Int. Ed2006 45, 41894192.

H. KrausshD. thesis Universitat Regensburg011

a) T. J. Kealy, P. L. Paudtature1951, 168, 10391040 b) S. A. Miller, J. A. Tebboth, J. F.
Tremaine,J. Chem. Sot952 632635.

C. JaniagikH. Schuhmanmdv. OrganometChem1991, 33, 291-393.

0. J. Scherer, G. Kemény, G. Wolmershdlkem. Berl995 128, 11451148.

S. Heinl, M. Scheegthem. Sc2014 5, 32213225.

S. Heinl, M. Schedbalton Trans2014 43, 1613916142.

S. HeinlPhD. thesis Universitat Regensburg014

R. J. Less, M. McPartlin, J. M. Rawson, P. T. Wood, D. S. Gteght,Eur. 2010 16,
1372313728.

R. J. Less, T. C. Wilson, B. Guan, M. McPartlin, A. Steiner, P. T. Wood, D. Buldight,
Inorg. Chen2013 2013 116311169.

S. S. Hirsch, W. J. BailkyQrg. Chem978 43, 40904094.

a)H. Schumann, C. JanidkQrganomelChem1988 354, 7-13; b) H. Schumann, C. Janiak,
F. Gorlitz, J. Loebel, A. DietrithQrganomet. Chert989 363, 243251; c) C. Dohmeier, E.
Baum, A. Ecker, R. Képpe, H. Schndokgdnometallica996 15, 47024706.

a) J. W. Chambers, A. J. Baskar, S. G. Bott, J. L. Atwood, M. D. Qxgascimetallics
1986 5, 16351641; b) M. DRausch, W. M. Tsai, J. W. Chami@gnganometallic4989 8,
816-821; c) W. M. Tsai, M. D. Rausohganometallicd4996 15, 25912594; d) G. Schmid,

U. Thewalt, P. Sedmera, V. Hanus, K. Maaltect.Czech. Chem. Commad998 63, 636

645; e) SNamorado, J. Cui, C. G. d. Azevedo, M. A. Lemos, M. T. Duarte, J. R. Ascenso, A. R.
Dias, A. M. Martingur. J. Inorgchem2007, 8, 1103;1113.

F. DielmannPhD. thesis Universitdt Regensbugf11

a) B. Kramermaster thesis Universitat Regensbur@014 b) C. Heindl,PhD. thesis
Universitat Regensburg015



Research Objectivelsl?

2.Research ©®jectives

Aspresented in the introductianAs, ligand complexes are rare aniganometallic chemistry
and especially in coordination chemistry.Moreover, the influence of the CP ligand
(CP"="°-G(CH{GH:})s) on the reactivity and stability of Agand complexes has nbeen
studiedyet, since only preliminary investigatiomsthe lighter congener phosphorus exiat.the
same timethe Cg" ligand offers good solubility of thudtained arsenic compoundsid the hope
that unprecedented structural motifs might be obtain€bnsequentlythe research objectives

for this work are:

1 Preparation of transition metabmplexesearing the CP ligandas starting materials fahe
synthesis oAs, ligand complexes

1 Synthesis of novel pAigand complexes and investigation of two different synthetic methods:
i) thermolysis involving the reaction tfnsition metal precursors with Ast elevated
temperatures and iijransfer reactionsusingw/ ZIQ'G-As0 8  3'P-LITHL'Bw) asan

arsenic sourcaendermild reaction conditions

It was also demonstrated that Asligand complexes are suitable building blocks for
supramoleculachemistry. In combination with Lewis agidsth oligomeric as well as polymeric
products are observed. However, the variety of Lewis acids is mainly limitebhalides and
other monovalentmetal saltshavescarcelybeenusedfor this purposeso far Moreover, mostly
Cp* substituted arsenic precursors pkakey role, although the Gpligand displays promising
properties for spherical aggregates asservedfor [CF"Fe( >-Ps)]. Thus, the objectives are as

follows:

f Investigation of the reactivity o€p*Fe( °>-As)] towards coinage metal salts

 Introduction ofCF*"substitutedAs, ligand complexes in supramolecular chemistry

As mentioned in chapter 1.2 and 1iBe reactivity of[Cp*Fe(>-As)] has been of great
interest, but redox chemistritas not been studiedyet. In 2015,DavidKoniecznywas able to
briefly explore the reduction ofCp*Fe{>-As)] in the presence of KH duritigs master thesis.

Therefore, a further task is:

 Investigation bthe redoxpropertiesof [Cp*Fe(>-As)].
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3.GeneralDonsiderations for the CpLigand

The intention of this chapter is to give a brief overview of general features of thig@pd
Accordingly, the subsequestibchapterssummarse observatios concerning complexdsearing
the CJ" ligand All these observations ateased onpersonalexperienceand do not referto

specific compounds.
3.1 Solubility

In generalthe discussed aoplexes shova good solubility in Gi&Land tolueneand in some
cases in thf While the complexesdissolve only in the heatin n-hexane orn-pentane most
compounds are insoluble @HCN However, this fact can be exploited for crystiibn. The
majority of the described complexes are crystadliby layering a GEL or toluene solution with
CHCN Moreover, especially (coldthexane om-pentane can beised several times for washing

the obtained crystals before dryiimgvacuo

Since the CP ligand dominates the solubilityf the complexesthe isolation of reation
products can be difficulTherefore, purification oftetakesplace by column chromatography,
which is sometimes difficult due to simileatention factors Rof the products Thus long
chromatographic columns afud a high percentagef n-hexane in the eluent mixture are

required
3.2 Geometricalbnsiderations an@ystalSructures

As mentioned in théntroductorychapter 1.3the Cf"ligand can be considered as a synthon
for the Cp* ligand. Due to th#lexibility of thebenzylligands, which can beriented in the
direction pointing away from the transition metaintre, the steric demandsicomparable to the
Cp* derivative This can be visusdd by evaluating the angle beten the CPligand and the
metal atom (Figur8.1). However,the orientation of thebenzylsubstituents can change due to
incorporation ofsolvent moleculese(g.toluene) inthe crystal As a resultpne benzylsubstituent
is sometimes pointing in the direction of the transition metal atBarthermore, disorder of the
substituents is often enhanced the flexibilityof the benzylgroupsand leads to poorefinement

in single crystakraystructure determinatio.
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a) b)

\i\\g: ' &
~65° Tl g
~75° I
©0e 0 ¢ '
H C

Fe As

Figure3.1 Comparison of the angle between theR(llgand and the metal atona) [Cp*Fé(S-Ass)] and b)
[CPFe( *-As)].

Moreover, the C{" derivativesgenerally formboth intra I Y R A y (i S N&tacking Odzf I NJ
interactions while complexesbearing the Cp* ligand exhibinost of the time no specific
arrangement inthe crystal Accordhgly, thebenzylsubstituents are orientated teards each
other (intermolecular interactionspften resultingin a pseudo one dimensionarrangement
within the crysta(Figure3.2). ¢ KSa S A y (i S Ndtegatticn® aizt disdldesponsible the
poor solubility in aliphatic solvents athe: insolubility inCHCN respectively (see chapterl3.As

a result,even tolueneproved tobe a poor solvenih some cases.

ecC
®Fe
@ As

Figure3.2 Representatiorof [Cﬁ”Fe( 5—A.%)] in the solid stateView along the crystallographieakis. CEi1
ligandsare depicted iwire or framemodel andH atoms are omitted for clarity.

Furthernore, pixel calculations prediseveraldifferernt assemblies for benzene dimers in the
gas phasevith similar energy minimd.In Figure3.3, favouredorientations of benzene dimers,
T-shaped i) or parallel If) arrangement, are illustrate€Correspondinglythe orientation| and I
are alsorealised in the benzyl substituents as inamolecular interactionsn the solid state

(Figures.3).
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b)

b
H H
H H
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" @ ®Fe
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Figure3.3 lllustration of a) benzene dimerstime gas phase witfavouredarrangement (typd or Il) and b)
intramolecular interaction dhe phenyl rings within [(f‘ﬂ:e( 5-As;—,)].

3.3 Spectroscopic anfhectrometricinvestigations

Generallyall synthessed complexesshowsimilar'H NMRspectrafor the CB" ligand(s) Since
the benzylsubstituentscan be seen ashemicdly and magnetially equivalent, one set of signals
is received most dhe time. The correspondinginglet for the methylene groups obtained in
the range of3.37ppm to4.24 ppm andfor the phenyl groups a multipleéetween6.12ppm and
7.09ppm is detected” Sometimeseven the phenyl rings are equivalent on the NMR timescale
and a doublet (Ff™), a doublet of doublets (%) and a triplet (A" can be assignedihe same
applies tothe **C{H} NMR spectroscopy. Generally, one signal for the methylene group
(30.99ppm to 36.48 ppm) and the Cp ringB9.26 ppm to 108.47 ppm) can be found For the
phenyl ring four signals at the correspondingalues {25.15ppm to 140.41 ppm) can be

obtained.

In addition all compounds have been studied by mass spectrometry. Thdraggments of
the C"ligandoften representthe base pealn the EI MSspectra(e.g. [GH;]" atm/z=91.1)
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4.NovelTripleDeckerGComplexes ofsroup 6Metals

M. hmidt, G. Balazs;. Riedlbergesind M. Scheer

C

oo
\(,Q
Abstract:

Thecothermolysis of [CPM(CO)], (M = Cr, Mo; CB="°-G(CH{GHs})s) with Ag leads to

the formation of novel Asligand complexes bearing the ®figand. Moreover, an easy and

4 xS

straightforward synthesis of [EEr(CQOJ, (1) has been developeth the case ofhe chromium
derivative co-thermolysiswith As, leads to the formation o{CF"Cry(u, *>>-As)] (2) exclusively
For molybdenum the reaction yieldd the triple decker compleX(CE™o)(u, *®-As)] (3). In
addition, tracesof [(CF"™™Mo),(1,' **+As)] @) or [[CE™Oo)(U, >-As)(Y,' >-As)] (6) are obtained
depending on the reaction conditian€omplexd possesss an unprecedenteaycleAs, ligand
whichis the largest polyarsenic cycle reported so $arprisinglysingle crystal -Xay diffraction
analysisof 3 revealsa cocrystalof [(CF®"®*Mo),(i, “>-As)] BR (CP"®"=" *-GH(CH{GHs})s)
and 3 in a ratio of 1:1. Compoundg 1-3 are fully charactesed by single crystal-fdy structure
analysis, mass spectrometglementalanalysis angpedroscopic methods'H and™*C{H} NMR
spectroscopyfor 1 and 3/0 Qr EPR spectroscomnd Evans methodor 2). Furthermore the
redox chemistry of2 and 3/o0 @vas studied bycyclic voltammetry showing two reversible
oxidations and a reversible reduction Byrwhereasd/o @xhibit a reversible and an irreversible
oxidation Theby-products4 and5 were mainly charactesed by single crystal-rdy diffraction

analysisDFT calculatiorand™H NVIR spectroscopd) or mass spectrometnp).
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4.1 Author contributions

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

dngle crystak-ray structue analyses and refinemeswere performed by Monika Schmidt.
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Cyclovoltammetric measuremesitof 2 and 3 were performed and interpreted by Felix
Riedlberger
1 DFT computations and their description regardimgere performed by Dr. G. Balazs

1 AcknowledgemeniTheEPRspectum of 2 wasrecordedby Moritz Modl
4.2 Introduction

Since the description of the isolobal analogy in2188janic and inorganic chemistry became
more and more connectédl. In this context, a methine moiety can f@mally exchanged by
phosphaus or arseniofferingnew possibilities in theynthesis ofnorganic analoguesf organic
moleculeslike the cyclopentadienyl anidi@sHs] (1) or benzeneGHs (11). In fact,several(CH,
units @n be formallyreplaced byE atoms (E=P, As)n | or Il. Besides the partial substitution of
(CHy units? the all pnictogen analogu&s and & (E=P, Asjre of special interesTo date, both
are mostly observed in metallocenes and triple deck@mndwichcomplexes(Figure 4.1¥!
Moreover the stabilgation inbinary compounds b (M =K, Rb, Cs,H°; M=Rb, Cs, EAs)has

also beerinvestigatedor the cycloE; derivatives.”

= =
== ko ok

Fe p===P S=As
E=|—E l |
E’ \E Mo Mo

e
E=P,As

Figure 41 Schematicepresentation otommoncyclek andcycloE; ligand complexes.

Zl>

The special interest inycloE; ligand complexes like(Cp*Mo)x (1, ¥%-E5)] (E = P(I) B As
(VB LI S-@Mes) is based on the higlymmetry, the planarginiddle deckas well as the
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lone pairs at the pnictogen atomshich are available fdurther coordinationchemistry These
features make them excelletuilding block for supramolecular chemistryThey also act as
hexagonal, trigonal or linear linkems toordination chemistry Moreover bridged cycleE;
complexesrepresent a supramolecular inorganic analogue of graphene. Quite recehity
coordination chemistry dil towardsmonovalentmetal salts [M[X] (M = Cu, X = Brl®IM =TI,
Cu, Ag X =[A{OC(Gl:}a] ( [TED®) has been investigatedeading to the formation of
coordination polymersThese containplanar two dimensional layefsr the reaction withcopper
halides andtwo dimensional coordination netwaHlor the reaction with[TI[TEF] Here the
network consists of alternating layers of positively and negatively charged dbetttan be
regarded as the supramolecular inorganic analegfigrapheneln contrast, the use of M = Cu

or Ag yieldedhe discretecoordinationdimers [MCp*Mo)y(, #6-Ps)},] "¢

To date, the number of,Rigand complexesf the general formul§CpM),Ps] exceeds the
number of its heavier congend(CpM),As]. While triple decker complexes containing a
cycloP; ligand exist for molybdenuri*™® tungsten® vanadiunf® niobium!® and titanium*!
only two examples areaccountedfor arsenicin literature® Unfortunately, he reported yields
for these triple decker complexes are usualbwer than10% making further reactivitygtudies
difficult. However,for the molybdenum complexeBCgMo)(u, #¢-Py)] (CF'= Cp* (' >-GMes),
CP" (" >-G{CH(GHs)k)) vields of 64 % (Cp*¥ and 58 % (CP" have beenreported
Nevertheless, Cp* derivatives and espécidis coordinationcompoundsoften exhibit low
solubility limiting the applicablecharactersation methods.Therefore, ti would be desirable to
introduce the CP'ligand which is known to considerably increase the solubility of tHigdhd
complexes & well as their coordination compoundBurthermore, it was demonstrated
previously thatP, ligand complexes bearing the ®pigand often possess a differergactivity
towardsmonovalentmetal saltsAs a result, novel soluble coordination products are obtaimed

compaisonto the Cp*derivatives*?

Herein we report a a straightforwardsynthesis of the precurs@omplex[CF"'Cr(CQJ. (1)
as well as on the subsequent reaction of ][@CO)], (M=Cr (), Mo) with As at high
temperatures. Forl, the reaction results in the formation of [@Pry(u, **As)] (), while for
M =Mo the triple decker compless [(CF™Mo),(l, *®-As)] B) and [(CF"™*Mo)(U, **-As)] (0)Q
(CP*"™®"=" >.GH(CH{GHs}),) arethe main product. Additionally, the novel arsenic rich complex
[(CEMOo) (1, ***1Asg)] @) and [(CEP™Mo)(1, >-As)(1, *-As)] () can be obtainedas minor

productsdepending on the reaction conditians
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4.3 Results and Discussion

Following the synthesfsr [CF"Mo(CO)],," 1is easily obtained as microcrystalline powder by
cothermolysis of CPH and [Cr(C@)at high temperature(Scheme 4.).

) _10h,190°C__ g
Cp™H  +  [Cr(CO)] T decain 0 Cr_Cr
CO CO

R = CH,(CeHs) 1(48 %)
Schemet.1 Synthesis of.

Compoundl is soluble in Cj&@} andtoluene,slightlysoluble inn-hexane and thf and insoluble
in CHCN.By layering &HC} solution withn-hexane 1 crystallises in the monoclinic space group
P2,/c as dark green block¥he molecular structure df is depicted in Figure.2 Single crystal
Xcray structure analysis ofL reveals a dinuclear complex wittans conformation of theCO

ligands with respect to the chromiualromium unitand a staggered conformation of the®Cp

#e

Figure4.2 Molecular structure ol in the solid stateHatoms are omittedor clarityand CB” ligands are
drawn inwire or framemodel. Thermal ellipsoids are drawn at 50 % probability I8e&cted bond lengths
[A] and anglef]: CrCiQ2.3024(4) Cr1-C1 1.8357(14)CriC2 1.8298(14), GD1 1.1602(17)C202
1.1673(17), Cp,wCH N2 mMp y ¢ dOi-@1LO1¥RTED(E2), CrOB®2 171.88(11), CTrC2 89.96(6).

ligands.

The expected terminal coordination mode of the carbonyl ligands is in line with the CO
stretching tands ofl in the R spectrumA-{KBrj=1817 cmi’, 1848 cmi*, 1879 cnt, 1897 cm™).
The CiCr triple bond ofl is typically short (@ N H R but siighthionger than other
reported CtCr distances in [GPr(COJ, (CF = Cp '(>-GHs): CH/ NI H A €pr:éCe/ DN
2.280(2AM cp™e ( -GH,Mey): Cr/ NI H AY).dhetH and*C{H} NMR spectra df show

the corresponding signals for tiebemically andnagnetically equivalent €digands as well as a



26| Novel Triple Decker Complexes of Group 6 Metals

signal for the carbonyl ligands in tH€{H} NMR& LJS O (i NJ©§] = 251.28/ppm) (see Figure
S41-S42, supplementaryinformation).

Subsequent reaction dfwith yellow arsenic atlevatedtemperatures leads to the formation
of 2 (Scheme 4£). Although the thermolysis is performed overnight and withegoess of As

residuall could be foundluringthe chromatographigvorkup.

Rs

T
|

cO Cr

jee
/Q L-" R +As,, 17 h As—=|—As
\ pr— » 5 — < y
Rg /C_r_Cr\ﬁ - decalin, 190°C As SA™ As
: |
CO o Cr
b
1 Q
R = CH,(CgHs) 2 (17 %)

Scheme £ Synthesis d2.

Compound2 is soluble in Ci&}, toluene and thf and insoluble mhexane and GJ@N.By
layering a C}C} solution with CECN 2 crystallises in the monoclinic space gréd@g/'c aslong
brownish orange plates or needl€Single crystal-May structue analysisof 2 reveals a triple
decker structure with a planaycloAs; middle deckin between two [CPCr] fragmentgFigure
4.3). The CP" ligands show a staggered conformation in the solid state with respect to the
cycleAs unit. All AsAs bond lengths within theycleAs middle deck are in the range of
2.4247(6)A to 2.4402(7R, which isnot considerablyshortened compared to an A single
bond (electron diffraction: 2.438 in As"® DFT calculations: 2.43%2in As'"). The CriCr2
distance of 2.8113(A is slightly elongated in comparison teported CtCr bonds in the
isostructural triple decker complexeKCPCh(1, >>-As)] (Cp=Cp®™ ( >-GHMe): CkCr
2.776(4AM | LIG-GBiMe,): CrCr2.773(2)AM). Considerably longer @r distances like in
[{CpCr(CAK(1, >-As)] (CECr3.026(1)8) hawe been described in literatufé!
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Figure4.3 Molecular structure o in the solid stateleft). Top view 62 (right). Hatoms are omittedor
clarityand CB"ligands are dnan inwire or framemodel. iermal ellipsoids are drawn at 50 % probability
level. Selected bond lengths [A] and and@sCri-Cr2 2.8113(7), AsAs2 2.4268(7), AsRs3 2.4247(6),
As3As4 2.4326(7), Asls5 2.4387(7), AsBsl 2.4402(7)AsEAs2As3 107.93(2), As®s3As4 108.30(2),
As3As4As5 107.92(2), Asis5As1 107.56(2), AsBs1As2 108.28(2).

The triple decker compleXis a 2 VE complex. According®,should exhibit paramagnetic
behaviour due to the presence of at least one unpaired electftne magnetic moment &
(Merr =1.50pg) was determined by Evans method, which is congistéh one unpaired electron
(see Figure S&,supplementary information Moreover, theEPR spectrum &in CRC) at 77K
shows a signal without hyperfine couplinggat = 2.011 which isin good agreementvith the
reported gis, = 2.005valuefor the isostructural complef(/ LI®@,NI-As)]*? (see Figure Sg.
supplementary information Thus, an average oxidation state of +1.5/¢d system) has been
proposedfor each chromium atorThe cyclic voltammogram 2fin CHCL showstwo reversible
oxidations (E,=-0.36 V; E,=+0.69 V; both vs. [Ge]/[CpFe]) and a reversibleeduction
(E,=-1.43 V vs. [GBe]/[CpFe]) (see Figure SHO, supplementary Information)Unfortunately,

the chemical oxidatioand reductiorcould notbe achieved during the scope of this thesis

The cethermolysis of [CPMo(CO)], with As in decalin leads to the formation 8fando s
the main producs (Scheme 4). As thestarting material [CPMo(COJ], is not fully converted
during thesereactiors even after 93 at 190 °CIR spectroscopic reactieontrolwas impossible
As a consequence, thmal reaction time could not be determined exactience besides 3/0,Q
complex4 or 5 can be isolated in tracesms byproduct depending on the reaction conditions

(Scheme 4i). Unfortunately 4 and5 could be observed only on&d while 3/o Seem to be the
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thermodynamically favoured prodwand could be isolated each tim&ll complexes are soluble

in CHC), toluene and thind insoluble in GEN om-hexane.

R R ®/R5
ALK ~
| Mo

Mo /// ‘;\\\\\\

+As, (three times), 93 h JAsTmAs ¥ As=/[—\-As As
- Asv 'As As— As \ /
decalin, 190°C Ag == Ag
| \ As—/As

As
Mo As /7 As

S NP

Rs

Rsg =

0 Mo—Mo\@ R

CO¢o
R = CH,(CgHs) -
A —t

\
Mo /M
+As,, 48 h As==ls K-
i As “As -

1\

decalin, 190°C As—lAs' N/

a(s

Schemet.4 Reactios of [CF"Mo(CO)], with As.

After column chromatographic workuf, and o Qan be cystallsed by layering a GHb
soltion with CHCN Being very similar, these two complexes awmystallse asbrownish orange
blocks in the monoclinic space grouj2/c. Single crystal-bay diffraction analys reveals a triple
decker structure with a planarycleAs middle deckfor 3 and o Qtabilsed by two [CfMo]
fragments (Cp=Cpg" (3), CF*"**"(0 XFigure 4). Onlyone half of the molecule can be found in
the asymmetric unit, the other half is generated by symmeitgreover, two sorts of triple
decker complexes3(and o )statistically take the same crystallographic position resultirigein
co-crystallisationof 3 and o .(Xherefore, the overall chemical composition3odnd 0 Qan be
determined to be G:HssM0,As indicating a ratio o8B ando €F 1:1. This composition is also in line
with the resultsfound in the elemental analys as well ashe approximatel integralsin the
'"HNMR spect of3 ando .(The presence of the Ef*®"ligand could be@robablyexplained due
to impurities of the CPH ligand? The AsAs bond lengths within theycleAs units are in-
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between AsAs single borsland AsAs double bonsl (2.354(11A-2.43(5)A) but elongated
O2YLJI NBR (2 GKS Aaddéal NdEARNER. 873 A-R36KIINK e A S
Mo-a 2 Q R & & 8 ang'oCfke consistent with the Mévo bond length reported in literature
(3/0:2.6638(9A, 0 6 / LJIQ,2"2A%)]: 2.639(1AY.

Figure4.4 Molecular structure o8 (left) ando Qight) in the solid statémain part) Hatoms of the benzyl
ligands are omittedor clarityand Cf" ligands as well ahe Cg*"**"ligands are drawn iwire or frame
model.Due todisorder only the main part is depicted artmal ellipsoids are drawn at 50 % probability
level.3 ando Qystallse on the sameerystallographi@osition in a 1:1 raticSelected bond lengths [A] and
angleqd°]: Mo-MoQ2.6638(9) AstAs2 2.354(11) A-As3 2.394(13),As3! a MQ HABBASZAE3L X
122.8(18)A2-As3AsIQ M H N A/ ASWARsODTL7.1(15).

The'H and"*C{H} NMR spectra af mixture of3 ando Show the correspondinggt ofsignals
for the CB"and Cp*™®"ligands. Therein, he chemical shifts could be exactly assigned due to
'HCOSYH"C{H} HSQC antH *C{H} HMBC NMR spectra 8fo Qsee Figure S&S47,
supplementary information Moreover, the electrochemistry o8/0 @as investigated by cycl
voltammetry. The cyclic voltammogram dB/o On CHCL shows a reversible oxidation
(E2=-0.12V vs. [Cgre]/[CpFe]) and an irreversible oxidation (B%65 Vvs. [CpFe]/[CpFe])
(see Figure SH1, supplementary InformationJherefore, a oxidation of3/o0 @y [CpFe] or by
Ag in CHC}, should be possibl@?] Unfortunately, the chemical oxidation 8fo @ould not be

achievedso far.

During columnchromatographic work yponly once a green fraction & is obtained. By
layering a CJ€} solution with cyclohexand crystallises in the triclinic space groep as dark

green platesSingle crystal-Ky structureanalysis oft revealsa strongly foldd cycleAs, ligand
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stabilsed between two [CPMo] fragments(Figure 4). Only one half of the molecule can be
found in the asymmetric unit, the other half is generated by symniEe AsAs distances within
the cycleAs, unit alternate between m AsAs double bond (AsAs2 2.3580(64, As4As5
2.3538(5)A) and a AsAssingle bond (AsAs3 2.4224(44, As3As4 2.4223(58). Thereforethe
As, unit can be best described as a decaggh7,9tetradienel,6-diide stabiked by[CF"™Mo]*
fragmens. Additionally to the twofold *coordination modea ' *-coordination ofthe atomsAs3

I Y R tbraotylilenumis observed. Consequently, a formal oxidation state of +2 is exgected

each molybdenum atom

Figure4.5 Molecular structure ot in the solid stateH atoms are omittedfor clarityand CB" ligands are
drawn inwire or framemodel. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and anglef]: AstAs2 2.3580(6), AsRs3 2.4224(4), AsBs4 2.4223(5)As4As5 2.3538(5), Ad5a M Q
2.4127(5),Md a0 Q H PsbAs2As8 POBIB(17), A9Rs3As4 86.807(16), Ag8s4As590.809(18.

DFT calculations (RP86/def2TZVP) confirm the bonding situationdiriThis is also reflected
in the Wiberg Bondndices (WBI)of the corresponding bonds. The-As bondswith a double
bond character have a bond order of 1.05, while the otheAs\bonds have slightly lower bond
orders WBI 0f0.83 and 0.95). Furthermoréhe visuakation of thelocalsed molecularorbitals
(LMO, Figure 4.6) clearly indicates a bonding interaction between As3 and Mo (LMO 214) as well
as between ALGand Mo (LMO 192). The &A®o bond (LMO 192) is considerably pckdi
towards arsenic (~76% arsenic atomic orbital (AO) contributishile the A$-Mo bond

(LMO214) is much less poleed (~57 % arsenic AO contributidf)rthermore the hybridsation
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of A8 is considerably differenin LMO 192 the arsenic is°Sphybridised, in LMO 214 the

bonding igealised over a pure p orbital (ssepplementary information, DFT part).

LMO214 LMO192

Figure4.6 Isosurfaces of selected losali molecular orbitals if(CpMo)6 >>°*%

a? | y Mo boads.@alculateak the BP86/defZI ZVP level of theory.

Asg)] showing the As3

Up to date 4 represents the largest polyarsemigcleknown so &r. Indeed larger As, ligand
complexes up to AMH 0 & G(l LIFOAR))2/0LIQ' G 02,4CGH,By) are reported in
literature, but such complexes usually contain individually bridged arsenic subunits*

1 002 NRA Y 3 (182 d%,)] isJoud @p/bg & norbornadienéke As unit linked by an
AsAs bond to arenvelopelike As; unit. Besidespolyarsenic frameworks with up to 22 arsenic
atoms are known for Zintl anion$? In addition, the isostructural P ligand complex
[(Cp*Mo)(l, ***1P,o)] has been obtainely cothermolysis of [Cp*Mo(Cg) with P, exhibiting
a similar bonding situation with an alternation of th€ Bonds between a double and a single
bond!® Therefore,[(Cp*Mo)(l, **1P,)] and 4 are the heavier congeners fiqHi*, which

has beerintensivelystudied by theoretical method®!

Depending on the reaction timB,can beobserved only oncasthe minor productafter 48h
during column chromatographic worku@rystals o6 can be okained in the dark brownoily
residue &er removal of the solvenb crystallses asrown blocksn the monoclinic space group
P2,/c. Single crystal-bay structure analysis & reveals a triple decker structure wighpseudo
fiveemembered arsenic middle dedkere | *-¢oordinated AsY 2 A S (i & %doofdihated As
unit are stabilsed by two [CEMo] fragments (Figure #). The Cf" ligands show m eclipsed
conformation. Unfortunately, only a preliminary model5ofan be depictedsince the arsenic
unit as well as the Gpligands showsevere disorder over several positions. Consequently, a

discussion ofhe AsAs bond distances or bomades is not possible to date.
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Figure4.7 Preliminary model of the molecular structureSoih the solid state (main partf atoms of the
Cp" ligandsare omittedfor clarityand Cf" ligands are drawn iwire or framemodel. Thermal ellipsoids
are drawn at 50 % probability level.

Nevertheless5 shows close structural analoy to [(CpMo)(u, >-As)(H, >-As)] and similar
trends in theAsAsdistancesas well as in the Mo bond lengthsare observed?? Alternatively
in [(CpMo)(, %-As) (1, *-As)] the formal As; unit was proposedisa[ *As]* ligand exhibiting
longer AsAs bond lengths (2.385(8) 2.752(3)A) as expectedihe latteris also expected to be
paramagneticdue to formal Md" centres For 5, no signalin the EPR spectra at room
temperature or at 77 Kvas detected suggestingan open shell system with short relaxation
times Unfortunately, the magnetic moment 6fcould not be determined bvansnethod since
crystals areonly obtainedin traces in the oily residue. Howeytre peak corresponding to the

molecular ion of5]" at m/z = 1597.9could bedetectedby EI mass spectrometry

In summarythe synthesis othe chromium precurso[CF"Cr(COJ, (1) is presente. Single
crystal Xray structureanalysif 1 reveals dransconformation of the CO ligands with respect to
the chromiumchromium unit as well as a &2r bond in the range of a-Cr triple bond.
Subsequento-thermolysis ofl with Ag at high temperatureleads to theselectiveformation of
the triple decker compleX(CE"Cry(u, °°-As)] (), containing acycloAs; middle deck.The
magnetic moment o2 was determined by Evans methdd.s=1.50 pg) as well as by EPR
spectroscopy diso = 2.011), whichkare both consistent with one unpaired electron. The cyclic
voltammetic dataof 2 show two reversible oxidations and a reversiblguctionof the complex

Moreover, the reaction of [GMo(CO)], and As has been investigatetlere the cycloAs; triple
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decker complexed(CPMo) (1, **-As)] @) and [(CP*"™*Mo),(u, **-As)] (0)Qhave been
obtained. Both compounds crystsdliin a 1:1 ratio at the samecrystallographicposition
Furthermore the redox chemistrof 3/0 Qas been studied bygyclic voltammetryrevealinga
reversible oxidation as well assecond irreversiblexidation. Additionally, théormation of the
by-products [(CE"Mo)(, ****Asg)] @) and [(CFMo)(k, *~As)(, *As)] () could be
observed. Whil& contains the largest known cyclic polyarsenic ligang l{§and)to date, for 5
only a preliminary structural model could be proposed due to severe disérdeows a triple
decker structure with aistorted pseudo fivememberedcycleAs middle deck consisting of a
'3SAsY 2 A S & 2AsyuRit. Aurthérmorethe presence o6 could be confirmed bflImass

spectrometry whileDFT calculations gave an insight into the bonding situatién of
4.4 Experimental Part

General Remarks

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenktechniques. Solvents were purified, degassed and dried prior to uSaVIEIPQ),],"
CPp"™H?® and As*? were prepared according to literature procedsifM(CO}] (M =Mo, Cr)was

commercially available ancasused without further purification.

The NMR spectra werecorded on a Bruker Avance 300, Avance |14BDor Avance IlIl HD
600spectrometer.TheEl MSspectra were measuregitheron a ThermoQuest Finnigan ME&JQ
710A mass spectrometeor on aJeolAccuTOF GCX spectromeféne LIFDI MSpectra were
measured on a Finnigan MAT 95 mass spectromélar.elemental analyses were determined
with a Vario ELIII apparatughe Xband EPR measurements2&nd5 were carried out with a
MiniScope MS400 device with a frequency of 9.5 GHz and rataamgsonator TE102 of the
company Magnettech GmbHhe IR spectrum was measured on a VARIANSGETETR

spectrometer.
Synthesis of [CfCr(CO).(1)

CP™ (4.17 g, 8.07 mmol) afi@r(CA) (1.78 g, 8.08 mmol) were dissolved in 150d@talinand
the mixturewas heated to reflux. The reaction progress was monitored $yelroscopy. After
10h, the deep green solutiomvas allowed to cool to room temperature. Within this tinde
crystallses as microcrystalline powder. The mother liquor was dedaahd the powder was
washed withn-pentane and driedn vacuo Crystals suitabléor single crystal -¥ay structue

analysis were obtained by layerim@HC} solutionof 1 with n-hexane.
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Analytical data of

Crystalline yield?.42g (1.94 mmol, 48 % referred tacCF™).

'HNMR(CDCLO Y + =8091s]2@H, CH, 6.5 (d, 20H, GHs), 6.87-6.99 (m,30H, GH).
¥*C{H} NMR(CDCLO Y 1+ =81l98 (8H), 10577 (G), 12628 (GHs), 128.D (GHs), 12940
(GHs), 139.46 (GHs), 251.28 (CO)

IR(KBJ): Aco[cm™™] =1817 (vs), 188 (vs), 189 (vs) 1897 (vs)

El MS70eV, CHCL): m/z (%)=11345 (20) ([(CF"Q),]"), 1082.6 (80) ([CP".CIT), 516.5 (20)
([CF™HI), 45.4 (15) (ICF™GH]"), 330.3(25) ([CP™H-2 GHy"), 241.2(15) ([CF™H,-3 GH]]),
181.2(55)([CP™Hx-4 GH;], 91.1(100)([GH/]).

Elemental Analysi€alculated (%) for {Q,0, - 0.5CHC}] (1288.39 g/mol): C78.70, H5.55;
found C78.68, H5.70.

Synthesis of [(EfCry(p, °~-As)] (2)

A freshly prepared solution of Astarting from5 g grey arsenic) in 2%0L decalinwas added to

a suspension of [EICr(COJ, (1) (780 mg, 0.63 mmol) in 58L decéin and refluxed for 1h. The
solvent was removedn vacuo Subsequently atlumn chromatographic work up (silica gel,
n-hexane, B x 2.5 cm) with n-hexane/toluene Z:1) afforded a redo brownishfraction of2.
Unreactedl remained mostly on the column andutd be partially eluted with toluene or GE}b.

2 can be crystalied from concentrated CHCh solutions layered with GEN after complete

diffusionas long orange brownish needles or plates.

Analytical data a2

Crystalline yieldL65 mg (0.11 mmol, 1% referred tdl).

Evans methodCDCL): pert = 1.50 .

Xband EPR/7 K, ©.C}): gisor=2.011

El MS70eV, toluene: m/z (%)=1510.1(7) ([((CPF"CH.As]"), 5143 (9) ([CP™H,]"), 425.2 (100)
(ICP™CH,]Y), 299.7(59) ([As] ), 91.1(100)([GH]).

Elemental AnalysisCalculated (%) for §EhoCrAs] (151001 g/mol): C63.63, H 4.67; found
C63.12 H4.70.
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S/nthesis of [(CPMo) (U, #4-As)] (3), [(CF™®Mo)(u, *>-As0 8 6 o QBMok(y B -4qh)] LI
(4)and[(CFMo) (W, >-As)(W, *As)] (5

Overall three times in a rqw freshly prepared solution of Astarting from5 g grey arsenic) in
250mL dealinwas added to a suspension of f{Bo(CO)J, (1.33 g,1.00mmol) in 50mL decén
and refluxedfor 24 heach time.Altogether the reaction mixture was refluxed f@8h. The
solvent wagemovedin vacuo The resulting brownish residue was dissolvadtirxane/toluene
(2:1). Subsequently column chromatographic work up (silicandedxane,16 x 3 cm) with
n-hexane/toluene (3:2) affordednaorange to brownish fraction d@/o0.CQA solvent mixture of
n-hexane/toluene (1:1) afforded unreacted [EWlo(CO)],. A final green fraction of can be
eluted with toluene.2 can be crystalled from concentrated toluene solutions layered with
CHCN after complete diffusion as long orange brownish needles or platesals ofl suitable
for single crystakray structure analysis were obtained from &H solutions layered with

cyclohexane after complete diffusion.
Crystalline yieldf 30 :@pproximately 20 mg@(01 mmol, 1 %eferred to [CE™o(CO)],).

Complex 3/0 Qan be obtained in better yield by -ttmermolysis of[CF*Mo(CO)], (918 mg,
0.69mmol)with As, (5 g grey arsenic) in ddirefor 48 h with column chromatographigorkup as
described abovdnstead of4, this time comple® can be isolated in tracess a brown fraction
Crystals ob for single crystal Xay structure analysisvere obtained from the oily residue after

removal of the solvent.

Analytical data d3/o Q

Crystalline yield?6 mg (0.06 mmol, 7 % referred to fpo(CO).).

HNMR(CDCL) Y + =186LIM @M, 8H, CHo R 1.661.71(m, 8H, Cb R 1.85 (s, 10H,
CHJ[3]), 1.88 (s, 10HCH][3]), 3.74 (s,1H,CHPp 23.96 (s, IHCHp |2 5.62 (d, GHs[0 |2 5.64 (d,
20H, GHs[3]), 6.236.26 (M, GHs[0 1 6.306.34 (M, GHs[0 [ 6.386.41 (M, 20H, (Ek[3]), 6.47-
6.51 (m, gH:[0]§26.56-6.60 (m, 10H, Ei:[3]) 6.826.92 (M, EHs[0 i due to strong overlaghe
integration of the benzyl groups ofRas notpossible).

BcfH} NMR(CDCLO ¥+ =85LILICK[0]R 36.17 (CHio IR 36.28 (CHA3]), 36.34 (CHA]),
95.19 GJo]8 95.75 Glo ]2 97.08 G[3]), 97.13 G[3]), 125.45 (GHs[0 ]2 125.64 (&[0 ]R
125.67 (6Hs[3]), 126.07 (64[3]), 127.42 ([0 ]9 127.43 (Hs[0 |52 127.45 (€H5[3]), 127.77
(GHs[3]), 128.05 (6Hs[0 32 128.08 (6Hs[0]§2 128.11 (4[3]), 128.14 (gHs[3]), 138.75 (GHs[3D,
139.30 (GHs[3P), 139.33 (gHs[3]), 139.65 (EH:[3]).



36| Novel Triple Decker Complexes of Group 6 Metals

LIFDI M$toluene) m/z (%)=1673.3(16) [(CFMo),As]"), 15D.4 (80) [(CFMo),As]"), 1582.4
(32)[(CA*"**Mo),As]"), 1508.7(100)[(CF*"**Mo),As]").

Elemental AnalysisCalculated (%) for {£ksM0,As] (1582.70g/mol): C55.4Q H 408; found
C55.6Q H 419

Analytical data of

Crystalline yieldew crystals
HNMR(CDCKO Y + =839(s]YC8), 662 (d, GHs), 695-7.05 (m, GHs) (due to impurities of
330 G KS A ytheDenkyt giohpa ¢f wad Aot possible).

Analytical data dd

Crystalline yieldew crystals

Xband EPRCHCL): EPR silent

El MS70eV, CHCL): m/z (%)=1597.9 (40) ([((CF™Mo),As]"), 1221.4(75) ([CF“Mo,]"), 1128.4
(15) ([CP"Mo]"), 5145 (20) ([CF™H,]"), 424.2 (10) ([CF"-GH,]"), 331.3(10) ([CF™H-2 GH,]),
241.2(15)([CP"H,-3 GH,]"), 181.2(50)([CP"H,-4 GH;]"), 91.1.(100)([GH.]).
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4.5 Supplementary Information

NMR Investigations
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FigureS41 'H NMR spectrum df in CDC} at 300K Signals marked witiin asteriskare due to different
solvents andgilicongrease.
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FigureS42 13Cf‘H} NMR spectrum ofl in CQC} at 300 K Signalanarked withan asteriskare due to
differentsolvents andilicongrease.
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FigureS43 'HNMR spectrum a8 (red)/o ®lue) in CEC} at 300 K Signals marked witin asteriskare due
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FigureS45 'H COSWMR spectrum o8/0 @ CDC} at 300 K Signals marked within asteriskare due to
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FigureS47 'H “*C{H} HMBONMR spectrum o8/o @ CDRCh at 300 K Signals marked withn asterisk are
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3.89

b

T ]
0.0 ppm

FigureS48 'H NMR spectrum af in CDC) at 300 K Signals marked witlin asterisk are due to different

solvents andailicongrease Signal marked withsquare is due to impurities 8f0 .Q
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Determination of the magnetic moment of 2 by the Evans method

The magnetic moment,; of 2 was determined byH NMR spectroscopy using tEwans
method® Thepure solvent serves am internal reference and diamagnetic contributions are
neglected accordingp equation (1)and (2)*? As a resultan effective magnetic momeni of
1.50ps is obtained which is in good agreement withunpaired electronThe'H NMR spectra

wererecorded on a Bruker Avance Il HD 48D 400.130 MHz) spectrometer at 300 K.

: X 0 PYD.. p
oYQ
oo °

?m= molar susceptibility of the sample id/mol

3 "(=chemical shift difference between pure solvent and the solvent with paramagnetic
compoundin Hz

"= frequency of the NMR spectrometer in Hz

= concentration of the sample in miol/

= effective magnetic moment iy

“Y= measurement temperature in K

L J‘L | A - JM

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 ppm

FigureS49 "HNMR spectrum a2 in CBDC) at 300 K for Evans method
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Representation of the-Band EPR spectra of 2
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FigureS410 EPRspectrum of2in CQChL at 77 K

Representation of the cyclic voltammogsawh2and X o Q
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Figure S41 Cyclic voltammogram d recorded at a platinum disc electrode CHCh at 0.1 V& and
referencedagains{CpFe)/[CpFe]; supporting electrolyt§'Bu,N][PF] (0.1 mol/L).
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Figure S42 Cyclic voltammogram & o €ecorded at a platinum disc electroife CHC} at 0.1 V& and
referenced againgCpFe)/[CpFe]; supporting electrolyt§'Bu,N][PF] (0.1 mol/L).

Details on DFT calculations

All calculations were carried out using the TURBOMOLE program package .Fhckage
geometry was optirsed in theG point group using the K¥'BP86 functional together with the
def2-TZVBY basis set for all atoms. For the geometry opittions the Multipole Accelerated
Resolution of Identity (MARJ*" approximation was sed. The population analysis was

performed with the corresponding modules as implemented in Turbomole.

Figure S43 Optimsed geometry of[(CpMoYo >**:As)] at the BP86/defZVP level of theory.
Selected bond lengths (A): A886 2.389, AsBs62.463, AsAs4 2.388, AsBs12 2.455, MoAs12 2.699,
Mo1-As7 2.658.
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LMO214 LMO192

Figure S44 |sosurfaces of selected losali molecular orbitals if{CpMo}6 5>

Mol and AsiMo2 bonds. Calculateat the BP86/defZI'ZVP level of theory.

As )] showing the As7

‘“‘

LUMO (108ag)
(-3.101 eV)

LUMO+1 (108au)
(-2.704 eV)

HOMO (107au)
(-4.802 eV)

HOMO-1 (106au)
(-4.878 eV)

HOMO-2 (105au)
(-5.082 eV)

Figure S4.1%osurfaces of selected molecular orbital§(@pMo)d >°°~As)] at the BP86/defZVP
level of theory.

HOMO-3 (107ag)
(-5.227 eV)

HOMO-4 (106ag)
(-5.284 eV)

HOMO-5 (104au)
(-5.768 eV)

Table S4.Cartesian coordinates of the optimél geometry of(CpMo)o >>*'"As)] at the BP86/def2
TZVP level of theofyotal 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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-0.5847580

1.4852845

2.5563945

-2.0887640

-0.7517024

0.5847580

-2.4143656

-3.1577822

-4.0299523

-3.8324656

-2.8386881

2.4143656

3.1577822

4.0299523

3.8324656

2.8386881

1.6803803

3.1013539

4.3762251

2.4966147

-2.4966147

-1.6803803

-3.1013539

-4.3762251

-4.7501525

4.7501525
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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
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-1.7040472

-0.4121899

1.3735115

-1.2672238

0.5792205

1.7040472

2.9802262

2.3505684

1.3848228

1.4287461

24214538

-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
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Crystallographic Details

The data forl were collectedon an Agilent Technologies GeminURa diffractometer
equipped withan Atlas’> CCD detector and using an Enhanced @ 6 < [ wMBeatedt T y
tube. The data fo2 were collected on an Oxford Diffraction GV50 diffractometer equipptd
TitarP>’CCD detector and a Gukicrofocus source. The data 10 Rere collectecbn an Agilent
Technologies GeminiRtra diffractometer equipped with Ruby CCD detector and an Enhanced
Ultra CuK sealed tubeThe data fo# were collected on an Agilent Technologies diffractometer
equipped with an Atlas CCD detector and a SuperNovantizrgfocus sourcedll measurements
were performedat 123K. Crystallographic data and details of the diffraction experiments are
given inTable S42-S44. Using Olex#? the structures were solved either with the Shel®¥ (1,

2), SIR200# (3/0)or SIPERFLIP (4) structure solution program using Direct Methods and
refined with the ShelX® refinement package using Least Squares minimisation. Especially in
case of disordercommonly used restraints for the ShelXL program were applied (SHMCR.

3/0 Qo-crystallse on the same crystallographic positiona 1:1 ratiothe EXYZ constraintas
used.Furthermore, the refinementor 5 is unstable so far, due to serious disorder. Therefore,
only a preliminary model is describ&dioreover,H atomswere located in idead positions and
refined isotropically according to the riding model. A sempirical numerical absorption
correction based on gaussi&hintegration over a multifaceted crystal modd-4) or an
analyticdf¥ absorption correction from crystal faces) (as applied. Figures were created with
DIAMOND3.§?
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TableSt.2 Crystallographic data fdrand2.

Complexes of Group 6 Meth4dsd

1 2

Chemical formula GasHr0CRO;, GeoHr0QAS

M/g-mol* 1247.40 1509.96

TIK 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)

h ke 90.00 90.00

i Kc 104.0994(4) 105.696(3)

I'Kc 90.00 90.00

V/IA3 3134.17(2) 6401.7(3)

4 2 4

" alg-cm® 1.322 1.567

p/mm™ 3.281 6.016

F(000) 1308.0 3052.0

Crystabize/mrﬁi 0.3143 x 0.1612 x 0.095 0.209 x 0.073 x 0.044

Radiation CuK CuK

H ‘range/° 8.17 to 133.596 7.042 t0 134.106

Indexranges -Mmo X K X mMoZX Hp X K X HpZ
-mc X 1 X mMcZ vy X 1 X MHZ
-Hp X f XK HPp om X f X HOD

Reflectionsollected 85281 23335

Independentreflections 5547 11238

Data/restraints/mrameters
Goodnesf-fit on
FinalRy RSES &
Final Rndexes [All Data]
Largestliff. peak/hole/eA®

wLBH"

[Rnt =0.0296, Bgma=0.0108]
5547/0/407

1.060

R =0.0263, wR= 0.0743

R =0.0267, wR= 0.0745
0.26/-0.32

[Rit = 0.0369, Ryma= 0.0419]
11238/0/784

1.035

R =0.0404, wR= 0.1059

R = 0.0494, wR= 0.1124
0.71/-0.69
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TableS43 Crystallographic data f@&o énd4.

Complexes of Group 6 Metals

30 Q 4
Chemical formula GaHesM0OoAS GeoHygM0OoAS g
M/g-mo[l 1582.64 1972.44
TIK 123 123
Crystal system monoclinic triclinic
Space group Qlc 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)
h ke 90 78.593(4)
i Kc 99.6846(11) 77.897(4)
1 KC 90 70.760(4)
V/IA3 6181.14(12) 1727.89(15)
4 4 1
" alg-cm® 1.701 1.896
w/mm™ 7.218 8.643
F(000) 3136.0 964.0
Crystal size/mrth 0.1757 x 0.1077 x 0.0494 0.076 x 0.0205 x 0.0152
Radiation CuK CuK

H' NJy3ISkec

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodnesf-fit on

CAY I {
Final R indexes [All Data]
Largest diff. peak/hole/eA

w AYRSESA

7.634 t0 132.992

HT X K X HTZ
MH K 1 XK yZ
-om X f X on
18718

5416

[Rnt = 0.0253, Byma= 0.0229]
5416/603/494

1.083

R, = 0.0564, WR= 0.1534
R =0.0592, wR= 0.1561
0.89/0.77

7.712 to 134.154

-mn XK K X wmnZ
-mn X 1 X mnZX
M XKt XK my
10125

6061

[Rnt = 0.0282, Byma= 0.0424]
6061/0/415

0.995

R, =0.0265, wR= 0.0597
R, =0.0337, wir= 0.0630
0.89/-0.55
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5
Chemical formula GeoHroM0-ASs
M/g-mol* 1597.84
TIK 123
Crystal system monoclinic
Space group P2/c
alA 9.94802(12)
b/A 32.0511(3)
c/A 20.0606(2)
h ke 90
i Kc 96.6725(11)
I'KecC 90
VIA3 6352.89(12)
4 4
" alg-cm® 1671
p/mm™ 6.478
F(000) 3196.0
Crystal size/mi 0.211 x 0.145 x 0.104
Radiation CuK
H' NI y3ISkec 5.222 to 134.156
Index ranges 110K K1, XK
-38)K B8, X
23)K 23 XK
Reflections collected 102927
Independent reflections 11335
[Rut = 0.0777, Ryma= 0.0260]
Data/restraints/parameters 11335/204/832
Goodnesf-fit on 2.219

CAylf w AYyRSESaA

Final R indexes [All Data]
Largestiff. peak/hole/e”

R = 0.1244, wR= 0.4358
R = 0.1266, wR= 0.4424
2.48/-6.92

Complexes of Group 6 Meth4s
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5.CoThermolysiws. TransferReaction Novel AsLigandComplexes

of Iron
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Abstract:

Different novel Asligand complexes of iron bearing the®Qgand (CP'=" >-G(CH{GHs})s)
have been prepared either by-tieermolysis of [CPFe(CQ), with As at elevatedtemperatures
orbyld NI ya FSNJ NB LZATHA88  d2a PALABEGL Bl ad@n@rsenic sourcender
mild reaction conditions. While ¢bermolysisleadsto the formation of [CFFe( >-As)] (1),
[(CPFas(ks, ***As)(ks-As)] @) and [(CBFe)us, “““As}Fe *-Ag))] (3), the reaction ofin
situ generated [CPFe(#BnL 6 A (i K ,Zr@1-Ad)] Qields [(CPFel(u, “*As)] (4) exclusively
Complers 1 and 4 are fully charactesed by single crystal-tdy diffraction analysis, NMR
spectroscopy, mass spectrometry as well as elemental analysis. Furthermore, the redox chemistry
of 1 and4 has been investigated by cyclic voltammetry, revealitogrreversible oxidatiomand
oneirreversible reduction foll. For4, areversible oxidation anceversiblereductionis observed
Chemical oxidation of with AgBEresults in anoxidative change of the structural core motif
Consequentlythe cisoidAs, middle deck ofl is extended to &ycleAs middledeck stabilsed in
the triple decker complex [(EFe)(y, **-As)][BR] (5).
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5.1 Author Contributions

All syntheses and charactations were performed by Monika Schmidt.
Manuscript was written by Monika Schmidt.
Figures were made yonika Schmidt.

dngle crystak-ray structue analyses and refinemeswere performed by Monika Schmidt.

= =/ =2 =4 =

The cyclovoltammetric measuremerntf 1 and4 were performed and interpreted bipr. Eric
Madl (1) and Felix Riedlbergét).

5.2 Introduction

Since DaH firstly reported onthe synthesis of unsubstituted nakedsenic ligands, a variety
of so calledAs, ligand complexesas been establishetfl Beside organic arsenic derivatiVés,
As(SiMe);,! metallic arsenfd or AsGI® the highly reactive Adasespeciallypbeenused asan
arsenic sourcén the last year&! In generalthe As tetrahedronoften undergoesa successive
degradation yielding smaller Afgand complexesHowever, subsequent aggregation to larger
As, ligand complexescan alsoocair. Usually, thesoformed As, units are stabiied by
unsaturated transition metal fragments, which are often generatshrting from
cyclopentadienyl containing carbonyl transition metal complexes of the general formula
[C|dR’M(CO)]y duringco-thermolysiswith As. A goodexampleof the variety ofrealised As, motifs

are the Agligand complexes of irdischeme 3.).

[Fe]
Asa,, As——pgeAS
AT\ b el / :
(Fel: \" Asi, Fe  Agwmunumn As  Fe
T / Ast - ‘ ---- As s SN
E/[Fe]\ Al s [Fé] \ [Fe] N
Ag “"’As As e A‘S/ Sm—_ 7L
[Fel
[ [ i %
[Fe] = CpFe Cp*Fe {Cp®SFe(CO),) {Cp'""Fe(CO),)
Cp'Fe {Cp'""Fe(CO),} Fe = {Cp"'Fe(CO)}

Scheme 8 Selected examples of Aggand complexes of iron.

The reaction ofhe parent comple{CpFe(CQ), (Cp="°-GHs) with As yields [(CpFe)As).]
(1), containing two Asunits which are part of the triangulated dodecahedFaAs] skeleton®®
In contrast, the thermolysis of the derivatives [&®(CQ), (CF=Cp* ( >-GMesv = /[ LIQ
(' >-GEtMe,)) with yellow arsenic leads the formation of [CEC S%As)] (Il), containingthe

cycloAs; ligand which is richer in arserit Besids cothermolysis with transition metal
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precursors, Ascan also be activated at room temperature. Recently, group studiedthe
reactionof Asg with [CFFe(CQ), (CST  / LIQ.2&GHSBW) M CHF'°(" >-G{4-"BuGH.}s)!Y),
resulting inthe butterfly complegs [{CPFe(CQ).0 x'%As)] (ll. Moreover, the formation of
the butterfly like As, structuralmotif is expected to be the initial step in tdegradationprocess
of the As tetrahedron. Additionally, for CpI' / LIQeu@erflylickn$plex dimeges under
photolytic conditions togive ®9 / LIQ @9 C §J0 O fiE,'S ¥ #As)) WV), containing a

hitherto unknown Asrealgarlike unit."®

However,the observedstructural Ag motifs certainly depend on thsteric and electronic
properties of the CP ligand These results prompted us to investigate the reactivity of
[CFFe(CQ), towards As (CP"='°-G(CH{GHs})s). Sincethis complexshows no reactivity
towards yellow arsenic at room temperature, the question arose whethgigdad complexes

with [CP"Fe] fragments could be obtained bytbermolysis and alternative reactions.

Herein, we report on the ethermolysis of [CPFe(CQ), and As at elevatedtemperatures as
well as on thedza S 2 Zr( “tAsLI Q ' P-1ITPL'Bw) asan arsenic transfer reagent
under mild reaction conditions. While thermolysis leads to the formation dff€p°-As)] (1),
[(CPFEs(ks ***>As)(1s-AS)] @) and [(CEFFe}(s, “*“As){Fe(*Ag))] (3), the reaction ofin
situ generated [CHFe(Bn}L 6 A U K .Zr@'1-Ad] Qields [(CPFel(u, ““As) @) exclusively
Furthermore, we investigated the electrochemical redox behavioul @nd 4 by cyclic
voltammetry.Thus,chemicaloxidation of4 results in aroxidativechange of the structural core

motif by a ring expansion reactioresulting in [(CPFe)(y, °°-As)][BR] (5).
5.3 Results and Discussion

The cethermolysis of [CPFe(CQ), with As in decalinleads to theformation of the
complexed, 2and3(Scheme 2).

A
'\ N
VTENS /
_ [Fe] [Fe N IFe] ,Fe\}xs/
(Co™Fe(CO).] + As,, 90 min A . X \
p 515 _— S—t=—=AS -
“% decalin, 190°C 7 S \ / i
As As=N\—/=As _-.—-‘/

[Fe] = CpB'Fe 1 2 3
Scheme 2 Cothermolysis of [CPFe(CQ), with As.

After column chromatographic workuf;3 can be crystallised by layering a,ClHsolution

with CHCN Unfortunately,2 and 3 could not be separatedrom each otherdue to similar
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retention factors Ridentical crystal shape and coloas well as identical solubility properties
Consequently2 and 3 have been isolated as co-crystallisedmixture. Therefore, a doubtless
assignment of the signals in the NMR speofrhoth productswas not possibleComplexeq4-3

are soluble in Gi&} and toluenealmostinsoluble im-hexane and insoluble in gEN.

Compoundl crystallises as dark brown blocks in the monoclinic space g&upwith one
molecule ofl in the asymmetric unitSingle crystal-bay structure analysis df reveals a
sandwich structuresshowing d °-coordinaton of thecycloAs; ring as well aof the CJ" ligand.
Both fivemembered rings are planar amhrallel with respect to each other arekhibit a
staggerectonformation which is also reported for the phosphorus analogué&@ *-P;)]'*2 or
the pentaarsaferrocenalerivatives [Cfre( >-As)] (CF=Cp,™@ / L3 cF'¥. In Figure 1,
the molecular structure of in the solid state is depictedhe average A&s bond lengttof 1
(av.2.318A) is quite similar tahe described A#s bond distances ithe Cp* derivative
(av.2.327AY*¥ or in the/ Ld@rivative(av.2.315A)™ beingin-between adouble (2.245(1)A in
{(Me;SixCAs))™ and a single bondelectron diffraction: 2.438 in As™” DFT calculations:
2.4372A in Ag®).

Figure5.1 Molecular structure ofl in the solid state (left)Top view 61 (right). Hatoms are omitted for
clarity and CH'ligands are drawn iwire or framemodel. Thermal ellipsoids are drawn at 50 % probability
level. Selected bond lengths [A] and anfflpsAs1As2 2.3175(7), As®s3 2.3143(5), As8s4 2.3220(5),
As4As5 2.3173(5), AsAs5 2.3180(6), Fas Fel 2.5213(5)eAs2 2.5112(5), FAs3 2.5087(5), Fas4
2.5223(5), FAs5 2.5039(6)AstAs2As3 107.89(2), AsRs3As4 108.23(2), AsBs4As5 107.718(18), Asl
As5As4 108.10(2), As®s1As5 108.046(19).

The'H and™C{H} NMR spectra df show the correspondinget ofsignals for the CBligand
(Figure S8-S5.2, supplementary informatiprin the EI mass spectrurine molecular ion peak
for [CP"Fe( >-As)]" (M/z=945.7) as well as the base pdak[As]* (m/z= 2997) were observed
The cyclic voltammogram afin CHCL showsan irreversiblereduction at a peak potential of
E=-1.99 V as welbs an irreversible oxidatioat E=-1.31 V (both vs. [Gpe]/[CpFe]). In
addition, a further irreversible oxidatiorof 1 (E=+0.37 V vs[CpFe]/[CpFe]) is obtained(see
Figure S.10, supplementary information)n this context, the first irreversible reduction and

irreversible oxidation areonstituted as chemically reversible couple, which has also been
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reported for thelighter Cp* congenefCp*Fel °-Ps)] by the Winter group™ Here,[Cp*Fe( >-Ps)]
undergoes reduction to[Cp*Fe(>-Ps)], followed by dimerisation to [{Cp*Fe(B)},]* and
reoxidation toCp*Fe{ >-Ps)].

Compound?2 crystallisesas darkbrown platesin the triclinic space groupl with one
independent molecule & in the asymmetric unifThe #ngle crystal Xay structure analysisf 2
exhibitsa' ***coordinatng triangularcycloAs unit as well as 8***-coordinatng As atom both
stabilised bythree [CP"Fe] fragmentsHence, the [R#\s] unit could beformally described as a
threefold insertion of [CPFe] fragnents ino the AsAs bonds of theAs, tetrahedron.
Interestingly, the obtained [BA&s)] structural core motif of 2 is unknown in literature so far
Unfortunately, amly a preliminaryaverage structurahodel can balepictedhere, as crystals o2
show incommensurable modulation{gctor of 0.256§Figure 3). Consequently, a discussion of

bond distance or bondangles is not possible

Figureb.2 Averagestructural core motif of2 (left). Averagemolecular structure of in the solid state
(right). Hatoms are omitted for clarity and &pligands are drawn invire or framemodel. Thermal
ellipsoids are drawn at 50 % probability level.

Complex3 alsocrystallisess dark brown plates the monoclinic space group,/ m together

As with 2. Onlyone half of the molecule can be fourid the
e = [\
As%[Fe]// \Fe\\ / asymmetric unit, the other half is generated by symmetry.
PAY As
/-\Alls/\As Unfortunately no satisfyingrefinement of the single
i il .
S\A\[F\e] [Fe] = CoBFe crystal Xray structure analys@atacould be performed so
3 far, due to srious disorder of theCpg" ligandsand the
Figureb. 3 Schematicrepresentation

[FeAs] unit. Nevetheless, the central structuratore

of3 motif could be doubtles$y identified It consiss of a
prismatic Agligand whose quadrangular faces are capped by"Fe fragmentsMoreover, one
of the two As; triangles is capped by a Fe atomwhich isadditionallycoordinated by &ycleAs

ligandin a' *-fashion(Figure ). The prismatic Ascorecan be found in recent reportsut the
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complexes never shasl an additional end-on coordinatedcycleAs ligand so faf'5%0%!
However, theendon coordinaing cylceAs motif is reported for [(CoFe)Asd C $Aw))|
(CF=/ LF = / LIQU Z,uditkrdl & Afabiety syabilisetl byhree [CgFe]fragments”

While cethermolysis in decalin often leatts a mixture of differenproducts, thereaction of
in situ generated [CPFe(BrL?? with the transfer reagentw/ IZIQ'®-As)] leads to the
formation of[(CPFe}(u, **-As)] (4) in moderateyields(49 %exclusivel{Scheme ).

0

. \
Fe
l@ _ps +[Cp™Fesr], as? ‘\'AS
\ \As/ toluene, r.t. \\ N
r T o e A
- 7rB As
./ \ASQ (Cp",ZrBry] V4
%’ As Fe
' S
m =C'Bu 4
R = CH,(CgHs)

Scheme R Synthesis o4.

After column chromatographic workugpcan be crystallised by layering a,Clsolution with
n-hexane.4 crystallises as dark brown plates in the monoclinic space d¢fup with one
independent molecule df in the asymmetric unit. The single crystah structure analysisf 4
reveals aisoidAs ligandstabilised bytwo [CP"Fe] fragmentsThe CB”ligands are lied away
from the butadiendike Ag unit and show an eclipsed conformation in the solid staigure 54).

In accordance to the observed-As bond lengths, theisoidAs, moiety can be best described as
a cistetraarsal,3-diene ligand. It is notablihat the bond lengths of AsAs2 and As3s4 are
quite similar (av2.32 A), exhibiting distinct double bond character. However, theAd3ond
(2.6278(5) Ajs elongatedn comparison to a common #4s single bond, but similar bond lengths
have also been reported fa5 6 / LIQIEOASH (2.3169(5R/ 2.3336(5)A vs. 2.6100(5H) ¥ In
contrast, the Fére distance i@ (2.6654(5) A) is in good agreement with repdrieeFe bond

lengths!#324%3
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Figure5.5 Molecular structure ot in the solid stateH atoms are omitted for clarity and Efigands are
drawn inwire or framemodel. Thermal ellipsoids are drawn at 50 % probability level. Selected bond lengths
[A] and anglef]: FekFe2 2.6654(5), AgAs2 2.3162(4), AgRs3 2.6278(5), AgBs4 2.3231(5), Asl---Asd
3.6776(4), A3dAs2As3103.190(15), AsAsFAs2 102.966(14).

Complex4 is soluble in Ci&€b and toluene, nearly insoluble imhexane and insoluble in
CHCN.The'H and™*C{H} NMR spectra a@f show the corresponding set of signals for th&€"Cp
ligands (Figure S3-S5.4, supplementary information) and the El mass spectrum stimwvs
molecular ion pealor [CPFeAs]" (m/z=1442.2) as the base peak. Moreover, the redox
behaviour of4 has beerstudiedby cyclic voltammetry. The cyclic voltammogrand af CHC}
shows a reversible oxidation 4E-0.69 V vs. [Cgre]/[CpFe]) and a reversible reduction
(E=-2.15 V vs. [GPe]/[CpFe]) (see Figure SHL, supplementary information)Therefore, a
chemical oxidation of with Ad salts should be possiblexpeting the formation of aycloAs,
middle deckln contrast the reaction o# with AgBEin CHC} at room temperature leads to the
formation of [(CBFe)(u, >>-As)][BF] (5), exhibiting acycleAs; ligand instead of the expected
cycleAs, unit (Scheme 3).
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Scheme 8 Oxidation o# with AgBEin CHC} at room temperature.

Complexs is crystallised by layering a &M solution withn-hexaneand crystallises as green
plates in the orthorhombic space grolgbnawith one independent molecule @& in the
asymmetric unit. The single crystatay structure analysisf 5 reveals driple decker complex
with acycleAs middle deck Althoughdensity functional theoryDFT)analysis ofhe hypothetic
[(CpFeXu, **>-As)] catiort®® predicts a potential minimum for a fully eclipsed conformation of
the fivemembered rings (&), the CS"ligands show a staggered conformation in the solid state
with respect to thecycleAs unit (Figure ). Unfortunately, no satisfying refinement in the
single crystalXray structure determination ob could be performed so far, since the benzyl
groups and the BFanion are seriously disordered. However, theAlg core of5 seems to be
unaffectedof the disorder?” Consequently, preliminary bond lengths of the.f&& unit could
be obtained, showing bordistanceswithin thecycleAs unit between an A#\s double bond and
an AsAs single bondThis fact is also confirmed by the DFT calculatiorstioned abové In
contrast, the iron atoms are no longeondngto each othersince the Fel-Fe2 distance can be
found to beapproximately3.129(3 A Thisis considerably longer than the sum of the covalent
radii of iron (2.64)%¥ Furthermore, in literature the triple decker complex
[CpFe(,>-As)FeCp*][P§ has been described, showing close similarity to thé\sA®ond
lengths(2.319(4)A-2.333(2)A) and Fe-Fe distance (3.074@&)" However, thizomplex shows a
staggered conformation of the Cp* ringdthe Ag moiety, whereas theycleAs unit and the Cp

ring exhibitan eclipsed conformation.
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Figureb.6 Molecular structure o5 in the solid state (left). Top vievi ®(right). Hatoms, solvent molecules
and counterion are omitted for claritCg" ligands are drawn iwire or framemodel. Thermal ellipsoids
are drawn at 50 % probability level. Preliminaopd lengths [A]JAsLAs2 2.342(3), As&s3 2.345(3), As3
As4 2.338(3), AsAs5 2.343(3), AsAsl 2.339(3Fel-Fe23.1293).

5issoluble in CKC}h and thf and insoluble in-hexane or tolueneThe'H, **C{H} and™F{H}
NMR spectra db show the corresponding set of signals for th&"Ggands and thesignal for the
BR anion, respectively (Figure S&57, supplementarynformation) and the EH mass spectrum

showsthe molecular ion pealor [CF":FeAs]* (M/z=1517.9 as the base peak.

In summary, the synthesis of novel, Agand complexes of iron bearing the®Cigand is
presented. For this two different synthetic methods have been use@othermolysis of
[CPFe(CQ), with yellow arsenidn decalinleads to theformation ofa mixture of Ag ligand
complexes consisting of [CPFe(>-As)] @), [(CHFels ***As)(k-As)] 2) and
[(CPFe)(is, “““As){Fe(*-As)}] (). While 1 presents a further representative of
pentaarsaferrocene derivativesf the general formula[CgFe(>-As)], 2 and 3 display
unprecedented iron containing arsenic clusterswhich have been unknown to date
Unfortunately,2 and 3 crystallise together and could not be separated due to similar solubility
and crystallisation propertie3.he structural coremotif of 2 could formally be explained by an
insertion ofthree [CF"Fe] fragments ito the AsAs bonds ofan As, tetrahedron, showing
' 222 coordinaing triangularcycleAs; unit as well as &***-coordinaing Asatom. In contrast,3
exhibits a prismatic Adigand, whose quadrangular faces are capped by¥€pfragments. In
addition,one Fe atom is coordinated lmne triangular Agfaceof the Ag prismas well as by an
end-on coordinatedcycleAs ligand. Sinceco-thermolysis is known to yielthermodynamically

favouredAs, ligand complexeshe reaction ofin situgenerated[Cg*"Fe(1-Br)}, with the transfer

reagernt / ZIQ-As)] asanarsenic sorce at room temperature has also been studidére
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the triple decker complelCpg"Fe}(u, **As)] @) could be obtained, containing GisoidAs,
ligand. Besidethe common characterisation methods (NMR spectroscopy, mass spectrometry,
X-Ray and elemental analysis)and 4 have been investigated by cyclic voltammetry. Edhe

cyclic voltammogram reveat®o irreversible oxidations and an irreversible reduction, whereby
the irreversible reduction anthe first irreversible oxidation can be interpreted as a chemically
reversible coupleThis fachasalsobeenreported for the lighter Cp* derivative [Cp*F&@s)]. In
contrast,4 shows aeversible oxidation as well aseversible reduction. Chemical oxidatiomof

with AgBFleads to anexpansion of the arsenic middle dec&sulting in the formation ahe

30 VE triple decker compl§¢Cp"Fel(u, >>-As)][BFR] (5), possessing cycloAs; middle deck.

5.4 Experimental Par

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schlenk technigues. Solvents were purified, degassed and dried prior tdhaseynthesis of
[CFFeCQ),] was improved with reference to the original synthesi§? AsP? and
w/ ZI'GAs)]*® were prepared according to literature procedsiréhe AgX salts (X BR,
CRSQ) and "BuLi(c=1.6 mmol/L, solution im-hexane)were commercially available andeve

used without further purification.

The NMR spectra were recorded on a Bruker Avances@@€trometer The EI MSspectra
were measuredn aThermoQuest Finnigan MAT SSQ 710A mass spectroanettdre ESI MS
spectra were measured on a ThermoQuest Finnig&T MSQ 7000 mass spectromefEne

elemental analyses were determined with a Vario ELIIlI apparatus.

ImprovedS/nthesis of [CPFe(CQ),

A mixtureof CP™H (7.50 g0.01 mol) and Fe(CQ)6 mL, 0.044 mol) in toluend00 mL)was
refluxed for 5 daydDuring thigime, 1 mL Fe(C®vas additionalhaddedto the reaction mixture
every day After 5 daysthe deep red solutiorwas allowed to cool to room temperaturéhe
solvent was removeth vacug resultingin ared residue Subsequentolumn chromatogiphic
work up (silica gelCHClb/n-hexane (3:7), 21 x e&m) afforded first a yellow fraction of
[( “-CP™H)Fe(CQ] andthen a red fraction of CF"Fe(CQ),. The solventvasremoved and pure
[CPFe(CQ), can be obtained as red powder or cryssatli bylayering a C}} solution with

n-hexane.

Crystalline yield5.45g @.34mmol,87% referred taCp™H).
All analytical dataf [CF"Fe(CQ), are included in the literature synthe&3.
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Synthesis  of  [CfFe(™As)] (1),  [COFe' “*Ag)(As)] (2)  and
[(CHFe)is' “““Ag){Fe(*-As)]] (3)

A suspension dicgFe(CQ}, (936 mg,0.77 mmol) in 100 midecalinwas added dropwise to a
freshly prepared solution of Agstarting from7.5 g grey arsenic) in 2%0L decalin.The mixture
was heated to reflux and the reaction progress was monitored by IR spectro&ttep@0Omin,
the carbonyl bands ofCpP"Fe(CQ), disappeared and the solvent was removied vacuo
Subsequentcolumn chromatographic work up (silica gehexane, B x 2.5cm, -30°Q with
n-hexane/toluene (7:1afforded at first a green fraction ofl. Complers 2 and 3 were eluted
togetheras a brown zone using toluendl complexesvere crystallsed by layering a toluene or
CHCJ), solution with CECN.

Analytical data of

Crystalline yield227 mg (0.2 mmol, 16 % referred tJCpg"Fe(CQ),).

'HNMR(CDCLO Y 1 =884)s]Y0H, Ch), 6.18 (d, 10H,33y,=7.38 HzGHs [H*™]), 670 (dd,
10H,%3,,=7.38 Hz, &k [H™7)), 684 (t, 5H,%1,=7.38 Hz, @& [H*7).

¥cfH} NMR(CDCLO Y 1 =85100.0TH), 91.19 (G), 15.15 (GHs), 126.99 (GHs), 128.06
(GH), 137.83 (GoHs).

EI MS(70eV, ChCL): m/z (%)=9457 (32) ([CFFeAs]), 7959 (15) ([CFFeAs]), 516.2 (9)
(ICE™MI), 425.2 (5) ([CF"GH,]"), 299.7 (100) ([As]), 224.7 (9) ([As]), 149.8(19) ([As]), 91.1
(12)(IGH]").

Elemental AnalysisCalculated (%for [CoHssFeAs] (946.16 g/mol): C50.78, H 3.73; found
C50.48, H3.75.

Analytical data a2 and3

Crystalline yield358 mg (mixture of2 and3).
El MS70eV, CHCh): m/z (%)=2163.1 (2) ([((CBFe)As]"), 945.7 (18) ([CFeAs]), 796.0 (10)
(ICP"FeAs]"), 516.2 (100) ([GH]), 425.2 (60) ([CBCH,]"), 300.0 (100) ([AE).

Synthesis of [(EfFe)o >“4As)] @)

A solution of"'BuLiin n-hexane(0.6 mL, ¢ = 1.6 mol/L, 0.96 mmulas added dropwise to a
solution of CBH (502mg, 0.97 mmol) ithf (25 mL) at30°C. The solution became purple and
was stirred at room temperature. Afterh? the reaction mixture was added dropwise to a

suspension of [Fe@dme] (296 mg, 0.97 mmol) if (20 mL) at-30°C. The resulting gre
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solution was stirred for 1 h at this temperature and fdr &t room temperature. Therthe
solvent was removed under reduced pressure. The resulting toiyesidué®? was resolved in
toluene (10 mL) and was filtered into a solution[/ofLKx}*-As)] (181 mg, 0.24 mmol) in
toluene (10 mL). After stirring fordays at room temperaturehe solvent wasemovedin vacuo
Qbsequent column chromatographic workugili¢a geln-hexane, 10 x 1.5 cm) affordéigst a
yellowfraction containind/ LJ&YBY] and finally a brown fraction & was elutedwith toluene
Crystals off suitable forsingle crystak-ray diffraction analysisere obtained by layering a GEb

solution withn-hexane.

Analytical data of

Crystalline yieldL70 mg (012 mmol, 8 % referred tan / LANBAS))).

HNMR(COCWO Y ¢+ =&78ISYZH, CHl, 6.5L (d, 20H, GH), 6.81-6.96 (m, 30H, GH).
¥cfH} NMR(CDCLO Y 1+ =86M4B (TH), 9%6.20 (G), 126.B (GHs), 12818 (GHs), 12913
(GeHs), 14023 (GHs).

El MS70eV, toluene: m/z (%)= 1442.2 (100)([(CFFe,As]).

Elemental AnalysisCalculated (%) for {EhoFeAs] (144.79 g/mol): C 6&9, H 4.8; found
C65.89, H 491

Synthesis d{CFFe)(u, >*>-As)][BR] (5)

A mixture of4 (20 mg, 0.01 mmol) and AgRE mg, 0.02 mmoln CHC} (20 mL)was stirred at
room temperature. After 1 daghe solution wadiltered irto a thin Schlenkube and layered with
n-hexane. After complete diffusiparystals ob were obtained. The mother liquavasdecanted
the crystalswere washed withn-pentane and driedn vacuo By concentrating the decanted
solution, layerig with n-hexaneand storing at-28°C a second crop of crystals &fcan be

obtained, while the mother liquor has turned almost colourless.

Analytical data d®

Crystalline yield?.4 mg(1.50 pmol, 19 % referred {(CFFe)(u, “*As)]).

HNMR(CDBCL): + [ppm]=3.43 (s, 20H, GH 6.12 (d, 20H,Ek), 6.78 (t, 20H, ¢Ek), 6.92 (t, 20H,
CeHs).

BC{H} NMR(CDCh): ¢ [ppm]=33.53 (Ch), 89.26 C), 126.75 (), 128.23 (), 129.64
(GeHs), 136.05 (6b).

¥F{H} NMRCDQCL): + [ppm]=-150.94 (BE.

Positive iorESI MSCHCN):m/z (%)= 1517.5(100)([{CF"Fe}As]).
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Negative iorES| MSCHCN):m/z (%)=86.9(100)([BFR]).
Elemental AnalysisCalculated (%) for {EhoFeAsBR - 0.5 CHCL] (1646.01g/mol): C 58.69,
H4.35; found G8.64 H 4.56.

[(CHFe)i, *>As)l[CRSQ8 '&'p QU

A mixtureof 4 (10 mg, 0.007 mmol) and A%ESQ) (3 mg, 0.012 mmoip CHCL (20 mL) was
stirred at room temperatureAfter 1 day the green solutionvasfiltered into a thin Schlenk tube
and layered withn-hexane. After complete diffusipgreen platesof p @ere obtained. The
mother liqguorwas decanted, the crystalaere washed withn-pentane and driedn vacuo By

concentrating the decanted solution, layering withexaneand storing at28°C a second crop

of crystals op €an be obtained, while the mother liquor has turned almost colourless.

Analytical data dQ

Crystalline yield).374 mg0.22 umol,4 % referred tq(CPFel(u, ““As)]).

'HNMR(CDCb): ¢ [ppm]=3.43 (s, 20H, GH 6.11 (d, 20H, €Hs), 6.78 (t, 20H, ¢Ek), 6.92 (t, 20H,
CeHs).

¥F{H} NMRCDCL): + [ppm]=-78.66 (CR).

Elemental Analysi€alculated (%) for {hFeASSQOR, - 0.5 CHCL] (1709.25g/mol): C 5.27,
H4.19, S1.88 found C57.50, H 4.9, Sunder detection limit
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5.5 Supplementary Information

NMR Investigations
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Representation of the cyclic voltammogsaohl and 4
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Figure S80 Cyclic voltammogram df recorded at a platinum disc electrode CHCh at 0.1 V& and
referenced again§CpFel/[CpFe]; supporting electrolyt§'BwN][PFK] (0.1 mol/L).
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Figure S81 Cyclic voltammogram ¢f recorded at a platinum disc electrode CHCL at 0.1 v& and
referenced againgCpFe]/[CpFe]; supporting electrolyt§'Bu,N][PF] (0.1 mol/L).

Cell parameters of [(EFe)(u, *>As)][CRSQ8 @'p QU

Table5.1 Preliminary cell parameters pfQ

alA b /A dA hyfe ife e VIAs

10.09 31.08 22.74 89.93 89.2 90.0 7102
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Crystallographic Details

The data forl-4 were collected on an Agilent Technologies diffractometer equipped with an
Atlas CCD detector and a SuperNova UK O N2 F 2 O dza A)&ourcdlhe datepfal warey
collectedon an Agilent Technologies GemirURra diffractometer equipped with an lag?CCD
detector and using an Enhanced UlGaK sealed tube All measurements were performexd
123K. Crystallographic data and details of the diffraction experiments are gilf@bla S.2-
$6.5. Using Olex# the structures were solved either with the Shéfk[l-3), SUPERFIHP(4)
or ShelX$&" (5) structure solution program using Direct Methods and refined with the SteIXL
refinement package using Least Squares minimisation. Especially in case of disorder, commonly
used restraints for the ShelXL program were applied (SIMU). Bipswls of2 show
incommensurable modulation {gector of 0.256)only a preliminary model ctli be obtained.
Furthermore the refinementof 3 and5 is unstable so fadue to serious disorde€Consequently,
just the structuralcore motif of2 and 3 is obtained and only the experintahdata are given in
Table S8, whereas a preliminary modelabtainedfor 5. Moreover,H atomswere located in
idealised positions and refined isotropically according to the riding model. Aesgmnical
numerical absorption correction based on gaus¥laimtegration over a multifaceted crystal
model (L ,2 and5) or an analytic&l” absorption correction from crystal face$) (vas applied.

Figures were created with DIAMOND®¥0.



Co-Thermolysis vs.

Transfer

Reaction:

Novel ,Alsigand

Complexes of Iron|73
TableS52 Crystallographic data fdrand2.
1 2
Chemical formula CiHssFeAs CioHiosFeAs,
M/g-mol* 946.13 2014.26
TIK 123 123
Crystal system monoclinic triclinic
Space group P2/n P1
al/A 17.83205(15) 16.5167(3)
b/A 10.63373(10) 18.2448(4)
c/lA 18.49105(15) 19.8400(5)
h ke 90 100.476(2)
i Kc 91.1545(8) 110.474(2)
I'KecC 90 112.861(2)
V/IA3 3505.58(5) 4798.7(2)
4 4 2
" alg-cnmi® 1.793 1.394
wmm™* 8.908 5.502
F(000) 1864.0 2070.0
Crystal size/mrth 0.249 x 0.185 x 0.164 0.278 x 0.059 x 0.031
Radiation CuK CuK
H ‘range/° 6.818 t0 134.142 5.654 t0 127.726
Indexranges -HM X K X HAZ My X K X MTZ
-MH X 1 X MHZ -HM XK 1 XK HAZXZ
-mMmT X f XK HH -HH X f XK HoO
Reflectionsollected 16081 43967
Independenteflections 6255 15249

Datatestraintsparameters
Goodnesf-fit on
FinalRYy RSES &
Final Rndexes [All Data]
Largestliff. peakhole/eA®

wLBH"

[Rut = 0.0271, Byma= 0.0237]
6255/0/415

1.066

R = 0.0321, wR= 0.0818

R = 0.0332, wR= 0.0826
0.42/-1.01

[Rnt = 0.0387, Ryma= 0.0362]
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Transfer

Reaction:

TableS53 Crystallographic data f@and4.

Novel ,Alsigand

3 4

Chemical formula CiooHhoFaAs GoHroAsiFe

M/g-mo[l 2444.79 1442.74

TIK 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)

h ke 90 90

i Kc 120.038(8) 94.0053(17)

I'KecC 90 90

VIA3 5170.1(6) 6232.95(19)

4 2 4

" alg-cm® - 1.537

w/mm™ 7.922 6.443

F(000) 932.0 2936.0

Crystal size/mrth 0.323 x 0.081 x 0.062 0.1961 x 0.1652 x 0.0678

Radiation CuK CuK

H ‘range/° 7.374 10 123.906 7.176 to 147.118

Indexranges My XK K X mMpZ -MH X K XX MHZ
-HM XK 1 X HHZ -0y X 1 X od=X
My X XK my -Ho X f X HoO

Reflectionsollected 20296 49715

Independentreflections 7882 [Ry= 0.0288, Rma= 12353
0.0337] [Rnt = 0.0493, Ryma= 0.0369]

Datatestraintsparameters
Goodnesf-fit on

FinalRYy RSESa WLBH ol
Final Rndexes [All Data]

Largestliff. peakhole/eA®

12353/0/775

1.057

R =0.0351, wR= 0.0961
R = 0.0395, wR= 0.0999
0.92/-0.53
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TableS54 Crystallographic data fér

5.0.5 CHC}
Chemicaformula GeosH1FeAsBRCI
M/g-mol* 1627.52
TIK 123
Crystal system orthorhombic
Space group Pbna
alA 19.62278(11)
b/A 31.11174(17)
c/A 22.29559(13)
h ke 90
I Kce 90
I'KecC 90
VIA3 13611.43(13)
4 8
cafg-ent’ 1588
p/mm™ 6.751
F(000) 6553.0
Crystal size/m 0.377 x 0.288 x 0.14
Radiation CuK
H' NJy3ISkec 6.64 to 133.368
Index ranges -Ho X K XX HoZ

-oc X 1 X oczx
-He XK € X Hp

Reflections collected 126412
Independent reflections 12028

[Rnt = 0.0346, Ryma= 0.0138]
Data/restraints/parameters 12028/612/1018
Goodnesf-fit on 1.205
CAYlLf w AYRSESA& «R=0.1476, wr=0.3316
Final R indexes [All Data] R =0.1478, wi= 0.3316

Largest diff. peak/hole/eA 5.26-1.65
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6.A ComprehensiveSudy of the (oordination Behaviour of
[CP"Fe( °>-As)] vs.[Cp*Ru( >-As)] Towards @' Halides

M. Schmidt and M. Scheer
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Abstract:

BecausdCp*Fel{ >-As)] (Cp*=' >-GMes) hasonly beenusedas building block iooordination
chemistryfor a short time norelated complexeshave been studiedoncerninghe influenceof
the Cfligandor the influence of the central metatom on the coordination behaviourHerein, a
comprehensive study orthe consequencesof these factors is presented. Accordingly,
[CAFe( >-As)] (CP"='°>G{CH(GHs)}) and [Cp*Ru(>-As)] have been chosen for
investigatios on their reactivity towards Cihalides.Here the reaction of CF"Fe( >-As;)] with
CuX (XCI, Br, 1) leads to the formation tife discrete dimef{Cp"Fe( **%As)H{Cu(lX)}]
(X=Cl @), Br @) and polymer [{CP"Fe( ***As){Cu(#X)}l, (X=Br @), | @). Using
[Cp*Rul >-As)] asa starting materialthe reactionwith CuCl and CuBesultsin the formation of
the one dimensional polyme{Cp*Ru(>**%As){Cu(#X)5(CHCN)} (X=CI B), Br 6)). The
reaction of [Cp*Fe(>-As)] and Culleads toa mixture of coordination productsontaining
[{Cp*RU(***Ag)HCU)HCu(g)}h (7) and [{Cp*Ru(****2As){Cu(H)L(CHCN)} (8). The
dimeric and polymeric products have been charaggdrby single crystaledy structue analysis,

elemental analysis and ESdss spectrometry.
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6.1 Author contributions

1 All syntheses and charactations were performed by Monika Schmidt.
1 Manuscript wasvritten by Monika Schmidt.
1 Figures were made by Monika Schmidt.

9 Sngle crystaK-ray structue analyses and refinemeswere performed by Monika Schmidt.
6.2 Introduction

Since theirfirst synthesisin the 197@®, unsubstituted naked group 15 element ligand
complexes havéeen of great interestThus a large library of different E, ligand complexes
(E=P, Ashas been developed.Besids the investigatiosinto unprecedented structural motifs,
also the usef E, ligand complexes in supramolecular chemisstof great interest? Whilein the
pastN-, O- and S containing donor ligands have mainly been employed asirtmyildlocks in
supramolecular chemistrf, ligand complexesecentlygot more and more intdocus®® Here
[CHFe( *Py)] (CHF=Cp* ( “GMes), CF" ( “G{CH(GH)k), CH'° (' *G{4"BuGHs)) are of
special interestDue to aravailble lone pair on each phosplusratom, thesd, complexeshow
versatile reactivity pattem towards monovalent coinage metal salt®epending on the
substituents on the Cyigand,the stoichiometryemployed the used metal salts and solvent
zero, one and/or two dimensional polymers are obtainBd. Prominent examples areertainly
the formation of fullerene like spherical aggreg&f¢sand nanesizedcapsule¥ as well asa
supramolecular complex withlens shaed scaffol or arugby ballike compound” Especially
spherical aggregates are of great interest arah be found in host guest chemistryg.e.
stabilsation of labile complexé¥! or incorporation of a reactive species likgl= P, As)*? Thus
it appearsthat E, ligand complexe¢E = P, Ashave a great potential for building blocks in
supramolecular chemistry. Nevertheless, ligand complexes havarely been exploited for this
purpose in the past.Since 2006,the Scheer group has investigated the reactivity of
[Cp*Fe(>-As)] (), [Cp*Mo(CQY' *-As)] and [CAMo(CO)L0 k*5-As)] (Il) towards monovalent
metal saltd*®*''? As a resujtone dimensional polymers and discrete dimersfammed (Figure
61.¢ KSNBAYS (GKS YI22NAhGe& 2-foordirfathn teraught ABs/tBriRls LINE R dz
6 2fashion) in common, wiilthe lighter congener phosphesfavoursl  -coordinationvia its
f 2y S LikshidnpRedkntly, we were #bto observe an unexpecteédi,3-coordination ofl
andll towards a preassembled linear' @agment toform a one dimensional polyméy using,

or a discrete dimeif Ilis used*®



80]A Comprehensive Study of the Coordination Behaviour of
[Cp®"Fe( ®-Ass)] vs. [Cp*Ru( °-Ass)]Towards CU Halides

R = CgHs
+ [CusCl,(dpmp),][BF,)
dpmp = CyH,P4(CeHs)s

ﬁ

Fe ASOAS

+ [TIJ(TEF] A 5 AsAs cul
B ] ps ~As” As \

AT P As I . .
A=A
“a A As— S\A
e S o7 S
A ﬁ"“
o \ Tjgl------ k "/9’5
<. f [TEF] -
N “AAS s = Ue—
.- \

\ sl
AsaBbal | L e A
As ] u
As=p ASQAS [\ \
L _n / S\C As}\’ ‘AAs
------- il U=-----AgemAg-------
NI
[TEF] = [AHOC(CF3)3}4) E‘/\\Cu/‘
/-
As/é%*g\x//
_\AS"‘AS

Figure6.1 Selected reactions dfwith a preassembled Cfragment (op) and with monovalent metal salts

(bottom).

AlthoughAs, ligand complexeblave beerincorporaed in supramoleculachemistrymore and
more in the recent yearstheir potentialis onlypoorly investigatedso far. For example the
influence ofthe Cg ligandon the supramolecular chemistry A&, ligand complexebas not yet
beenstudied Since the reaction dCg"'C $%P.)] with copper(l) halidekadsalmostexclusively
to spherical aggregates, the heavier congeneTCH%8As)] () seems to be a promising
candidate toalsoform fullerene like supramolecularggregatesThe question arose wdit the
effect of intraducinglll as building block in supramolecular chemisiiy be with respect to the
favoured coordination mode of Agand complexe® -coordination)versus theformation of
spherical aggregatedloreover, the absence dftudiesof the coordination behaviouon As,
ligand complexes of differemansition metas gave rise to the questiowhetherthe reaction of
©/ LI WALIP(IV) with copper(l) halides wadllead to the formation of differentoordination

products compared tthe ironderivativel.



A Comprehensive Study of the Coordination Behaviour of
[Cp®"Fe( ®°-Ass)] vs. [Cp*Ru( °-Asg)]Towards Cl Halides |81

Herein, we report on the synthesis and charast¢ion of the firstone dimensiongbolymers
and dimers based onlll or IV with Cd halides. The resulting products
[{CPFe( ***As)HCu(EX)H2 (X= CI 1), Br @), {CHFe( ***Ag){Cu(EX)H. (X=Br @), | @),
[{Cp*Ru(****Ag){Cu(EX)HCHCN)} (X=CI (), Br 6)), {Cp*Ru(***As)H{Cu(HHCu(k-}k
(7) and [{Cp*Ru(*#**2As)H{Cu(H)}:(CHCN)} (8) were characteged by single crystal-tdy

diffraction analysis as well bg ESimass spectrometry and elemental analysis.
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6.3 Results and Discussion

CoordinatiorBehaviour ofllandIV Towards CuX (X = Cl, B¢, @eneralConsiderations

In generalall coordination compoundare obtained byliffusion reactions. Thereby, a solution
of lllin toluene or a solution ofVin CHC), is layered with a solution of CuX=&l, Br, I) in
CHCN After several daysrystalsare growingat the phase boundary and the solutiamrns to
brownish oranger yellowish After complete diffusiorthe reaction of the Ciiderivativelll with
CLCl or CuBleadsto the formation of{CF"Fe( *#%As)H{Cu(X)}]. (X= CI 1), Br R)) (Scheme
6.1). Furthermore, in the case of CuBr and Cul thes dalimensional polymer
{CPFe( >**%As){Cu(X)bl. (X=Br @), | @)) is obtained.
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=
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IO/AS As X \X\c\,\/ CU\
X
As AN
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Br (6) (39 %)
(no yield determinable due to a mixture of 7 and 8)

Scheme @ Reactios of lllandIVwith CuX (X = Cl, B, I)
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Accordingly the introduction of the Cfj ligand results imn increase of theamplexity of the
coordination compounds (dimeric molecules to one dimensional polymensyfrom CuClto
Cul The formation of fullerenelike aggregates as observed during the reaction of the phosphorus
derivative [CF'C $%P%)] and copper(l) halides baneverbeen observed, sincéll retains the
T | @2 dzNddmation mode of the A&s bonds.

In contrast, the reaction of the Cp* iron derivativawith Cu halidesexclusively leads tine
one dimensional polymerg§{Cp*Ru(>#*%2As){Cu(X)k(CHCN)} (X=CI (5), Br 6)) and
{Cp*Ru(*#*As){Cu(){Cu(-)}] (7), showing different CuX moieties linking monomem/of
(Scheme  6.15*'  Moreover, for Cul the formation of the  dimer
{Cp*Ru(*###*2As){Cu(il)}(CHCN)} (8) is obtained including a novel Gu connectivity
pattern. Additionally, 57 are isostructural tothe products of the reactia of the
pentaarsaferrocene derivativeand CuX.However the distribution of products seems to be
independent on the nature of the pentaarsaferrocene denreaiThe central metals in th€p*
pentaarsaferrocene derivativég-e)versudV (Ru)play a minor role with respect to the influence
on the coordination behaviour and theund structural motifs compared to the €pgand. In
contrast, themajor contributions come from the preferrédcoordination of thecycleAs ligard
as well as the halidesised For CuXthe variety of structural motifs range fromellknown
four-membered {CuX)¥ings ora ladderlike {CuX} structure as observedlin2 or 7 to scarely
reported structural core motifdike the ziggag arrangement ir8 and 4, or the crown like

substructurein 8.
SolidSate Charactersation of 1-8

In general1-8 are obtained during diffusion reactionslbfandIVand CuX (X = Cl, BrHgre,
the crystalkation can be completed by layering all mother solutions \Et®, leading to
moderate to good crystalline yield§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, respectivelycrystallse simulineously and could not be isolated separately, due to
identicalsolubilityproperties as well as colour and/or crystal shagereover,1-8 are insolule
in all common solvents. Asresult, the correspondingSI MSpectra were recorded from the

mother sdution.
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Cu Halide and Il0ontainingGoordinationCompoundsl-4

Compoundl (X = Cland 2 (X = Brare isostructural andrystallse as dark red plates in the
monoclinic space grouP2,/c. SinglecrystalXray structue analysis reveala dimeric structure
for both compounds Therebytwo moieties oflll are linkedvia {Cu(tX)} four-membered rings
Each Cliatom issideon coordinated by theycleAs; ligand(' %coordination) In Figures.2, the
molecular structure of in the solid state iexemplarilydepicted(for the molecular structure o2
in the solid state seEigureS61, supplementary informatignAs a consequence of the disorder
of the copper centregwo favoured orientations of the {¢X} fragments can beealised in solid
state, which can be converted into each other by a rotation of 90° (see swpykey

information, Figuré&62).

¢ cl ,
As =

X

\

\5\<   \‘>&“

/

Figure6.2 Molecular structure ol in the solid stateHatoms are omittedor clarityand CB” ligands are
drawn inwire or framemodel.Due todisorder only the main part is depictelhermal ellipsoids are drawn
at 50 % probabilitievel 1 and2 are isostructural dimers.

While for CuClI1 is the only observed product, for Cumixture of2 and 3 is obtained.
Polymer 3 crystallses together with 2 as red blocksn the monoclinic space group2;/n
independentof stoichiometry In the solid state3 displays ane dimensional polymeauilt up by
one molecule ofll, which iscoordinating two copper atoms in' &fashion(Figure6.3). The Cl
centres are bridged by brode (u,-mode). As a result of the steric demand of thé’Gigands,
the moieties are twisted and a zigdég arrangement is realised the solid stateMoreover, an
isostructural one dimensional polymer is receivedllifis reacted with CulCompound4
crystallises in the space groBp/n as red plates and possessasanaloguetructuralcore motif

asfound for3 (see supplmentary informationFigureS63).
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Figure6.3 Section of the polymeric structure 8in the solid stateH atoms are omittedor clarityand CB”
ligands are drawn iwire or framemodel.Due todisorder only the main part is depictehermal ellipsoids
are drawn at 50 Ybrobabilitylevel 3 and4 are isostructural polymers.

Due tothe ™ -coordination ofthe cycleAs; units oflllin 1-4, all AsAs bond lengths within the
cycleAs; ligand are elongated in comparisonltb(av.2.32A) (Table6.1)." However the AsAs
distances are still in the range between a sifg&s bondelectron diffraction: 2.43% in Ag™
DFT calculations: 2.4322in As*¥) and a doubléAsAsbond (2.245(1R in [{(M@Si}CAs}]"9). In
contrast, the C«&X and CwAs distances inl-4 are comparable toreported distances

(Tab|66.1)_[3b,6a,11,13,’171
Table6.1 Selected bond lengths [A] &f4. Whenever more than one bond is presented in the asymmetric

unit, the ranges of bond lengths are givemncase of disordeithe describedbond lengths correspond to
the man part.

X AsAs CuAs CuxX
1 Cl 2.3316(F - 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 | 2.3421(7) 2.3969(6) 2.4151(7) 2.5528(7) 2.5397(6) 2.5619(6)

Similar structural core motifs as reaked in 1 and 2 are already known for
[{Cp*Mo(COY' *2-As){Cu(X)}} (X=ClI, Br, ¥ as well as for coordination compounds based
on R ligand complexé&®®'¥ or copper(l) halide aggregaté8 Neverthelessespeciallythe zigag
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like arrangement is uncommon for polymeric (GUX)= Br, 1) networks, since fommembered

{CuX} rings as well as culike and laddelike structures seem to be especially preferfed®
Cu Halide and I\DontainingQordinationCompounds5-8

For CuCl and CuBhe isostructural one dimensional polymé&gX = Cland 6 (X = Brjare
obtained. Theyrystallse in the monoclinic space grot2;/c as red trapezoisland red plats,
respectively.Thus, plymer 5 as well as6 are isomorphs tothe iron containing polymers
[{Cp*Fe(*?#%As){Cu(#X)5(CHCN)} (X=CI(A), Br(B)).'"*! The molecular structure @ in the
solid stateis exemplarilydepictedin Figures.4 (for the molecular structure 05 in the solid state

seeFigureS64, supplementary information

Figure6.4 Section of the polymeric structure 6in the solid stateH atoms are omittedor clarityand Cp
ligands are drawn iwire or framemodel. Thermal ellipsoids are drawn the 50 % probabiétel 5 and6
are isostructural one dimensional polymers.

The central structuratore motif of 5 and6 is a sixnembered chaitike {CuX3 ring, in which
three CUl (i 2 Y & -cdomiRated by the AAs bonds of theycleAs; ring. These moieties are
linkedviaintermolecularCu---As interactions to fornbae dimensional polymeric strand. Theses
interactions are igood agreement witthe sum of the van der Waals radii of arsenic and copper
(3.25A)?! Besides this, Cu---Cu distanaes observed5: 2.6600(15), 6: 2.6594(8)A) being
also in line with the sum of thevan der Waals radii (28.*Y Accordingly, wealCu---Cu
interactions are assumedince similar distances are knowrtlie literature consideringCu---Cu
interactions (Tablé.2)*%?22324 Ag the structure ofhe ruthenium derivativelV in the solid
state has not yet been determingithe AsAs bond lengths within theycleAs moiety cannot be
compared.In contrast, the GX and CtAs distances i® and 6 are comparable tdhe iron
containingisostructural compoundé and B or to other polymeric(CuX) containing networks
(Table 6.2}6a11120:17
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Table6.2 Selected bond lengths [A] & and 6. Whenever more than one bond is presented in the
asymmetric unit, theanges of bond lengths are given.

5(X = Cl) 6 (X = Br)
AsAs 2.3732(12) 2.4274(12) 2.3738(7)- 2.4258(7)
CuAs 2.4575(14) 2.5815(14) 2.4592(8)- 2.5847(8)
CuX 2.2732)-2.417(2) 2.3933(8) 2.5344(7)
Cu-As  2.917Q1) 2.9271(1)
Cu--Cu  2.6600(15) 2.6594(8)

Using Cuyltwo different coordination compound&, 8) were isolated.7 and 8 crystallse
simultaneously as dark red blocks or cubes in the triclinic space Btoip and theacentric
orthorhombic space group2;2;2 (8) (Flackparameter 0.135(5)YyespectivelySingle crystal-kay
structure determination reveals a polymeric structure fbr(Figure6.5). Herein each copper
atom is' >-coordinatedby an AsAs bond and the unique Qentres are bridged by iodine atoms
(L-mode and -mode). As a resylthe central structuratore motif of the single repeating unit
resembles a {CulJadder connected eithewvia Cu---Ag2.5329(8)&) or Cu---1(2.8311(8)R)
interactions. Consequentlg one dimensional polymer is formedsimilarladderlike structural
core motif is also known in the case of tiren derivativel and Cul Thus, te linkingin 7 to a
polymeris only obtainediiaintermolecular Cu---1 interactignshile in the isostructural Cp* iron

derivative the units areonnectedviaCu---1 and Cu:--As interactitfis

Figure6.5 Section of the polymeric structure 8fn the solid stateH atoms are omittedor clarityand Cp*
ligands are drawn iwire or framemodel. Thermal ellipsoids are drawn at 50 % probalshsi
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However the {Culs} crownlike structuralcore motif in dimer8is scarcely found in literature,
while the ladder like motif is widely common for polymers containing, Bgand complexes and
copper(l) halide$® For 8, sngle crystal Xay structue analysis reveals a modifiedown like
structural core motif (Figure6.6a). Here four CuY 2 A S (i A Scdordin&d8 by thecycloAs;
ligand ofIV, whichin return are linkedvia Cu---Cu interaction8.667(2)A - 2.611(2)A) to give a
chainbased arrangement. Additionally, iodiatoms bridge the copper atomp,fmode) as well
as the unique crown® achieve thedimeric structure Nevertheless, especiallyartop view 8

resembles thdvexagorstructuralcore motif (Figure &b)

a)

b) c) |
g Cu/] !
C l y CE/ \Csu
NEu ' B u
j’ ) \"f \'T\ o \l \;.
=¥ 5 o A |
\4/ S ‘/ I\ /,cU y—l
cu cd
l—/——"‘Cu Cu |

Figure6.6 a) Dimeric structure o8 in the solid stateHatoms are omittedor clarityand Cp* ligands are
drawn inwire or framemodel.In case of disorder only the main part is depictBtermal ellipsoids are
drawn at50 % probabilityevel b) Top view bthe core structure 08. [CpRu( 5-As5)] fragments as well as
coordinatedCHCNmolecules are omitted for clarity. ¢) Schematic illustration of the catmcturalmotif
(above) andhe hexagorstructuralmotif (below).

Asit can be seen in Table 6dl CuE(E= As, I) bond lengths @fand 8 show a similar trend as
discussed before. Neverthele&displays some conspicuity in regard of theA8sdistances.
While in7 all AsAs bond lengths are still ihe range between a double and a single bon@® am
obvous elongation is observeds a result of the fourfold coordinatiomode of the CU atomsby
IV, the distances within theycleAs ligands are partially longer than a commAgAs single
bond. In contrast the Cu---Cu distances are shortenegsuming homometallic *¥d™

interactions between the copper centrg$.
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Table6.3 Selected bond lengths [A] @ and 8. Whenever more than am bond is presented in the
asymmetric unitthe ranges of bond lengths are given

7 8

AsAs 2.3421(7) 2.4103(9) 2.3728(15) 2.4886(16)
CuAs 2.48992(9) 2.5596(8) 2.4958(18) 2.5888(19)
Cul 2.6116(7) 2.7880(8) 2.5967(17-2.7111(17)
Cu-Cu - 2.567(2) 2.611(2)

Cu-l 2.8311(8) -

Cu--As 2.5329(8) -

In summary, a conmehensivestudy of the coordinatiorbehaviourof Ill bearing the CP
ligand and theCp* ruthenium derivativdVtowards copper(l) halides is presented. The reaction of
llland IV with CuX (X = Cl, Br, 1) leads to the formation of dirnenpoundgq1, 2 and8) as well
as one dimensional polymer3, @, 5, 6 and 7). While in the case dfl and CuX in general an
increase of complexity of ttmordination compounds (dimerio polymerichy going fromCucCl
to CuBrto Culis observed, fotWand CuX one dimensional polymers ra@nlyobtained Besides
common structural {Cuxinotifs like inl, 2 and 7, respectivelyalsoscarcelyrealised structual
core motifslike a crownlike (8) andzigzadike arrangement3 and4) areobserved Moreover,5
and 6 are isomorphs tdhe Cp*iron derivativesA and B. Additionally all compounds have one
featurein common: the Cuatomsare always' >-coordinated by a AsAs bond of theycloAs;
ligand of Il or IV. This demonstrates the preference tie As, ligand complexes for
“-02 2 NRA Y I {i AcBoydmatiog folays & mihor role (weak Cu---As interactionone
dimensional polymers). Whereas starting from thyeloAs ligand compleas Il and IV the
coordination mode irthe obtained products is independent on the metal atonCgf ligand, a
strong dependency is observed on the copper(l) halided Neverthelessthese results

demonstratethe versatility ofAs, ligand complexes in cadination 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.'[CpS}vas
prepared according to literature procedufé.The Clihalides are commercially available and

were used without further purification.
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TheESI MSpectraof the mother solutionsvere measured on &hermoQuesEinnigan MAT
TSQ D00 mass spectrometerThe etmental analyses were determined with a Vario ELIII

apparatus.
Synthesis of §F'C $%62As)H{Cu(CD}» (1)

In a thin Schlenk tube green solution of [CiC $%As)] (10 mg, 0.01 mmoln toluene was
layered with a solution of Cu@i0mg, 0.20 mmolin CHCN. After several daydark redcrystals

of 1 are showing up at the phase boundary and the mother solution turns yellowish orange
Sometimesthe formation of ametallic mirror and/or brown powdés observed. After complete
diffusion the mother liquor is decanted, the crystals are washed with a small amountGNCH
CHC} and n-pentaneand are dried in vacuo By concentrating thelecanted solutionlayering
with EtO and storing at28°C a second crop afrystals ofl can be obtainedwhilethe mother

liquor has turned almostolourless

Analytical data of

Crystalline yieldLO mg (4.73 pmol, 7%referred to[CP'C S %6AS))).

Positive iorESI M@mother liquor,toluene/CHON): m/z (%)=2152.3(12) ({CP""FeAs)LCuCh),
2053.9(38) ([{CP"FeAs),CuCl]), 1955.6100) ([{CPFeAs}),Cul), 1517.1(14) ([CP“FeAs]),
1049.7(86) ([{CP"FeAs}Cu(CECN)]), 1008.7(16) ([{CP"FeAs}Cu]).

Negative iorESI M®mother liquor,toluene/CHCN) m/z (%)=892.0(100)([CuCk(H:0)o] ), 521.6
(15)([CuCKH:0)s]).

Elemental AnalysisCalculated (%) for dEhoFeAsCuCl] (228831g/mol): C 419, H 3.08
found C42.28 H3.22

Synthesis of §F'C S°62As)H{Cu(:Br)}].(2) and{CpP"C S°F2As)H{Cu(HBr)L].(3)

In a thin Schlenk tuba green solution of [GC $%ASs)] (47 mg, 0.05 mmol) in toluene was
layered with a solution of ®u(36 mg, 0.5 mmol) in CKCN.After several dayslark red crystals

of 2 and 3 are forming at the phase boundary and the mother solution turns yellowish orange to
brownish. Sometimeshe formation ofa metallic mirror and/or brown powder is observed. After
complete diffusionthe mother liquor is decanted, the crystals are washed with a smali@inod
CHCN, CECl and n-pentaneand are dried in vacuo By concentrating the decanted solution,
layering with ED and storing a28°C a second crop afrystals oR and3 can be obtained, while

the mother liquor has turned almosblourless
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Analyti@al data o2 and3

Crystalline yield34 mg(mixture of2 and3).

Positive iorESI M@mother liquor,toluene/CHCN) m/z (%)= 1517.4(16) ([CF".FeAs]"), 1337.8
(24) ({CP"FeAsiCuBL(CHCN)]), 1296.7 (26) ([{CPF"FeAsiCuBr]"), 1193.6 (34)
({CP"FeAs}CuBr(CHCN)), 10499 (100)([{CFFeAs}Cu(CECN)).

Negative ionESI M@mother liquor,toluene/CHCN) m/z (%)=798.2(9) ([CuBr]), 654.3(15)
([CuBR]), 510.4(35)([CuBr]), 366.4(100)([CuBr]), 222.6(28)([CuBs]).

Elemental Analysis Calculated (%) for {EhoFeAsCuBr] (246612g/mol) and
[CioHssFeASCuBL], (1233.06 g/mol). C38.96 H2.86 found C39.16 H2.93.

Synthesis of §F'C S$62As)H{Cu()}], (4)

In a thin Schlenk tube green solution of [GiC $%AS)] (10 mg, 0.01 mmol) in toluene was
layered with a solution of Cul (19 mg, 0.10 mmol) isCBIHAfter several daydark red crystals
of 4 are shovingup at the phase boundary and the mother solution turns yellowish to brownish.
Sometimesthe formaion ofa metallic mirror and/or brown powder is observed. After complete
diffusion the mother liquor is decanted, the crystals are washed with a small amount©NCH
CHC} and n-pentaneand are dried in vacuo By concentrating the decanted solutionydeang

with EbO and storing at28°C a second crop afrystals o# can be obtained, whilthe mother

liquor has turned almostolourless

Analytical data o

Crystalline yieldt mg 3.01 umol, 27 % referred tqCP"C S%6As)]).

Positive ionESI M@mother liquor, toluene/CHCN) m/z (%)=2147.3 (10) ({CPFeAsLCul]),
1955.4 (14) ([{CPFeAs)Cul), 1670.0 (10) ([Cwls(CHCN)]"), 1626.9(12) ([Cwls(CHCN)]),
1587.7 (18) ([Cuwlg]"), 1517.4(74) ([CF"FeAs]"), 1290.0 (14) ([Culs(CHCN)]), 1087.9(58)
(KCPF".Fe]), 1049.8(100)([{CF"FeAg}Cu(CECN)]).

Negative ionESI M$@nother liquor,toluene/CHCN) m/z (%)=1650.0(2) ([Culy]), 1460.1(2)
([Culg]), 12701.2(8) ([Cul;]), 1078.3(16) ([Culs]), 888.3(20) ([Culs]), 698.3(60) ([Culy]),
507.5(84)([Culs]), 316.6(100)([Cub]), 126.8(2) ([I]).

Elemental AnalysisCalculated (%) for J§EhksFeAsCul, - 0.5 GHyy (1363.13 g/mol): C37.44,
H3.03; found C37.76 H2.97.
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Synthesis of [{ LIf W &Z8As)H{Cu(CI)K(CHCN)}(5)

In a thin Schlenk tub@n 2 NI y3S & 2 f dzP-AD]Y20 i, 0.63/mndplwrd@E} was
layered with a solution of CuCl (10mg, 0.10 mmol) gCRHAfter several daysark red crystals

of 5 are shoving up at the phase boundary and tieother solution turndight yellowish. After
complete diffusionthe mother liquor is decanted, the crystals are washed with a small amount of

CHCNandn-pentane andaredriedin vacuo

Analytical data d

Crystalline yietld28 mg 0.03 mmol, 91 % referred tqCprRu6 >-As))).

Positive iorESI M@mother liquor, CBCHCHCN) m/z (%) =715.7(3) ([{Cp*RUAgCu(CKCN)]),
674.6(3) ({Cp*RUAZCL]), 371.1(100)([CpRu]).

Negative ionESI M$@nother liquor, CHCL/CHCN) m/z (%) =628.5 (2) ([CuCh]), 530.5 (4)
([CuCH), 332.7(7) ([CuCH), 232.9(36) ([C,CH]), 135.0(17)([CuCd)).

Elemental Analysi€alculated (%) for {fE,sRUASCWCE - CHCN] (94895 g/mol): C15.19, H1.91,
N 1.48 found C15.14, H1.94, N 1.37

Synthesi®f [{| LI wWiz&As)H{Cu(:Br)k(CHCN)] (6)

In a thin Schlenk tubé y 2 NJ y3S & 2 f °dx§)]A(20yig, DD3 mol)Ldp @EHzdas
layered with a solution of CuBr (@, 0.10 mmol) in GBN. After several daydark red crystals

of 6 are shoving up at the phase boundary and the mother solution turns yellowish. After
complete diffusionthe mother liquor is decanted, the crystals are washed with a small amount of
CHCN andn-pentane andare dried in vacuo By concentrating the decantesblution, layering
with EtO and storing at28°C a second crop afrystals ol can be obtained, whilthe mother

liquor has turned almostolourless

Analytical data d®

Crystalline yieldl4 mg (0.03 mmol,39% referred tan / LJF WA&H). '

Positive ionESI M@mother liquor, CHCH/CHCN) m/z (%) =1574.2(7) ([{Cp*RuAg.CuBr]"),
1430.2 (17) ({Cp*RuAg.CuBI]), 12854 (13) ([{Cp*RuAg.Cu]), 1003.4 (10)
({Cp*RUAZCUBL(CHCN)]), 962.4(6) ({Cp*RUAGCUBHL]Y), 848.8 (46) ([Cp%RWAS]"), 715.6
(100)([{Cp*RUAZCU(CECN)T), 674.6(16) ({Cp*RuAgCul).

Negative ionESI M@mother liquor, CHCL/CHCN) m/z (%) =796.1 (7) ([CuBr]), 654.4 (8)
([CuBr]),510.5(18) ([CuBry]), 366.5(41) ([CuBK]), 222.7(100)([CBK)]).



A Comprehensive Study of the Coordination Behaviour of
[CpB”Fe(‘ 5—AS5)] vs. [Cp*Ru( 5—As5)]TowardS ofV Halides |93

Elemental Analysi€alculated (%) for {#sRuAsCwuBr; - CHCN] (138231 g/mol): C 13.32,
H1.68 N1.29; found 3.42, H 1.75, N 1.16.

Synthesis of [{ L WHz8){Cu(E){Cu(p)}h (7)and { LI W&z As)HCu(H)L(CHCN)}
®)

Ina thin Schlenk tuhd y 2 NI} y3S a2 f °dx§)A(20yfng, DD3 monol).dp @EHzdas
layered with a solution of Cul (i, 0.10 mmol) in GBN. After complete diffusipthe reaction
mixture is concentrated, layered with,8tand stored at28°C. After several days dark red
crystals of7 and 8 are obtained and the mother solution tureslourless The mother liquor is
decanted andhe crystals are washed with a small amount ofGDHanch-pentaneandaredried

in vacuo

Analytical data of and8

Crystalline yield32 mg (mixture of and8).

Positive ionESI M@mother liquor, CHCL/CHCN) m/z (%) = 5682 (3) ([{Cp*RUuAg.Cusla]"),
14763 (11) ({Cp*RuA%.Cwl]), 1266 (13) ({Cp*RuAg,Cul), 1097.5 (4)
({Cp*RUAZCUl,(CHCN)]), 1058.4  (3) ({Cp*RuA§Cul.]), 907.6  (14)
({Cp*RUAZCUI(CHCN)]), 8489 (98) ([Cp:RuAs]’), 7157 (100) ([{Cp*RuAgCu(CECN)]),
674.6(22)([{Cp*RuAgCul).

Negative ionESI M$@nother liquor, CHCL/CHCN) m/z (%) =10783 (4) ([Culg]), 8884 (8)
([Culs]), 6985 (29)([Cwls] ), 506.6 (48)([Cuwls]), 316.6 (1L00)([CuBs]), 126.7(1) ([IT).



94| A Comprehensive Study of the Coordination Behaviour of
[Cp®"Fe( ®-Ass)] vs. [Cp*Ru( °-Ass)]Towards CU Halides

6.5 Supplementary Information

Crystallographic Details

The data forl, 2 and 7 were collected on an Agilent Technologies diffractometer equipped
with an Atlas CCD detector and a SuperNova @igkofocusd < ' M)BgurcaiTheydata for
3,4,5, 6 and8 were collectecbn an Agilent Technologies GemirURra diffractometer equiped
with Ruby CCD detector angding either an Enhanced UlitaiK sealed tube g, 4 and8) or an
Enhanced Ultrdok 6 < T Aybealeditubeq and6). All measurements were performatl
123K. Crystallographic data and details of the diffractioreexyents are given ifable 8.1-
S64. Using Olex#? the structures weresolved either with the ShelX¥(1-4, 6-8) or SIR200%
(5) structure solution program using Direct Methods and refined with the $fetgfinement
package using Least Squares minimisatiespecially in case of disorderommonly used
restraints for the ShelXL program were applied (SIMube the refinementhas beenunstable
for 5 and the isostructuralcoordination compound{Cp*Fe{>***As){Cu(4C)}(CHCN)} (A
shows pseudaenerohedral twinningthe same situatiorhas beenassumed fob. Consequently,
with the aid of PLATON and employing the twin law (1 6100 0-1) the batch scale factor can
be refined to 0.3498(13)For 8, pseudemerohedral twinning is observed and tlealogue
approach leads to the batch scale factor of 0.135(5). Morebvatpmswere located in ideadéd
positions and refined isotropically according to the riding moflekemiempirical numerical
absorption correction based on gaus§f&integration over a multifaceted crystal mod#) 2, 5
and 7) or an analyticBf' absorption correction from crystal faceg 4, 6 and 8) was applied.

Figures were created with DIAMOND®?
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B n

[Cp

TableS61 Crystallographic data fdrand2.

of

1 2
Chemical formula GoH/oFeAsCuCl GoHroFeAs CuBry
M/g-mo[l 2288.22 2466.06
TIK 123 123
Crystal system monoclinic monoclinic
Space group P2,/c P2./c
al/A 25.2235(2) 12.70527(15)
b/A 10.25350(10) 10.17455(11)
c/A 29.1237(3) 29.4113(4)
h ke 90.00 90.00
i Kc 94.0612(8) 94.5379(12)
I'Kc 90.00 90.00
V/IA3 7513.33(12) 3790.10(8)
4 4 2
" alg-cnmi® 2.023 2.161
w/mm™ 10.806 11.885
F(000) 4464.0 2376.0
Crystal size/mrh 0.254 x 0.170 R.152 0.096 x 0.047 x 0.037
Radiation CuK CuK

H' NJy3ISkec

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodnesf-fit on

CAylf w AYyRSESaA
Final Rndexes [All Data]

Largest diff. peak/hole/eA

6.084 to 134.158
on X K X HyZ

MH K 1 K y=
-on X f X oo
32807
13343

[Rut = 0.0267, Byma= 0.0288]
13343/12/937

1.108

R, = 0.0326, WR= 0.0885

R, = 0.0394, wR= 0.0993
0.85/-0.97

6.98 t0 134.128
-mp XK K X wmMnZ

-MH X 1 XX MHZ
-on X f X op
19795
6727

[Rit = 0.0218, Byma= 0.0207]
6727/0/459

1.030

R = 0.0239, wR= 0.0548

R = 0.0268, wR= 0.0562
1.10/-1.09
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TableS62 Crystallographic data f@&and4.

3 4
Chemical formula CuoHssFeAsCuBr, CygHasFeAsCul,
M/g-mo[l 1233.03 1327.01
TIK 123 123
Crystal system monoclinic monoclinic
Space group P2,/n P2;/n

alA
b/A
c/A

1 KC

VIAs

VA

" calg-cni’

w/mm™

F(000)

Crystal size/mi
Radiation

H' NJy3ISkec

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodnesf-fit on

CAY I {
Final R indexes [All Data]
Largest diff. peak/hole/eA

w AYRSESA

18.13262(13)
10.12407(8)
20.89695(15)

90.00

99.0810(6)

90.00

3788.10(5)

4

2.162

11.891

2376.0

0.115 x 0.078 x 0.041
CuK

6.002 to 134.14

HM X K X HmMZ
MM K 1 K yZ
-Ho XK £ X Hn
16476

6670

[Rnt = 0.0284, Byma= 0.0318]
6670/0/471

1.125

R, =0.0313, wi= 0.0926
R =0.0352, wr= 0.1032
1.59/-0.91

18.34919(16)
10.19511(12)
21.2139(2)
90.00
98.8118(10)
90.00
3921.69(7)

4

2.248

21.461

2520.0

0.196 x 0.051 x 0.025
CuK

6.916 to 133.092

-HM XK K X My Z

-MH X 1 X MmZ
-Hp XKt XK H~AN
16511
6801

[Rit = 0.0337, Ryma= 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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B n

[Cp

TableS63 Crystallographic data fé&rand®6.

of

5 6
Chemical formula CoH1gRUASCWCEN CoH1sRUASC BN
M/g-mol* 948.91 1082.29
TIK 123 123
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c
al/A 11.6981(5) 11.8441(4)
b/A 22.0062(13) 22.1513(7)
c/A 8.5377(4) 8.6847(3)
h ke 90.00 90.00
i Kc 90.299(4) 90.518(3)
I'KecC 90.00 90.00
V/IA3 2197.9(2) 2278.45(13)
Z 4 4
" calg-cm® 2.868 3.155
p/mm™ 11.372 15.879
F(000) 1776.0 1992.0
Crystal size/m 0.285 x 0.225 x 0.084 0.413 x 0.264 x 0.106
Radiation Mok Mok

H' NJy3ISkec

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodnesf-fit on

CAylf w AYyRSESaA
Final R indexes [Alata]

Largest diff. peak/hole/eA

5.892 to 50.242
-Mmo X K X mMoZ

-He X 1 X HcZX
-mn XK XK T
13324

3916

[Rut = 0.0501, Byma= 0.0466]
3916/0/233

1.044

R = 0.0391, wR= 0.0987

R, = 0.0404, wR= 0.1005
1.16/-1.26

6.126 to 50.264
-mn XK K X wmnZ

-He X 1 X HcZX
T XK K wmn
9098

4060

[Rit = 0.0319, Ryma= 0.0450]
4060/0/232

1.059

R = 0.0267, wR= 0.0502

R = 0.0318, wR= 0.0521
0.88/-0.79




98| A Comprehensive Study of the Coordination Behaviour of
[Cp®"Fe( ®-Ass)] vs. [Cp*Ru( °-Ass)]Towards CU Halides

TableS64 Crystallographic data f@rand8.

7 8
Chemical formula GoHzo)RBWAS Clily G4HzsRWAS CplgN,
M/g-mol* 1983.54 2827.41
TIK 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)
hkc 107.0359(17) 90.00
i Kc 94.2255(16) 90.00
1KcC 101.8642(17) 90.00
VIA3 1957.94(7) 2680.31(6)
4 2 2
" alg-cm® 3.365 3.503
pw/mm™ 42.739 51.023
F(000) 1792.0 2536.0
Crystal size/mi 0.083 x 0.061 x 0.053 0.119 x 0.074 x 0.061
Radiation CuK CW
H ‘range/° 6.042 to 134.13 7.936 to 134.132
Indexranges -Mmo X K X MoZ -Hn X K X MTZ

Reflectionsollected

Independentreflections

Datatestraintsparameters
Goodnesf-fit on
FinalRYy RSES &
Final Rndexes [All Data]
Largestliff. peak/hole/eA®

Flackparameter

QwLBH"

-mn X 1 X mnZX
My £ KK My

72680

6987

[Rut = 0.0704, Ryma= 0.0269]
6987/0/372

1.023

R = 0.020, wR = 0.082

R = 0.026, wR = 0.049
1.00/-0.97

-MH X 1 X mMTZ
-MH X X MH
9885

4480

[Rut = 0.0397, Ryma= 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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FigureS6.1Molecular structure of in the solid stateHatoms are omittedor clarityand CB"ligands are
drawn inwire or framemodel.Due todisorder only the main part is depictethermal ellipsoids are drawn
at the 50 %probabilitylevel 1 and2 are isostructural dimers.

H@Q &

FigureS6.2Molecular structure ofl in the solid state. Due tine disorder of the Cleentrestwo favoured
orientations are possibledatoms are omittedfor clarity and CB" ligands are drawn imire or frame
model. Thermal ellipsoids are drawn at 50 % probakéligl 1 and2 are isostructural dimers.
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Figure S@& Section of the polymeric structure 4fin the solid stateHatoms are omittedor clarityand
Cp?"ligands are drawn iwire orframemodel. Thermal ellipsoids are drawn at 50 % probability |@ahd
4 are isostructurabne dimensional polymers.

Figure S@ Section of the polymeric structure Bfn the solid stateH atoms are omittedor clarityand Cp*
ligands are drawn iwire or framemodel. hermal ellipsoids are drawn 80 % probabilityevel 5 and 6
are isostructurabne dimensional polymers.
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7.Novel Coordination Compounds ofCp*Fe(>-As)] and

MonovalentMetal Salts

M. Schmidand M. Scheer

AgBF, or AgCIO, ‘ ) Cu(CF,50,)

Abstract:

The coordination behaviour of [Cp*Fé(As)] towardssilver saltsAgX (X=BFR’, CIQ) with a
coordinating anion is presented By dffusion reactions the discrete dimers
[AJCp*Fe(***As)X, (X=BR (1a),CIQ (2a)) and AgCp*Fe(***As)}X, (X =BR (1b), CIQ
(2b)) are obtained,which crystalte as cecrystals in the solid stat®esids the coordination
behaviour of [Cp*Fef-As)] towards AY salts the reactivity of the latter towards
Cu(Ck5Q)-0.5GH; has also been studied yielding the discrete, soluble dimer
[Cu{Cp*Fe(**-As){Cp*Fe(**As)L{Cp*Fe(**-As)H{CRSQ},] (3) exclusively Moreover, he
subsequent reaction ofla and 1b ¢ A (1 K 0 /C)IDQ AAPMAA4GH,'Bus) has been
investigated. Surprisinglyhe former cycleAs; ligand has been degraded and rearranged to
afford [/ LIQ)R./*#-As)][BR].(4) as well as the byroduct [/ LIQ){|RCI:EBR] (5).
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7.2 Introduction

In 2010, which marksthe 20" anniversary ofthe synthesis of[Cp*Fe(®-As)] (I)
(Cp*='°>-GMey), | hasfirst beenused as building block in coordination chemibirystudying the
reactivitytowards Cu halides™ In addition,computationalstudiesgave insight into the bonding
situation ofl in comparisorto [Cp*Fe(>-Ps)] (Il), revealinga reversed ordeof the unoccupied
orbitals (LUMO, LUMO+lowever the HOMO is locakd at thecycleEs ring in both cases.
Experimentallya sharp contrast in the coordination behavioud ahd Il towards monovalent
metal salts like&€€CuX (X = Cl, Brjd)observed. Whilktends toform ™ -coordination through A#és
boy' R &%fashlon) its lighter congenel ¥ | @2 daddrdinktionviali K S £ 2 y'8ashigh) A NE&
opening anaccessto fullerene like spherical aggregatesdfor to one ortwo dimensional
polymers? However the reaction ofl with CuX leads to the formation of one dimensional
polymers connectedvia weak Cu---Asind/or Cu---X interactiongxclusively (Schemé&.1).
Although coordinatiowiathe lone pairs of theycleAs ring plays a minarle, we were able to
observe isostructural polymefor landllRA & LJ | @ A y 3 klyB-coomyindtiontds/éds S R
the preassembled linear €fragment [Cu(p-Cly(dpmp)][BR] (dpmp=bis(diphenylphosphino
methyl)phenylphosphindy Changing fromcopper(l) halideso the monovalentmetal salts
0SFNRARY3I | gSIH1te Gedriidatoy lofi by MITEFY Ve ¥ In Tl
[TEF =[A{OC(G#:}4]) or the formation of dimers andaddle wheetrimers in combination with
[AQ][FAL][FAL = [FA{OGFo(GFs)}s]) isfound (Scheme 7).



Novel Coordination Compounds of [Cp*F'e5(—A55)] and
Monovalent Metal Salts| 105

] | As™ JAs
As= S ~ps As=A¢”
ST ( O As .7
',AS /,4
\ [FAL] & |7;s""l\/l=::::' -~ [TEF]
Ag T \A%I T
7N
As’ > A As” P~
SAs—As s As-AsAS
L . / L n
+ [Ag][FAL] + [M][TEF] (M=1In, TI)
| JAs,
Fe _ Af As
AS{BS As~As
AS‘AS' As
+[AgllFAL] ,
AS’A,SAS .
As=As ps= RS~ »
\/ As=—As. ,\/ AN
A /\/L\\ U /Cu
g [FAL] Cu chl-cu. ‘\L,/ !
/ AsAs l/\ \/\/ . fAS\A
AgAS\ /7 ¢ XX AS-/_\. S
e As As,As As=—As
S~AS As )
- - X=Cl, Br;L=CHyCN

Scheme7.1 Schematic illustration of coordination compouratginating froml and monovalent metal

salts.

Despite the reported studiethe potential ofl asa building block in supramolecular chemistry
hasonly been marginally exploited. Henoge were especially interested in tmeactivity ofl
towardsAgX (X=BR, CIQ). Therebyjn this casdhe aniors BR and CIQ" are considered as
coordinating anions in comparison to the weakly coordinating anions’ [&idF] [FAL]
Furthermore, theuse of copper(l) salts was exclusively limited td I@uides. Other copper
sources likeCu(CEsQ) - 0.5GHg have not been usedin reactivity studies witlthe cycloAs
ligand complexso far Consequentlythe question anse which coordination behavioakhibitsl
towards[M][X (M = Ad, X=BFR’, CIQ; M = C{j X =CRSQ).

Herein we report on the synthesis of the nowdimeric coordination compounds
[AdCp*Fe(**%As)IX, (X=BR (1a),CIQ (2a), [AdCp*Fe(***As)X, (X=BR (1b),CIQ’
(2b)) and [Cu{Cp*Fe(>**As){Cp*Fe(**As)L{Cp*Fe(*-As){CRESQ}] (3). Moreover, the
subsequent reaction ah situgeneratedlaand1lbg A (i K @ /C)JQ O CITB@AGH,'Bus)
is presented leading to the formation dfhe prismatic complex/[ LIQ)RQ,/*¥*-As)][BFR]. (4)
as well as the bgroduct [/ LJIQ)QCIHEBE] (5).
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7.3 Results and Discussion

Coordination Bhaviour of [Cp*Fef-As)] () Towards AgX X = BE, CIQ) and
Cu(CEsQ) - 0.5GH:

All coordination compounds containing AgX £ BE, CIQ) are obtained by diffusion
reactions. Thereby, a solutionldgh toluene or thf is layered with a solution of AgX igGDHAN
immediate colour change to brown is obtained at the phase boundary. During the diffusion
process, a bladio brownishpowder precipitates and a metallic mirras well asmallcrystas of
the dimers[AgCp*Fe(**%As)IN, (X =BR (1a), CIQ (28)) and AdCp*Fe(***As)}N. (X =BR
(1b), ClQ (2b)) are formed Unfortunately the obtained yields atew (L: 8 %), since compounds
1 and2 exhibit high sensitivity to air and moisture and redox chemistry sdoung the diffusion
process (metallic mirror and unidentified powd@rFurthermore, the yield o2 camot be
determined due to explosidmazard whichis attributed to the CI@Q counterionsIn contrast, the
reaction ofl with Cu(CESQ) - 0.5 GHg in CHC) leads to the formation ofthe discrete dimer
[Cu{Cp*Fe(***-As){Cp*Fe(*%As)L{Cp*Fe(*-As){CRESQ},] (3) in moderate yields (47 %)

exclusivelfScheme 7.2).

/<\'S—A|§ As—As
T T
L _ /
+ AgBF, X-"f/Ag-“Agf-"‘X " —X.__T/Ag__;Agf_-__X_
- -~ \
AR A Y
As=—As As=—As
X = BF,;: 1a 1b
—~ex e B
] S\‘\As’\7s As\i\As"\j\s =
e
+ AgClO
As=|-as e ‘X--fj\g--'Agf-"‘X‘ S
As &2 As \ 7\
As As"AS' ‘As Asl'A&/'As
I As=—As As=—As
n L - E =
As - .
A" s X-= ClOg: 2a 2b
As=As
A - As’A|S\‘As
S As ' As=——A
+ CUSO,CF, As/A/ ~al \|/ .
I b e o As + X
As A/ Cu+
P
/As As As= -B&g
As As
As AS/ \AS/
X = CF3S0;: 3

Scheme 2 Reactios of | with AgX (%= Bz, CIQ) or Cu(CESQ) - 0.5 GHs.
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Crystals 08 are obtained by layering the reaction mixture wiEO after complete diffusion.
In addition, the crysta#ition of1-3 can be completed bgoncentrating the mother solution and
subsequentlayeringwith ELO (-30°Q. However, compounds$a and 1b as well a2a and 2b

crystallge together as carystalsn the solid state

Charactergation of the GoordinationCompoundsl, 2and 3

Compound la and 1b co-crystallse in the solid state as dark red needles in the monoclinic
space grouf2,/n. The dimer2aand2b co-crystallse as dark brown needién the triclinic space
group PL. Single crystal-Ky structue analysis reveals a dimeric structure foand 2 taking in
account thatthe central structuratore motifs oflaand2aas well adb and2b are isostructural
to each othemesides of a different counteriohereby, two moieties dfare connectedy Ag
cations coordinatedn a' **fashion(1a/2a) or an unexpected *>~mode (1b/2b) by the AsAs
bonds of thecycleAs ring of I. The asymmetric urstof 1 and 2 contain onemolecule of
[AdCp*Fe(*?%As)}],>* and one molecule ofACp*Fe(**%As)},** and four BR or CIQ
anions respectively They are eitheinteracing with the Ag cationsor are separatedn the case
of one CI@Q anion in2b. If one ignors the Ag---Ag and Ag:(Z= F, O) interactions thand 2,
respectively each A§ cation has either a strongly distorted tetrahedral geomela/2a) or a
distorted trigonal bigramidal geometry 1/2b). In Figure7.1, the molecular structure ofhe
co-crystalslaand 1b in the solid state iexemplarilydepicted (for the molecular structure 2a

and2bin the solid state see Figug8¥7, supplementary information).

1la 1b

Figure 71 Molecular structurs of the cocrystalsla and 1b in the solid statgin the asymmetric unit)
Hatomsand solvent moleculeare omittedfor clarity. Cp* ligandsand BE anionsare drawn inwire or
frame model. Due tahe disorder ofthe Ad centrein 1aonly onepartis depicted Thermal ellipsoids are
drawn at 50 % probability levdl/2aand1h/2b are isostructural dimers.
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The twoas well as the thred 2 f R&@®&dination leads to an elongation of the-As
distances ofla’2a (la 2.3415(9)A - 2.4094(9)A; 2a 2.3489(11A - 2.4132(12)8) and 1b/2b (1b:
2.3488(10 - 2.4098(9)A; 2b: 2.3477(13R- 2.4153(12&) within the cycloAs unit in
comparison tothe As ligand inthe pentaarsaferrocene derivative(2.317(1)A - 2.330(1)A)*
(Table 71). The Agcationsin 1a 2aand2b are equallydisorderedover two positionsTherefore,
the Ag---Ag distances between two adjacent éafionsin l1a reach from 2.885(15)A to
2.946(15)A, whereas ir2a/2b Ag---Ag distances 2.794(19)A to 3.134(18)A can be foundThus,
the Ag-Agdistancef 1a 2aand2b are shorter than the sunof the van der Waals radii ¢fvo
Ag atoms (3.44Af® and even partially shorter than the suai the covalent radii of silver
(2.90A)" Therefore argentophilicdnteractionscan be expected at least for tiséver dimersla,
2a and 2b. In contrast, the AgAg distance irlb (2.8973(8) A)s closeto a covalent bondor
silver (2.90A) ComparableAgAg bond lengths oAg-Ag interactions have been reported in
the literature®¥ In addition, the counterions are associateith the Ag centresviaweak Ag-Z
interactions Z = F La/1b): 2.68256(3) 4 2.844(4)A, Z =0 Qal2h): 2561(10) A ¢ 2.855(10)8),
being shorter than the sum of the van der Waals radii of silverZa@= F: 3.19 Az=0:
3.24A)¥ These AgZdistances are in good agreement with reportedFAgr AgO distance$?
Moreover, the AgAs bond lengths are in the range of-Agdistances as reported in the
arsinidenebridged cluster [AQ(AsPh)CL(PR)s] (PR = PE}, PMéPr, PPr) or
[Ag(AsPh)(PR)] (PR = PE§ PPr) In Table 7, selected bond lengthsof 1-2 are

summarsed.

Table7.1 Selected bond lengths [A] @&/1b (Z= F) anda/2b (Z= O) Whenever more than one bond is
presented in theasymmetric unitlespeciallydue to the disorder of the Ag cationsj)he ranges of bond
lengths are given.

la 1b 2a 2b

AsAs  2.3415(9) 2.4094(9) 2.3488(10) 2.4098(9) 2.3489(11) 2.4132(12) 2.3477(13) 2.4153(12)
AgAs  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)C2796(11). 2.561(10)/ 2.855(10)

Besideghe dimer and trimederived fromthe pentaarsaferrocene derivativend [Ag[FAL]
mentioned abové™ 1 and2 representthe firstexamplegor coordination compounds containing
silver salts with a coordinating anion dn@€omplexeda and2a demonstrate the preference of
As,f A3 YR O2 YchdrdbaiidhSurpfignly, short Ag---Ag distances are obtdireall
dimers, suggesting argentophilic interactions. Furtbgectroscopidnvestigations concerning

these short bond distancesvill be part of further studiesin cntrast, 1b and 2b reveal an
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unexpected *2-coordination mode of theycleAs; units of 1b and 2b, respectivelyMoreover,
the Ad cationsshow the expected weak interactiotmvardsthe X anions (X= Bz or CIQ),
whereas theeported dimer angaddle wheetrimer of | and [Ad[FAL]Jexhibit chargeseparated

ion pairg®!

Compound 1 and 2 are insoluble in all common solvents. As a result, the correspok@hg
MS spectra were recorded from the mother solution displaying several fragmerndisand 2.
Here, even larger fragmentsere detected andcould beassigned to [{Cp*FedsAq{BR.]"
(M/z=1434.2,1) and [{Cp*FeAlAqg] (m/z=1238.4,2), respectivelyThe composition fot is in
line with results fromthe elemental analysis, b crystals of2 could not be isolatedéh larger

amountsdue to explosion by shock, frictiandloss of solvent.

Compound3 crystallgses as dark brown plagen the monoclinic space grodp/m with half a
moleculeof 3 in the asymmetric unit, wheredke other half is generated by symmetfingle
crystal Xray structure analysis reveala dimeric compositiorof 3. Here the Cul atom is
coordinated in an unprecedentéd-fashion by thecycleAs; ligand ofl as well as through an

AsAs bond'(>mode) of an adjacent moiety bfFigure 72).

Figure 72 Molecular structure of3 in the solid stae. One of the four possible orientations in the
asymmetric unit is depictedd atoms counterionand solvent molecules are omittédr clarity. Only the
coordinating triflaé anion isshown Cp* ligands and triflatanion are drawn irwire or frame model.
Thermal ellipsoids are drawn at 50% probability leselected bond lengths [A] and andis CutAs1
2.636(3), Cutl a M Q H OutAsD 2663(3), CuAs3 2.611(4), Culs2 2.457(6)Cu2As4 2.519(6), Cu2
As5 2.303(5), CulsB8)2.840(6), Cu201 2.108(8), Asl a mQ H ®o T-psA @.8643({18), AgE3v
2.3660(13), AsAS 2.3579(12), AsBs6 2.3616(13), Ad6a c Q H PAsECp2ASHOMH.08E2)As4Cu2
l'dacQ wmvmz-@Q@ oM p T CwdOd 404.2(3),/CLw2! ac Q MNAHDPPOHUL D
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InaRAGA2YyZ-O2#@MNRMyar SR o6& !'auw | yR I-Asd6énd | &
(' %-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)°, whigdicisl fpr copper in
the oxidation state +1¥ Furthermore, one of the oxygen atomsafe triflate anion interacts
with Cu2. Thesecondtriflate anion appears separated in the asymmetric unit. In addition, four
orientations of the cooper centres can bealised due to disorder and symmetry generation.

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

The AsAs bond lengths within theycloAs ligand of3 are very uniform, but slightly elongated
(2.3579(12A- 2.3750(19)A) in comparison to those 1§2.137(1)A ¢ 2.330(1)A). In contrast, the
CuAs distances d8 range from 2.303(54 to 2.840(6)A, being partially severely elongated in
comparison to reported CGAs distances. In the literatyureaverage C\s distaces of
2.34A-2.42A are commoi3 however,in coordination compoundsven longer Giés distance
up to 2.97A and 2.83 are known as wélt™ Therefore, Cu---As interactions can be discussed
since the observed GAs distances i8 are shorter than the sum of the van der Waals radii of
copper and arsenic (3.2 ® Additionally, the elongated A%ss bond lengths within theycleAs;
ligands of3 suggest a coordination of the Qrations. Furthermore, the Cu2---O1 distacae be
determined to be 2.108(8), which is in good agreement with the reported-Culistance in
Cu(CEQ) - GHs (2.048(5)A and 2.043(64)* This distance is also remarkably shorter than the
sum of the van der Waals radii of copper and oxy(z82 A However, coordination
compounds deriving from Aigand complexes an@u(CESQ) are unknown to date. Henc8,
displays the first coordination compound containg(CESQ) andl, exhibiting an uncommon
" -coordination to copper as well as &coordination and ?-coordination of thecycloAs; unit of

3to a single copper centre.

Compound3 is moderatéy soluble n CHCL, EtO and CECN and insoluble in-hexane or
toluene.The’HNMR specuim of 3 in CDC} shows a singlet at= 1.36 pprrfor the Cp* ligands
which is loviield shifted in comparisonto the observed signal ofhe pentaarsaferrocene
derivativel ({ = 1.08 ppm)indicating a coordination dfto the copper atom(s)in the **C{H}
NMR specum, the corresponding signal for the £gtoups could bdoundat+ = 11.65 ppm.
Unfortunately, due tothe poor solublity no signal for the Cp ring coule detected in the
BCEHINMR spectrum. Moreovethe “F{H} NMR spectrum shows the corresponding signal for
the triflate anion { = -77.71 ppm).As mentioned, the Cications are expected to be weakly
coordinated by thecycloAs ligand of3. Therefore, inthe ESI mass spectruthe fragment

[(Cp*FeA9.Cu] (m/z= 1194.6 could beassigned

[SN

(s}
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Rearrangement dfto 4

Since salt metathésis often the essentialorce in many reactionghe question arose
whether thesilver containing dimers2 are suitablgrecursordor the formation of triple decker
complexes of the general formula [Cp*F#ASP] (M = transition metal, Cp= any
cyclopentadienyl ligandinfortunately,1-2 are not soluble an@ explode by shock or friction due
to the unfavourable perchlota anions.Consequently, we decided to reagctsitugeneratedl in
a mixture of toluene/CHCNwith ¢/ LJQ €Thh/in2td weldng [ LIQ)XKR,/ “4-As)][BR]. (4),

[(/ LIQBRCIEBFR] (5) as well as an unidentifisgreenbrownishpowder (probablya mixture

of AgCl andlifferent polyarsenides of iron) (Seitme 73). Thereby, thecycleAs ligand ofl is
completely degraded and rearrangeddive 4.* Furthermore, the fragmentation products do
not contain the [Cp*Fé]fragmentanymore Hence, it must b@robablysplit off to form the
known intermediate [Cp*Fe{@l)}, which canonly be isolated by using Cfigands with high
steric demand’® Similar fragmentation reactions have been observed by reacting
[Cp*Fel °{1,2,4P,Gmes)})](mes = 2,4,@rimethylphenyl) with CuX EXCI, Br, 1) to form different
coordination product§-? Unfortunately, no fragmentation products containing the [Cp*Fe]

fragment could be isolated so f&.

Als—As
. >
s s
Nl
B G /A gsEs Agawnn X~
|_As-l_\ _ _
Shs—as” (Col— 7 3= (co) :
- - \\As’ﬁ a.. *
1a + [Cp"'CoCl], ) \ 2 [BE.T ST )
- AN— /N | 2B + | [col=Cl=—TCo] | [BF4]
+ - AgCl N \CI/
_ _ [Co] =Cp™'Co As'*p%
As=—As ~\/
] I L. [Co] _
s\l\AS,\/s
—X._.-fﬁg/.__;Agf_-._X— 4 5
\
A% ‘—As. As
As=—As
1b
X = BF,
.AS~ FI
As ,;As - <
. As=l-As
As=As AS‘AS' As

Scheme BReactionollg A G K O/CHIQQQ/ 2 6 ¥
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Crystals o# are obtained by layering a concentrated solution (toluengBBithf) of4 with
n-pentane orn-hexane.Compound4 crystallses as dark black platestime triclinic spaceroup
P1. Additionally few dark blueplatesof 5 are obtained(seesupplementary information, Figure
S78). Single crystal-May structureanalysis oft reveals an Agrism aghe central structuratore
motif. Here thelj dzt RNJ y 3dzf F NJ FI OS& I NB Figurelm)JSHR Agpism w/ LIQQQ/ 2
in 4 consiss of two As; triangles exhibiting an average s bond length of 2.56%. Additionally,
the As units are connected through 4 single bondsay. 2.791A). All AsAs distances are
longer than a usualAsAs single bondelectron diffraction: 2.438 in As*? DFT calculations:
2.4372A in A$?%). Nevertheless, the observed bond lergih the Ag unit are still shorter than
the sum of the van der Waals radii of arsenic ,éa.[e/* Furthermore the isostructural cluster
[CPCoAg* (CP'= Cp*, CB"(' >-GMe,'Bu))were reportedin literature showing similar trends in
the AsAs bond lengths (Bp Cp*: 2.564 /2.854A; Cf = C* 2.564A / 2.834R)?! Applying
the Wade concept? 4 can be best described as@lotype clusterwith 22 valence electrorfé’
Moreover, otherWade clusters with the general formula [(®f);As] are known in literature
showingclose structural analogy ta@ as well aslongatedAsAs bond lengths within the As

prism!24

Figure 73 Molecular structure oft in the solid state. H atoms and counterions are omiftecclarity® / LIQ Q Q
ligands are drawn iwire or framemodel. Thermal ellipsoids are drawn at 50% probability 18&edcted
bond lengths [A] and angl§§: CotAsl 2.3620(13), Cells3 2.4057(13)CotAs4 2.3878(13)CotAs6
2.3860(13), Co2s2 2.3835(13), CoRs3 2.3831(13)C02As4 2.3782(13), Ce®s5 2.376(13), Co3Asl
2.3898(13), Cods2 2.3777(14)C0o3As5 2.3803(13)C03As6 2.3975(13), Asds2 2.5530(10), As4s3
2.5643(10), AsAs6 2.7906(11), As®s3 2.5632(10), Ag®s5 2.8138(11), As8s4 2.7671(10), As¥s5
2.5707(10), AsAs6 2.5642(10), As5s62.5546(10)AsEAs2As3 60.16(3)AsEAs2As5 89.55(3)As1As3
As2 59.72(3), AsAs3As4 89.65(3)AstAs6As4 89.14(3), AsAs6AsS5 90.04(3)As2As1As3 60.12(3)
As2As3As4 90.44(3), AsRs1As6 90.48(3), AsBs5As4 89.25(3), AsBs5As6 89.93(3), RsAsEAsSE
90.34(3), AsAs2As5 89.71(3), AsBs4As5 90.60(3), AsBs4As6 90.87(3), Asls5As6 60.04(3), As4
AsBAs5 60.29(3), AsAs4As6 59.67(3).
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Compound4 is soluble in Ci€h, CHCN and thf and insoluble imhexane or toluene. Thid
NMR spectrumodinCy b aK2ga (KS O2NNBalLRyRAyIwhickd 27F a
are slightly broadenedePR spectroscopy has been performedydt an insight in the electronic
structure of4. Unfortunately, no signal in the EPR spectraoatn temperature or at 77 S
detected, suggesting diamagnetis(@2 VEpr an open shell system with short relaxation times
Moreover, a broadening of the signatsthe NMR spectrdue to paramagnetic impurities could
alsobe a possibleexplanation. However, the molecular ipeakfor [4]*" at m/z=663.1could be

detected as the base peak by ESI mass spectrometry.

In summarywe could isolate the first coordination compounds contaitiagd monovalent
metal salts with a coordinatingnian [M][X (M =Ad’, X = B, CIQ; M =CU, X = CESQ). First
the reaction ofl with AgX yielsl the discreteand isostructuradimers [Ag{Cp*Fe(***As)X
(X=BR (1a),CIQ (2a) and [Ag{Cp*Fe{*%As)}¥, (X=BR (1b), CIQ (2b)), crystallsing as
co-crystals in the solid stat&orlaand2a only ™ -coordinationby AsAs bondof the cycloAs

' 22_coordination) is observed, wheredb and 2b show an unexpecteti**-coordination

unit (
mode. In adition, the BR or CIQ anionsinteract mainly with the Agcentrg confirmingthe

coordinating nature ofhese counterionsSurprisinglyshort Ag---Ag distances are observedll

dimers being sometimesvenshorter than the sum of the covalent radiisilver Unfortunately
spectroscopic studiesould not be conductewvithin the scope of tis thesis and will bgart of

further studies.In contrast, the reaction dfwith Cu(CgSQ) - 0.5 GHg leads to the formation of

the discrete dimer [Cw{Cp*Fe(**"-As)H{Cp*Fe(**As)L{Cp*Fe(°*-As){CRSQL] ®)

exclusively Beside the mentioned coordinationvia AsAs bonds of thecycleAs ligand

(' %-coordination),an uncommon'>02 2 NRA y I (i A 2 y -cobrdinatiérSdfifto Guais |

observed Here, one triflate anion interacts with@u cation, while the other triflate anion is

separated in the asymmetric unit. Subsequent reactiomnoditu generated1a and 1b with

w/ LIQ Mhledds tothe degradation and rearrangement tife former cycb-As unit of | to

yield ® 6 / LIQQ t&F-AR)BE], (4). Complex4 displaysa prismatic Asunit as the central

structural motiE Ay GKAOK (GKS ljdzFf RN} y3dz NI FFm@Sa | NB
accordanceto the wade concept4 can be best described asnédo cluster with 22valence

electrons Furthermore the byproductw 6 / LIQUCPBR] (6) has been obtained.

7.4 Experimental Part

All reactions were performed under an atmosphere of dry argon or nitrogen using glovebox or
Schenk techniques. Solvents were purified, degassed and dried prior to use. [Cp&EREE
'Y R o@-CIR adre2prepared according to literature procedsir@he AgX salts” &BH,

































































































































































































































































































































