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Preface

This thesis deals with the supramolecular chemistry and halogenagations of
pentaphosphaferrocenes. At the beginning, an introduction into supramolechlamistry in
general and that of polyphosphorus ligands in particular is given, fetldsy an outline of the
research objectives.

The results are discussed in self-contained chaptetrg .3At the beginning of each of these
chapters, a list of authors, who contributed to the respective warlgiven. The extent of their
contributionis listedinds Jo Jv §Z Z usSZ}®E& }vSE] puS]ive[ S EZ%BSVE SZ E -«
Additionally, if some of the presented results have already phegn discussed in other theses,
it is stated there.

dz Z %8 E+ E p JA] Jv8} Z/IVvSE} p §IMW ZEveppSPivild ]
Z £% EJu v 0 W ES[U Z EC*8 00}PE 2] V3 I [UEZVUSIXE 0gVv3E
chapters have the same text settings, and the numeration of compqdigises, schemes and
tables begins anew for each chapter.

Chapter 8 contains the thesis treasury with separate results nosyidble for publication.

A comprehensive conclusion of this work is presented at the end of thésthes
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1. Introduction

1.1  Supramolecular Chemistry

Though essential to life itself, it was not until the late6@9 thatSupramolecular Chemistry
has evolved as a distinct area of chemical research, when Redirst studied the complexing
of alkali metal cationg} C 0] %0 }Co §Z WShortly afejwavds] ¢¥hn reported on the
Ju%o £ $]}v }(u 8o 8]}ve Cu &} ] C o]UaphdBsamdevelo@ged®E C %0 S v
optically pure E}Ave (}JE Z]E o & }Pv]3]}vU « A Db m@fie igahdE v [ v
system is pre-organized for the first tinffeln 1987, they conjointly received the Nobel Prize in
ChemistryZ(}@E& 3Z ]E& A 0}%u v3 v pe }( ulspecjiiointedagons s Epn SpuE
Z1PZ + o .8]A4is Nqbel lecture, Lehn described supramolecular chemist® @& u]«3EC
Clv §Z u}einwhdch two or more species (covalent molecules or ions) displ&ditmi
blocks held together by intermolecular, non-covalent foréks.
Supramolecular chemistry can roughly be Splijvs} $A} § P}Ehoskguedfo«s Z
Z u]-eSra@heq relates to a large molecule (host) capable of enwnag@ smaller species
~Pu «3«U 3Zelf-8« <Ew a€eferred to in case no significant difference concerning the
size of the building blocks existsAn enzyme with its substrate would thus be described as a
host-guest complex, whereas the biosynthesis of DNA for exampléotsated to the field of
self- ¢« u 0CX t]SZ §Z E [« (u}lue I} 0 Z 0] SEUSIVE ¥ v Sud
impressive manner the extraordinary potential of self-assembly presess the bottomup
synthesis of intricate structures. Instead of an elaborate gsigistep construction, this
approach merely requires the design and synthesis of fewtivels simple building blocks and
their subsequent spontaneous aggregati®fl. The reversibility of this process ensures the
formation of thermodynamic, stable supramolecules, since the systefioised to self-correct
errors in possible initially formed, kinetic produés.
Supramolecular aggregates can further be categorized based on thradtitas directing
their assembly, like i) H-bonding interactions; ii) other non-cowateeractions such as ion-ion,
ion- ]%}o-U & I]vRith-<U A w Waals and hydrophobic interactions; and iii)
coordinative bonds between metals and ligafts.In the latter approach, called
Zu S-0p¥% E ulo po G th&cuwteedf@aqie is the highly directional and predictable
nature of the metal-ligand interaction. This is due to the definedeator properties of the
metal ion (size, coordination number and geometry) on the one hand in comndninaith the
defined donor properties of the ligand (number and spatial arrangenoéiihe donor atoms)
on the other hand!® Moreover, coordinative bond energies are relatively high (15-50 ked)/m

lying in between those of organic covalent bonds (60-120 kcal/mol) arak weeractions
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(0.5-10 kcal/mol) as can be found in natural self-assembly productsrtNeless, they are still
labile enough to assure kinetic reversibility and thus the fororabf thermodynamically stable
products®

The building blocks in coordination-driven self-assembly, i.e. the Leidi-anetal centers
(metal ions, clusters, organometallic fragments or others) andid-basic ligands (organic,
inorganic or metal-containing), are each at least ditdficThe coordination sites of most
ligands typically are functional groups with nitrogen (e.g. pyriuyile groups) or oxygen (e.g.
carboxylate groups) as donating elemeHtswhile phosphorué? or sulfuF4 donor atoms are
less frequently found. By installing rigid spacers such as ethymyiestyl groups in the ligand,
expanded structures may be formed while retaining their original topolbfg selection of

multitopic ligands is given in Figure 1.

0]

Figure 1A selection of multitopic ligands used for coordinatiomven self-assembly.

Moreover, both building blocks may each be classified as convergent ogeitéY For the

self-assembly of discrete aggregates at least one component meusonvergen t in case both

components are divergent, only extended polymeric structures may be fbftfeSince naked
metal ions are inherently divergent (Figure 2a), for the syrithe§ discrete structures either
convergent ligands are applied, or capping ligands are introducesltbe metal ions leaving
only convergent coordination sites available (Figure 2blc)Vhile conceptually, naked metal
ions are suitable for the synthesis of extended structures when @oechwith divergent ligands,

in practice, clusters have proven beneficial (Figurd2dylZ « Z+ }v EC pJo JvP pv]se[ =~ he
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a) b) ) d) _O._R
NCCH, | co zn
d OCu |\~ EN,. ~ONO, / C’\ e
AYNeeH AN ~Pds L Qzn
H3CCN \NCCH 3 ocC éo N ONO, Zn.\Zﬁ
M=Cr, W

Figure 2A selection of metal building blocks used for coordinatioiven self-assembly. Grey ligands in

a)c) are labile and exchanged during self-assembly. Grey ligsnidicate the coordination sites for six

bridging multitopic ligands, one of which is exemplarilyidegal.

are often formedin situ and avoid the geometric ambiguity of naked metal ions. This

Z }E& S]}v[ }( v AES VvV *SCEn SUE Vv 0°} C Subow}C]vB %o (EAESSE
*U% E u}o HO E PPE P § ¢ 3Z us 0A ¢ o ol%@&Z0}o[pudves pia Jv
metal ions or clusters in a hierarchical self-assembly prd&&sSimilarly, discrete

*U% E u}o po « u C Z }E § [U XPRcoOnn€ct€d nBede bylavdgroupedfinP o v

vl U % E} ¢« E (EE 8} « Z pyPu u¥ 3$3}v[SEIWSUEP 3} SE

1.2 Self-Assembly of Extended Structures

In nature, extended structures formed by self-assembly are ubiquitdhe. DNA double
helix, secondary, tertiary and quaternary protein structures andothespholipid layers building
up the cell membrane are examples, in which supramolecular intiensee (here mainly
hydrogen bonding and hydrophobic interactions) play a crucial role for theitiuvality [°17

In the field of metallo-supramolecular chemistrycoordination-driven self-assembly of
metals and ligands may also be used to build up extended, polymetictigies. Such a
Z }IE 1v 8]}V %o QUVE] « A~ }}E ]v 3]}V Ju%etuv A]SZ E % S]VP
entitiesin1,2,0ri Ju ve]}ve U AZ E 3Z E e v} € +SE] B]yv }yX8X v §)
organic, inorganic or organometalli¢y. Accordingly, fully inorganRrussian Bluavas in fact not
only the first man-made coordination compound, but at the same time th& 8ynthetic
coordination polymeF? as structural characterization in 1977 revealed (Figure®3a).
Nevertheless, }}E ]v S]}v %}oCu E* u &E oC SSE S E £ ® 8 E-[ S§¢
1980s*¥ Then, advances in X-ray diffraction equipment and the Camb8tigetural Database,
amongst other developments, provided excellent conditions for the emengisgarch field?Y
A plethora of coordination polymers have been reported sit€eriginating from the field of
crystal engineering, a technique for the analysis and desigolafs by reducing their crystals
structures to networks of nodes and spacers was described by A. B/@ Z]s Zv § % % E} Z
was later applied to the design of new coordination polymers by Robsoc@mebrkers?¥ In

their seminal papers, they describe the deliberate synthesisdimond-like framework from
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Figure 3Sections of the 3D coordination networks a) Prussian Brig-e(CNjJ3, b) [Cu{C(ELCN)}]."*
andc) [{ZnOH{QC(GHs)CQ}z]n (MOF-5) with Z1©O tetrahedra highlighted in grey.

[Cu(CHCN)|BR and 4,4/4",4" -tetracyanotetraphenylmethane containing large cavities that
make up two-thirds of the crystal volume (Figure 3b). Inspired bytkes| they envisioned the
use of such porous frameworks as molecular sieves and heterogeneous tsatatysstituting a
subset of coordination polymers, these materials soon came to be known aal-organic

(E u A}YEIs ~DK&e++ v @acoord{fation netifork with organic ligands containing
potential voidg!*® In the following years, the groups of Zaworotko and Yaghi each published
frameworks of Cu(l) centers connected by 4,4'-bipyridine, which yktpted different
topologies due to the geometric ambiguity of the Cu notd&sTo overcome this problem,
clusters have been employed as rigid, well-defined SBU3uite often, these are only formed

in situ during MOF synthesis and not isolable individually, hencentgdivé organic linkers as
important set screw. Since many applications of MOFs base oacttessibility of voids, strong
metal-ligand bonds are favorable to guarantee permanent porosity. ddnisbe achieved by
application of chelating carboxylate linkers, which additionally matigiaate in cluster (SBU)
formation through versatile binding modes and provide charge balance, kKaeping
counterions from occupying the voids. A prominent example is the notorious-M®FYaghi
and co-workers, which consists of {3} clusters connected by 1,4-benzenedicarboxylate as
linkers (Figure 3d¢%Y Notably, MOF-5 exhibits a permanently porous nature even upon guest

removal by heating up to 300°C while retaining crystallinity. &ltesign principles (combining
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rigid molecular building blocks by strong bonding) facilitate theibéehte synthesis of
% E 3§ Eul]v }E E v SA}EIe v E p C z@BHEweved +Cv3sZ o
since strong metal-ligand bonds may hinder kinetic reversibility, lamstitions as found in the
solvothermal synthesis of MOFs are often applied to overcome kingicmediates!*! In
contrast, Kitagawa ando-workers published a permanently porous MOF based on pyridyl-
linkers already in 1997

As suggested by Robson atmworkers yide supry,>® the applications of porous MOFs by
now indeed span gas storafé, separations (gas, vapor, liquid), catalysis*® photophysich
applications such as sensfiityand more?®33 Furthermore, as introduced by Fujita and
co-workers!* MOFs may be employed as crystalline sponges enabling X-ray ogysigliic
structural determination of e.g. liquid or even volatile compounds upon encatisuld¥

Other applications are not (solely) based on the porosity and hosttginesnistry of the
framework. Instead, the applied building blocks may impart chiraligdox activity,
photophysical characteristids] as well as magneti® and conductivé® behavior. In fact,

; ; increased framework density appears to

@\5/@ correlate  with  higher  conductivities.
S S Accordingly, the conductivites of 2D
@E( E polymeric Ce(BHT) (BHT =

s’ ) S
- ; /@/S\@\ S .- benzenehexathiolate) currently hold the
@\5 S/@\@ record for coordination polymers and even
"@(s S:@(S S>®" the transition into a superconducting state
g S S S S " was reported for the first time (Figure &9

S S .
@/ \@S@/ \@.‘ Moreover, the metal-ligand bond strengths

can be varied over a large range by chelation
Figure 4. Section of the coordination netw

, and donor/metal pairing according to the
[Cw(BHT) (BHT = benzenhexathiolate).

v %S }( Z2Z & v <}(8 ] « v
(HSAB), enabling the synthesis of coordination polymers with fine-tuned pieg&f Some
coordination polymers may readily depolymerize in solution, while others mainrgheir
polymeric structure, sometimes depending on external stimuli such asca@m, hence

introducing mechano-chemical features.
1.3  Self-Assembly of Discrete Structures

Cmceptually, the transformation of extended to discrete supramolecatggregates can be
achieved by employing convergent rather than divergent building bld@k¥hus, the first
coordination macrocycles synthesized by Verkade in 1983 were obtainedidtigg metal

carbonyl precursors with cis-arranged labile ligands and ditopicgitayss (metallo)ligands
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(Figureba-€).*8 Moreover, entropy favors the formation of discrete structures rathleart
polymeric assemblieg. However, if the competing polymeric assembly is insoluble, once
formed, the reversibility of the self-assembly is no longer giveh @olymeric byproducts may
become a conceri¥ In contrast, if all intermediate species remain soluble throughrerit-
assembly, thermodynamic products may be isolated in high yields. Rismwetdination-driven
assemblies evince immense structural diversity, ranging from 2D hediédtgrid$*® and
polygon&Y to 3D polyhedr&? and otherd*¥ Among these, metal-organic polyhedra (MOPS)
have been of special interest due to their confined cavities @fteh take the shape of Platonic
or Archimedean solidé4?'2l Contrarily to MOFs, MOPs are frequently constructed with neutral,
organic N-donor ligand$:*?! since the dynamic interactions and kinetic reversibility are crucia
for the deliberate synthesis of targeted structuréd Nevertheless, many reported MOPs were
discovered by coincidend® and minor changes in components can lead to major differences
in the resulting assemblié®¥! Considerable effort has been made to develop methodologies for
the rational design and preparation. In general, the assembly of M@Esbe edge-directed,
meaning that the building blocks occupy the edges and vertices qidahyledral structure, or
face-directed, with the either of the building blocks occupyingféues(! Stang introduced the

IV %S }( Z 1E& §]}Vdaskd ohvtRd Supramolecular squares of Verk&d@ide
supra,Figure 5a-e) and later examples of Fifitaand his own group® employing cis-capped

Pd' and P! centers and 4,4'-bipyridine (Figure 5f,g).

8+
co co
|/C048—_§ I/CO ( | — — | )
0C—NM—pP" TP—M'—CO M—N o\ N—M
oC oC _ 2
/'P\ P N\ N en =
06 o (N | NH,
\OIEN -
|/CO/—O\ |/CO N
OC—M'—Pi_ . P—M—CO | PPh,
OC/ l \'8/0(:/ 2 dppp =
co co N N < PPh
| N\ /N | 2
e M— N—M
a) M=M'=Cr ( | — — I )
b) M=M'=W
¢) M=M'=Mo
d) M=Cr, M'=Mo f) M=Pd,(=en

g) M=Pt/Pd; (= dppp

Figure 5. Supramolecular squares of (a-e) metalloligands (grey) ar@)Mi@&ments by Verkad®, f)
(en)Pd fragments and 4,4-bipyridine by Fijflaand g) (dppp)M fragments and 4,4'-bipyridine by
Stang*®

It relies on the combination of structurally rigid building blocks pithdefined bite angles in a

givensto] Z]}u SE] & 8]} v 8Zpue ]* *}u SJu ¢« o0o}EBECEW*SHX}o

po E o]
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The self-assembly of ditopic building blocks gives 2D metallacytide,3D MOPs are formed
in case at least one of the building blocks is more than ditopic. #sset of the directional
}v JVP %% E} ZU Zu}lo po (@efdoned) festiibingGhe face-directed self-

assembly of MOPs by panel-like ligands designed to occupy somedaddrtladl faces of the

polyhedral structuré®¥ Fujita and co-workers pioneered this design strategy by publishéng
synthesis of a supramolecular octahedron with six, cis-cappkstd?tices and four of the eight
faces paneled by rigid, tritopic pyridyl ligands (Figure 6).1&ftn contrast, the very first MOP
was serendipitously found by Saalfrank and co-workers, constitutieyahedron built up from

four naked Mg* centers and six bis-chelating ligands (Figure 6, righfyhis strategy, later

00 Z+*Cuu SEC ]vs & wakleonadptualizéd by Raymond and co-workers and

makes use of rigid polychelating linkers, thus rendering cis-capgidg/ergent, naked metal

ions unnecessary?

L = 2,4,6-tris(4-pyridyl)triazine

Figure 6 (Left) Face-directed octahedral assembly of four tritopic ligands (gieaygles) and six ditopic
metal centers. (Right) Edge-directed tetrahedral assembly of sixbdixglate ligands (black bars) and
four hexatopic metal centers.

As outlined for MOFs, the stability of MOPs can as well be enhaogeapplying SBUs
instead of single metal ions as acceptor building blocks. Fomigssta&Cotton and co-workers
pioneered the use of paddlewheel complexes as dimetallic SBthefoonstruction of MOPS?
By this approach, MOPs with extraordinary stability comparable to wWatMOFs are
accessiblé>?

The enormous structural diversity resulting from the modular synthegfs aMarge variety
of available building blocks has translated into multifaceted fomsti*® As for MOFs,
applications of 2D coordination cycles and 3D coordination cages arelated on their ability
to act as hosts. By now, they have found use in sensing, chemicataisiis and extractions,
the stabilization of reactive species, biomedical applications aadmaging and drug delivery,

as molecular flasks for stoichiometric reactions and in casl/8i*>%4 Purely organic, covalent



6] it /IVEE)} p 3]}v

hosts such as crown ethers, calixarenes, cyclodextrins and cuaildhiais well as organic, self-
assembled hosts held together by hydrogen-bonding are applied sinfifaljyowever, their
supramolecular coordination-based counterparts often exhibit highercégles in sensing and
their facile modular synthesis enables rapid screening for theapiate hosts>4

A pioneering example of stabilization of reactive species wasndgbye Nitschke and
co-workers[®® By encapsulation of,Rnto a self-assembled coordination cage the host-guest
aggregate was air-stable for four months since oxidation products @folald not fit into the
cavity of the host. Moreover, the host-guest assembly was watkroée and R could be
released by adding benzene as a competing guest.

&ui]S [+ P E} % octehedral VMOP for the encapsulation of four molecules
methylcymantrené®” Upon photoirradiation of a single crystal of the host-guest compee
CO ligand was dissociated from one of the guest molecules leacmgrdinatively unsaturated
16VE species, while retaining the crystallinity of the sample. éjeKeray crystallographic
structure determination of this labile complex was feasible for fingt time and revealed its
pyramidal geometry.

Bergman and Raymond reported on a self-assembled coordination tetrahedron cayable
catalyzing the Nazarov cyclization of 1,4-pentadien-3-ol derivativegive Cp*H with a rate
acceleration exceeding a million-fold, which is comparable to eng{ih@&he addition of a Cp*H
trapping agent proved to be of crucial importance in order to avoid prodhgbition. Next to
such a cavity promoted catalytic behavior, catalytic function may alsontmarted by
embedding active sites in the cage structure or by encapsulatitadysts themselves within the
cagel®®! Contrarily to solid MOFs, the oftentimes well-soluble MOPs magrbployed as
homogeneous catalysts, with the accompanying advantages and disadvantage

Sometimes, a template is needed to direct the formation of M&PSuch templates often
are weakly coordinating anions (WCAs), at the same time acticmuaserions for the MOP, but
may as well be cations, solvent molecules or an additional componertthuitinén act as guest
molecules®® The synthetic potential of the template effect was demonsathhot only in the
synthesis of crown ether€? but also by Sauvage in the synthesis of pseudorotaxanes, which
then may act as precursors to rotaxanes and catenanes, so calleldameally interlockd
materials (MIMs)®¥ Interestingly, pseudorotaxanes themselves are supramolecular h@sttgu
complexed®? These pseudorotaxanes may in turn serve as building blocks in catiodi
driven self-assembly, resulting in discrete molecular necklaEwgire 7, left) or extended
polypseudorotaxanes (Figure 7, righ#}.Poly-pseudorotaxanes may also be constructed solely
upon the host-guest interactions, which constitute a special casemfcovalent interaction§4

Similarly to the abovementioned organic MIMs, there are also exanpleatenated metal-
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organic cycld®! and 3D interpenetrated metal-organic cad®3%® Just as intercalation (e.g. the
encapsulation of guest or solvent molecules), this interpenetrationviga in which a crystal
can maximize its packing efficierlé§.Interpenetration mostly constitutes a problem in MOFs
by reducing available pore sizes, but for both MOFs and MOP®itralg give rise to some
interesting properties and applicatioff§"!
O _l 12+

Pt B o d lén+

/Pd‘

A' I Y
" (7
B
Cf‘L‘“‘F’D
bis-pyridyl substituted

| — = = rod-like guest

rod-like guest
CPt Pt{en) CPd

Figure 7. (Left) Molecular necklace constructed by self-assembly efid@®taxane and Pt(en) vertices.
(Right) Polypseudorotaxane constructed by self-assembly ofdpsetaxane and Pd(en) vertices.

pyridyl substituted

cucurbituril[6] B-cyclodextrin

Pd{en)

1.4  Covalently linked Discrete Hosts

Host molecules capable of encapsulating smaller guest species docestsaeily have to be
coordinative assemblies, but may also be covalently linked speciesasubh aforementioned
organic hosts (crown ethers, cryptands, etc.) or even hosts of punelsganic nature.
Concerning the latter class, especially fullerenes must batioreed, the third allotropic
modification of carbon, whose discovery in 1985 by Kroto, Curl, Smaltegaaworker§8 was
honored with the Nobel Prize in 1998. The proposed soccer-ball-like spherical structure of
G[%® was later confirmed by single-crystal X-ray diffraction ofexohedrally osmylated
derivativel’® Owing to the hollow structures of fullerenes, encapsulation of siatpens or
small molecules was soon accomplished. This class of endohedratrfaeby now spans
carbon cages hosting one or more metal atoffisa variety of cluster§? single main group
atoms (N or P¥3 one or two noble gas atorti§ and small molecules like;H¥ CO78 N7 or
H,O!"® Analogously, carbon nanotubes have been used as hmstsin turn for fullerene§?

and as nanovessels for stoichiometric and catalytic reactfhghe synthesis of fullerenes and

E }vvvVviSp e« Z e e}u S]u V 00+ u}ACo M3e}vo(3Z Z E-Z E

conditions allows a certain structural fluidifif!
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Another class of inorganic, covalent and hollow substances are polyoxatestdPOMSs),
nanoscale oxides of group 5 and 6 metals in high oxidation states comstratfused {MG}
polyhedral unitd®3 Theirimmense molecular and electronic structural diveSitygether with
the remarkable stabilit§?®*! endow them with applications in cataly$i4,medicine!®® materials
scienc&® and otherd®” With cage-, basket-, barrel-, wheel- or sphere-like shapesisP@ay
also function as hosts e.qg. for a singi®©Hnolecule, KK nZnodropg }E& *u oo E WKD+U }E « EA
as building blocks for polypseudorotaxanes (wheel-type hosts), M@Fs@Pd™28
Apart from fullerenes and POMSs, other classes of inorganic sutessathat can act as host
molecules are to be mentioned. As inorganic crown or cryptand analogyeysiloxanes
or -silazanes, bicyclic phosphanylsiloxanes, cyclophosphazangbasphazenes have been

studied in that respec?
15 Organometallic Building Blocks

The previous examples of coordination-driven assemblies are primarily basetie
combination of metal ions or clusters as acceptor building blocksavghnic ligands as donor
building blocks. However, either component may also be a coordination compta@ifd i

Abovementioned supramolecular squares by Verk@deFujitd*! and Stang® are
examples, where a metal complex fragment is employed rather thanetal ion or cluster.
While the first example is formed from a complex witearranged labile ligands, the latter two
additionally encompass ciscapping chelate ligands (ethylenediamine (en) and
bis(diphenylphosphino)propane (dppp), respectively) blocking the othercoordination sites.
The blocking of three coordination sites can be achieved by introdarireyene or Cp ligand.
The resulting or {CpM} (M = Rh*fForganometallic acceptor building blocks hence have merely
three convergently arranged coordination sites left available (FigayeSimilarly, {(arene) R
units have been employed especially by Therrien and co-workershwahécoften bridged by
oxalate or dihydroxybenzoquinone to give bimetallic, ditopic acceptor (Ritgire 8b). Further
di- v SE]S5}%o] % SYE plo JvP 0} | koo erddodetal cemtpis po E 0]
(often Pd or Pt) are connected via atky°? or aryl®® groups (Figure 8c,d). Thereby, a specific
angle can be installed between the available coordination sithg;h is hence not restricted to
the coordination geometry of a single metal ion anymore.

On the other hand, the ligand may be formally substituted by an orgataliic compound.
This is possible in case a metal complex possesses peripheoalatoms, allowing the complex
to function as ligand. These so-0 0 Zu S oo}JdEP 20 PP Vv tu% o &£ [ } (S Vv }u% E]
pyridyl substituentd®® Organometallic examples are given by StdgLlee & Le&?
Clemmer?™ Cotton & Murrilld®® and Williamg?¥ comprising MG tetrahedra, alkynyl or

metallocene complex derivatives (Fig@eqg).
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M =Co, R=H;
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Figure 8 Selected examples of organometallic building blocks employed irasg#imbly processes as
acceptors (a-d) or donors (e-g).

Apart from these organometallic ligand complexes, numerous other hoéitgands have
been employed in coordination driven self-assembly, thereby spanning $¥lggrphyriné'®’
and clathrochelaté®? based ligand complexes, in which the ligand is itself caadyjr&unction
as a multitopic linker, as well as metalloligands, in whichrttegal center is crucial for the

EE VP uvs }( 8Z }IVIE ]88 oX dZ]e |n%ZE ulo ]wodERAdg [€E »

suprgd and otherd®1%3 Subsequent coordination of these metalloligands (organometallic or
not) to a second set of metal ions results in the desired suprecutdr assemblies. Hence, this
approach is useful for the synthesis of heterometallic aggreggyaoviding additional

functionality and enhanced complexity.
1.5.1 Rligand complexest Synthesis

In contrast to the widespread use of N or O donor ligands, our group fecasethe
construction of supramolecular aggregates based on polyphosphoguigéhd complexes as
organometallic ligands.Rigand complexes are characterized by substituent-free dat
which are solely bound to other P or metal atoms. Some neutral compleith cyclic Pligands
are depicted in Figure 9, although a wide variety ofigaind complexes is known to date, also
including further dinuclear complexé¥! and complexes with other metdl%? or Cp ligand&

as well as Higand complexes of heavier group 15 elements (E = As, $87Bi).
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foco 7% )’J I Mo
0C—Mo—MG.. Mo’co //CO Fe P:@P

. v
/PlP P‘i'-l‘-a' PE@P Mo

A B C D

Figure 9. Selectedhlgand complexes (n =©6) as building blocks for supramolecular chemistry.

The complexes in Figure 9 are accessible from thermolysis or phstotyghite phosphorus
(P») with the respective carbonyl complex [Cp*Mo(€OA, B, B),1%3 [Cp"Ta(CQ) (O and
[Cp*Fe(CQ): (D).''¥ This transition metal-mediated; Rctivation is a flourishing research field
of its own, since it not only brings forth exciting Fgand complexes, but subsequent
functionalization may also yield industrially relevant phosphorus compovuiadsilder reaction
conditions!*'¥ In contrast, the currently applied route encompasses hazardous reagewats

generates stoichiometric amounts of waste under partially harsh itimma.
15.2 R ligand complexest Coordination Polymers

Since all Pligand complexes comprise a lone pair per P atom accessibléurtber
coordination, in case n > 1, this substance class may well actygaspolorganometallic ligands
for the construction of supramolecular assemblies. Building on easlylts of coinage metal
bridgedcycloP; complexedt'? our group published first coordination polymers constructed by
self-assembly of [{CpMo(C®] .,{#*P}] (type A) with AgN@ and CuBr (Figure 10a),
respectively?'3 From then on, numerous dimeric or 1D polymeric assemblies based on
[{CpM(CQO}A ., {#%-P}] (typeA, M = Cr, Mo) ligand complexes have been reported with coinage
metal salts of halides or weakly coordinating anions (W€&®dnterestingly, the addition of an
N donor linker as a third component to reactions of typeomplexes [{CpM(CYX ., {#>P}]
(M = Cr, Mo) with coinage metal salts mostly leads to further poliraton to 1D, 2D and even
3D organometallic-organic hybrid polymé¥s?'3 The supramolecular chemistry of tyBeand
E complexes is less explored. While reactions of [CpM(@E)] (type B, M = Cr, Mo) with
CuTEF (TEF = AI(OGJF lead to monomeric or dimeric coordination produ€fsd self-
assembly of [CMo(CO)({*-P5)] (type B, Cf = Cp, Cp*) with AgOTf or AgTEF salts yields 1D
coordination polymers (Figure 108)8 Concerning the Fligand complexes, the reactions of
[(Cp*Mo){ ... 45-P}] (typeB) with CUTEF or AgQTEF lead to monomeric coordination prodtitts,
whereas sterically less hindered [(CpMa). Y-p5}] (type E) forms 2D coordination polymers
with CuBr or Cul (Figure 103



t

v Ve

/vs@E} u g litiv

The supramolecular chemistry of typeB andE complexes towards main group metals has

been explored as well. Type complexes [{CM(COY}A ., {#%P:}] (CH = Cp, Cp*) arrange to

oligomeric coordination products upon reaction with INTEF or TH¥6n the contrary, typ&

complexes [CpM(C&)3-Ps)] (M = Cr, Mo) arrange to 1D polymeric assemblies with INTEF or
TITEEC Triple-decker compie](Cp*Mo){ ., {6-Ps}] (type E) was shown to form layers with

TITEF, which may be interpreted as a 2D coordination polymer (although theatimity is not

unambiguously clarified due to disorder in the Tl positidHg).
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el o V4 “
L - [MO] i n . .

[Mo] = {CpMo(CO),}

[Mo] = {Cp*Mo(CO),}

[Ta] ={Cp'"Ta(CO),}

d) e) _ ; - f

[~ [Fe] 7] [Fe]

RTTSP P‘P’i};’P —_ ‘ o e
“Cu/P_P\cu/CII '--[Cu]/ (Fel \[Cu]—PL., .| ‘ [M0]< N
T N % ~q I;P- = (P [Fe] Pl m?

PSP \'T’ d [IVIIo] - n
| [Fe] dn "[Cu]x In

[Fe] = {Cp*Fe} [Fe] = {Cp*Fe} [Mo] = {CpMo}

[Cu] = {CuBr} or {Cul}

FigurelO. Selected coordination polymers obtained fromligand complexes of typ& tE

The supramolecular chemistry ofcloP; andcycloPs complexes of typ&€ andD step out
of line, since not only oligomeric or polymeric assemblies may be achidtg spherical
aggregates are reported as well. The fiptlymers were obtained by self-assembly of
[Cp*Fe({>-P)] (D) and Cu(l) halides and exhibit a 1,2- (Figure 10d) or a 1,2,4-catioti mode
(Figure 10e) of the pentaphosphaferroce@ A closer look into the reaction of [Cp*Res)]
(D) with CuCl revealed the additional formation of a soluble, 90-xegjgherical aggregate
[{Cp*Fe(>-P)h{CuCBs{CHCN}q] (Figure 11la,vide infrg, cocrystallizing with an ionic
derivative in the ratio of 3:112% By now, a myriad of 1D and 2D coordination polymers of the
type [{Cp*Fe{>-P)}{CuXd]» (X = Cl, Br, I) is know#? as opposed to only one 2D polymer based
on [CFFe({>-P)] (typeD, CPF" = G(CHG:Hs)s) and Cul*?? Interestingly, the recently developed
synthesis of the parent pentaphosphaferrocene [CHF€%)] (typeD) enabled investigations of

its reactivity towards Cu(l) halides as well, and next to 2D patyfioe the first time also a 3D
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polymeric assembly was obtainéd? Apart from coinage metal salts, again main group metal
salts MTEF (M = Ga, In, Tl) have been employed in reactions witee[@®>-P)] (D) to give a
series of isostructural 1D polymdfé®'28 Additionally, 1D coordination polymers were
synthesized using pre-assembled linearsJ@uilding blocks as SBUs in self-assembly reactions
with [Cp*Fe(>-P)] (D)8

Moreover, the self-assembly of [Bg({>-P)] (type D, C* = Cp*, Cp) with CUWCA salts
(WCA = OTf, GaCTEF, FAI; FAl = FAI{R&GF:)}) has been investigated, bringing forth 2D
polymers with coordinating OTf and Ga@hions*?? or a 1D polymer or dimeric species
encompassing non-coordinated TEF or FAI arliét{$'2@ The application of WCAs is especially
of importance, when the self-assembly with Ag salts should be aethjesince Ag(l) halides
suffer from poor solubility. Typ® complexes CgFe {>-P)] (CF = Cp*, CP) as well as their
huge Cp'® analogue (C¥°= G(4- "BuGH)s) were hence reacted with AgOTf, AgSIgTEF or
AgFAI, proving dimers and coordination polymers are accessible also wit#%g Smilarly,
[CPTa(CO) {*P)] (type C C@ = Cp", Cp™) forms 1D, 2D, or even 3D coordination polymers
when reacted with Cul (Figure 10c) or AgSt5E

As found for Pcomplexes of typd, the addition of a third component capable of acting as
further linking moiety may lead to hybrid polymers with higher dimensionaHowever, the
three-component self-assembly of [Cp*Ref:)] (D) with CuCl and #Por As, respectively,
yielded coordination polymers structurally resembling the previously mentionegdliimer
[{Cp*Fe({®>-Ps){CuClI} (Figure 10d¥?9 The R or As molecules function as guests occupying
tetrahedral voids in between the chains, thus interconnecting theto the second dimension
by weak P-P or As P host-guest-interaction$3¥ However, Pmay also act as a terminal ligand,
as found in the 1D coordination polymer obtained from [Ep*Fe{®-P;)] (D) and AgShi-thus
not adding dimensionality to the product€® On the contrary, the addition of rigid or flexible
ditopic N donor ligands to [EBe({>-P)] (type D, CfF = Cp*, CP) and CuA (A = Cl, BPFk) or
AdA (A = ShETEF) has been thoroughly investigated and gives rise to 1D, 2Dm&t&Drganic-

organic hybrid coordination polymelg®132
15.3 R ligand complexest Discrete Supramolecules

The very first spherical aggregate obtained by self-assembl, tifand complexes as
multitopic  donor  component is the  aforementioned  90-vertex  sphere
[{Cp*Fe(®-Ps)12{CuCBs{CHCN]}o] (Figure 11a}:?3 Soon, further neutral or ionic analogues
with Cp* or Cp (Cp'= GMesEt), with CuCl or CuBr have been reported, all encapsulating up to
one molecule of CFFe {>-P)] (typeD, C = Cp*, CP.%3 Additionally, with [Cp*Fef-Ps)] (D)

and CuCl a capsule constructed of two half-shells held together pgrdien interactions is
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accessible under certain conditions, where each half-shell entaes one molecule
[Cp*Fe(®>-P)] (D).*?% Based on these findings, the host-guest chemistry has been igatesdi
by adding potential guest molecules as a third component into reastof [CpFe {>-Ps)] (D)

and Cu(l) halides. By now, numerous small and medium sized moleculdsseamencapsulated

into such spherical aggregates, spanning /A, (ellipsoid-shaped host, Figure 15" Go
(barrel-like host, Figure 11€%4 0-GBioHi2, [FeCpl, [CPCr{>-As)], € %o & P)], [NiCp], RS,
P,Se, adamantane, [Cp\{(-GH/)], [CpMn(CQ], [Cr(GHe):]* (80-vertex spherical hosts,
Figure 11d}*?4139 [CoCpl]* (prism- or cube-shaped hodtfd [(CpCrn~ .5%Ng)] (90-vertex
spherical host, Figure 118§%!

0-C,B10H12@80-vertex sphere (80-12)-veriex sphere (90-10)-vertex sphere
Figurell Selected molecular structures of spherical supramolecules comgsisttypeD complexes and
Cu(l) salts. {Cpe} and {GF moieties, TEF counterions, H atoms, uncoordinated solvettcutes and
minor parts of disorder are omitted for clarity. Host scédf are depicted in the ball-and-sticks model,
guest molecules are highlighted in the space-filling model.

These spheres (Figure 1ip-only form in presence of the respective guest molecule as a
template. An especially remarkable host is the 80-vertex spéleriaggregate
{Cp*Fe(®>-Ps)h{CuX}on] (X = ClI, Br, I, Figure 11d), whose idealized scaffold (n =s0leig
constructed of 12 five-membered {Prings separated by 30 six-membered f&urings and
exhibits icosahedral symmetry. Its core therefore displays an inorgenailogue of thelx-Gso
fullerene. With the most templates so far being encapsulated into88isertex spherical host,
itis particularly unfortunate that they suffer from low solutyiliA general way to more solubility
is the application of large WCAs. Hence, "F¢{>-P)] (type D) was reacted with
[CUCHCN)]TEF resulting in the formation of the polycationic spherical aggeegat
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[{Cp'Fe({>-P:)11{Cu(CECN}s]®* (Figure 11e)-28 Interestingly, its scaffold can be regarded as an
80-vertex sphere [{Ce({>-Ps)hA{Cul}en] with the maximum number of vacancies n = 12, with
the eight remaining Cu atoms now spanning a cube (highlighted in cyangure 11le).
Unfortunately, the compound is nearly insoluble except under parigrhentation.

In order to address the solubility issue by other means, also moranarggroups were
introduced to the Cp ligand, and [EBe({>-P)] (type D) has been applied as a supramolecular
building block instea#3” Indeed, the self-assembly with CuCl or CuBr, respectivelys l®
80-vertex spheres (host of Figure 11d) with enhanced solubility. Moredlie spheres are
already formed in the absence of a template. Then, merely solventoulge are occupying the
void. The solubility was sufficient for NMR spectroscopic invegtigat providing evidence for
interconversions between 80-vertex spheres of different porosities Q t 4.8), a tetrahedrally
shaped aggregate [{EfFe({>-Ps)11{CuBr3,{CHCN}] and even reversible [Feggncapsulation
into the 80-vertex spheres. However, structural characteiirabf [CF"Fe({>-Ps)]-based host-
guest assemblies is limited to [Fefand [CpV({-GH;)] as guests, so f&?4 The self-assembly
of [CFFe({>-P5)] (type D) with Cul is dependent on the stoichiometry appli&d. While three
equivalents of Cul lead to a polymeric assembly, the use of sixvatenis yield
[{CPFe({>-P)h2{Cul}{CHCN} 4¢ as a further soluble spherical aggregate. A noteworthy result
was obtained from the self-assembly of f&e({>-P;)] (type D) with CuBs*3® Here, the
formation of a giant rugby ball with outer dimensions of 316 nm was observed (Figure 12a).
Large spherical aggregates were also obtained by two furthehoust On the one hand,
[CEFFe({>-P)] (type D) was allowed to react with CuOTf, resulting in an icosidakledral
assembly with OTf anions capping the 20 triangular faces anat@ms occupying only 20 of
the 30 vertices (Figure 11ff™ This example illustrate$Z }v %S }( Z pPu vs §]}v[ ~ (X
chapter 1.1), since the 20 Cu atoms of abovementioned smaller 80-vgtexes (Figure 11d)
describe a dodecahedron, and truncation thereof by conceptually remaavery Cu atom by a
group of three Cu positions leads to said icosidodecahedron (highlightséumin Figure 11f).
On the other hand, the use of the huge pentaphosphaferrocene devi§@5'Fe({>-P)] (type
D) in combination with CuBr gives a 3.5 nm large spherical assemithlya three-shell core
structure described as icosahedron@dodecahedron@[fE@({>-Ps)}.CuoBrss], the latter
shell exhibitingl-Gao topology (Figure 128)39 Here, the steric influence of the Epligand
(about three times the size of Cp*) forces the formation of lai@aBr, aggregates connecting
two pentaphosphaferrocene wunits. If no such aggregates are formed and
pentaphosphaferrocene units are connected only via one metal atompthg way to avoid
steric repulsion of the Cp ligands is to arrange the {FeCfg aitérnatingly, leading to a polymer
(cf. chapter 1.5.1)2%
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Figurel2. Molecular structures of the large spherical supramoleculesisting of typeD complexes and
CuBIry aggregates. Solvent molecules, H atoms and minor positiorisafiér are omitted for clarity.
Similarly to complexes of typ®, alsocyclaP; complexes of typ& are capable of forming
spherical assemblies. The first example was reported in@raa2006 and is obtained by the
reaction of [CPpTa(COY{*-P)] (© with CuCl (Figure 13BJY The resulting sphere
[{Cp'Ta(COY {*P,)}s{CuCH] possesses 32 inorganic core atoms and is constructed of 6 four-
membered (B) and 12 six-membered (&) rings. It may be described as a cubic structure with
Cu atoms occupying the vertices andliBand complexes occupying the faces. Later, CuBr and
Cp" analogues have been reportét®! As often observed withycleBs (typeD) complexes, the
supramolecular products obtained with Cul differ from the Cl or Br copartts. Nevertheless,
Cul also assembles witle" Ta(CQ) {*-Py)] (type O to give two other spherical aggregates,
while reaction with Cp'Ta(CQY {*-Ps)] (O only leads to a polymer (cf. chapter 1.54%
Spherical supramolecules have as well been obtained with £ Agjain, WCA salts were
used for solubility reasons. ThuCHFe {>-P)] (type D, CF = Cp*, CP) complexes were
brought to reaction with AQWCA (WCA = OTf, OTs) ShHs, resulting in the formation of
spherical aggregates exhibiting topologies similar to Cu conta8ingertex spheres, (900)
vertex icosidodecahedral spheres or oth&f&) In the case of§pFe {>-P)] (D) containing
spheres, the presence of a larger number of Ag vacand®9) in the core scaffold of éh
80-vertex-like sphere enables the encapsulation@fFeg {>-Ps)] in such a small sphere for the
first time. Furthermore, the conceptual expansion of the sphericatiably by augmentation
to a (9010)-vertex sphere (previously described for & ({>-Ps)] and CuOTf) even allows for
the encapsulation of stackedCprF¢g {>-P;)] and toluene as guest molecules. In contrast, the
abovementioned Cu analogue was only obtained fronPes({>-P)], which is too large to act
as guest'?™ In the absence of GEAN, [CPFe({>-P)] (typeD) and AgShfform a dimer with Ag

atoms coordinatively saturated by the benzyl grolig¥! This promoted the idea to use nitriles
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Figurel3. a) Example of a spherical supramolecule as obtained fromBygmemplexes and CuCl or CuBr
b) supramolecular building block (SBB) constructed of [CpOla{&P)] (D) and Ag cations, as found in
c) a 2D polymer of spherical supramolecules obtained from [Cp"Taf&@)] (D), AgSh& P:Se and
dinitrile linkers. {Cp"Ta(C&)moieties, Shdcounterions, H atoms, solvent molecules and minor positions
of disorder are omitted for clarity.48e host molecules are highlighted in the space-filling model.

for coordinative saturation of Ag atoms instead. The analogue reactiopeesence of CiCN

or CI(GH4)CN yield either anti-prismatic supramolecular hosts with encapstll&bE anions or

a half-shell shaped aggregate, all encompassing terminal nigdads. When flexible, ditopic
dinitrile linkers were employed, hence metalorganic-organic hybrid polymere obtained
from self-assembly of [EfFe({>-Ps)] (type D) and [Cu(C¥CN)]BR, AgSbEor AgTEF. Similarly,
such hybrid polymers are obtained from [Cp*FeBs)] (D), AgSbg&and NC(CHCN(x = 5t 7,
10). The most remarkable products however are obtained with [CpfPF&]] (D), AgShéand
dinitrile linkers NC(GHCN of the length x = 710. Then, supramolecular spheres of the type
[{Cp*Fe(>-Ps)}{Ag}i] or [{Cp*Fe>-P)h{Ag)s are formed, which act as supramolecular
building blocks (SBBs, cf. chapter 1.1) further connected by the ¢tbgpalinitriles to give 3D
polymers. At the same time, these SBBs act as hosts fem8lfas or [Cp*Fef-Ps)]. When R

is added to the reaction with NC(gHCN, SBBs built up from [Cp*Fef)] and Ag atoms
encapsulate P and polymerize to 1Dt 3D polymers of spheres. Analogously, the four-
component reaction of [Ca(CQY {*-Ps)] (O, AgSh& NC(CH-CN and BSe results in barrel-
shaped [{CpTa(CO) {*-P)}{Agl] SBBs (Figure 13b) encapsulatingSeé® and further
interconnected to a 2D network of SBBs (Figure £38).
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2 Research Obgctives

As demonstrated in the introduction, polyphosphorus complexes displaytersuilding
blocks for supramolecular chemistry when combined with Lewis acidiclmates. Thusa
myriad of polymeric assemblies (chapter 1.5.2) or, withRFep-Ps)], discrete nano-sized
spherical aggregates (chapter 1.5.3) are accessible. Thetigatems on such spherical
assemblies faced some challenges in the past, including insglufitiie spheres, selectivity of
the self-assembly reaction, template encapsulation and crystalityu with all these factors
being highly dependent grinter alia, the nature of the R group and the applied template

Hence, the objectives of this thesis are:

f Variation of the [CfFe({>-P)] building block and investigation of the self-assembly
processes with Cu(l) halides

f Investigations on the templating properties of triple decker comptewéh respect to
the formation of host aggregates of different size and shape a6 age potential

fragmentation of the triple decker complexes

The self-assembly of [€pe({>-P)] so far has been merely investigated in combination with
Cu or Ag salts. Concerning other polyphosphorus complexes, only two lkesamip Au
coordination have been reported with [{CpMo(GRY)..{&P,)]. Hence, a further research

objective for this work is:

f Transferring the supramolecular chemistry of feg({>-Ps)] to Au salts

Moreover, iodinations of Por its complexes have led to unprecedented polyphosphorus
compounds by not only P-P bond cleavage but also recombination. Investigatiotieese
iodination reactions are confined to, Romplexes and have been left untouched for other

polyphosphorus complexes. Thus, a further objective is:

f Investigations on the halogenation reactions of [Cp*fdt)] and its heavier
homologues [Cp*Fef-As)], [Cp*Ru®-Ps)] and [Cp*Ru®>-As)]
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3  Fne-Tuningthe supramolecular chemistry of
Pentaphogphaferrocenes t Achieving versatiity,
sdectivity and sdubility

H. Brake, E. Peresypkina, A. V. Virovets, S. Rank, R. Szlosek, W.&r#&imaas, M. Scheer

Abstract:

The self-assembly of [Gge({>-P)] (1Y and Cu(l) halides is highly selective and controllable
by the applied reaction conditions. In two-component reactions in presefi€HCN, 90-vertex
spheres [CHe({>-P)]@[{CpFe({>-Ps)hACuX}s{CHCN}¢ (2, X = ClI, Br) and a 2D polymer
[{CpFe({>-Ps){Cul}] (5-]) are obtained. By avoiding &EN, instead (8@)-vertex metal-
deficient spheres (GBb)m@[{CpFe({>-P)hACuX}on] BU ¥y A oW u H iX0d8U v A iXTiV y
formed. These rearrange in solution to give 2D polymers‘H&-Ps){CuXd] (X = C4-Ct X =
Br: 5-Br). In the presence of 48 or 0-GBigHiz, the formation of host-guest aggregates
(PS)m@[{CpFe({>-P)h{CuX}n] (6, X = Cl, Br; 061G, 28HH.4) and
(0-GBioH1)m@[{CpFe({>-P)hACuXden] (7, X = Cl, Br; 0® G; 2.27H H.75) is realized.
Astonishingly, 1Y combines all advantages of the previously applied building blocks
[Cp*Fe(®>-Ps)] and [CB"Fe({>-Rs)], respectively, since its spherical assemblies are whlbke,
selectively synthesizable, encapsulate templates and crystaliell. Stoichiometry- or
template-driven interconversions of (8)-vertex sphere8 to 90-vertex spheref or to host-

guest aggregates could be observed for the first time.
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3.1 Introduction

Originally dominated by organic receptors, such as calixarendedextrins, crown ethers
and cryptands, host-guest chemistry has evolved into a fascinating itopurrent research,yb
now also spanning inorganic or metal-organic systéhidetallosupramolecular architectures
offer the advantage of well-balanced strength of the coordinative bomehodssuring dynamic
behavior in solution, while at the same time multidentate ligandigiesn combination with the
preferred coordination number and geometry of metal ions allows fortiamal design of host
aggregates with well-defined size and shape of cavities.

Our group makes use of substituted pentaphosphaferrocene§ §Cp-g)] as five-fold
symmetric building blocks in supramolecular chemistry (Figure la-@nibination with Lewis
acidic metal cations, a large variety of polynt@nd discrete spherical compounds have been
discovered? "% Z E] o PPE P $-R){*Eardbdufl)X X = Cl, Br, ) are only stable
when formed in the presence of an adequate template. This may*beself, thus under certain
conditions yielding the 90-vertex spherés J@[{1*}1{CuX3{CHCN}o (X = CI, Br; scaffold
Figure 1d)**5 On the other hand, a third component may act as a templateh £50-GBioHh2,
[FeCp], Go, P, As and [(CpCs)~ ..>%A&)], resulting in host molecules of various shapes and
topologies®® In particular, the (80w-vertex spherical hostsI{}1{CuX}en] (X = Cl, Br; scaffold
B, Figure 1e) should be highlighted, since their framework represanenéirely carbon-free

analogue of thd,-Gg fullerene.

a)NFﬁ@, c)

%5,

1* 1*@A [FeCp.]@B

Figure 1. Molecular structures off & %o Z &PsY]{(1*): b) [CPFe({>-P5)] (1Y; c) [CBFe({>-Ps)] (18N
Inclusion of d)L* into the 90-vertex spheré; e) [FeCj into the 80-vertex spherB. H atoms and {Fe€p
units of the host scaffold are omitted for clarity. Incorpted molecules are displayed in the space-filling
model.

Unfortunately, host-guest aggregates based hn are often sparingly soluble or even
completely insoluble, impeding further characterization in solution amekstigations on the

formation pathway®®€7n contrast, reactions of [EfFe({>-P)] (15", CF" = G(CHPh)) with
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Cu(DX (X = ClI, Br, 1) result in highly soluble spherical assgndto spanning an 80-vertex

&
ov

sphere (scaffold, Figure le) withH,-Go topology!®® Its formation is observed already in the
absence of a template and instead, solvent molecules occupy the weédolynamic behavior
of the 80-vertex sphere (scaffol) in solution, [FeG can be reversibly incorporated into the
spherical host! However, the host-guest chemistry 8" is quite limited. On the one hand, a
90-vertex sphere (scaffold) is not formed froml®". On the other hand, encapsulation inB
was proven crystallographically merely for [FdGmd [CpV(’-GH;)], but not for any other
template despite numerous attempf®® While in the synthesis ofl* based spherical
assemblies, polymeric by-products can barely be avoili¢ldese are not observed in reactions
of 18" with Cu(1)X (X = ClI, Br), but only when X = | isEed.

Since both [Cp*FP-P)] (1*) and [CB"Fe({>-P)] (18" show some disadvantages when used
as supramolecular building blocks, the question arises as to whetHectivity, solubility and
template encapsulation can be fine-tuned by further variation of theli@and. Also, post-
synthetic encapsulation and rearrangement to a 90-vertex ball baembeen observed due to
the limited solubility of the spheres and/or limited versatilityence, the use of [Ciee({>-Ps)]
(14 Cp'= GMesEtf!9 comes to mind, for which so far, only one 90-vertex sphere
[1Y@[{1%:1{CuBr}s{CHCN}o] (2-Br, scaffoldA in Figure 1d) was reportéd. We wondered,
whether 1Y as a building block might for the first time combine the solybgihd selectivity
observed for1®" with the versatility and crystallization ease observediftr

Herein, we present the results of the self-assembl§‘okith CuX (X = Cl, Br, I). Thereby, the
outcome can be controlled easily by variation of the applied reactionditions and the
resulting products are formed selectively. The high solubility of $ipderical products

additionally enables studies in solution addressing their rearrareget capabilities.

3.2 Results and Discussion

Similarly to the synthesis @Br, [Cp'& =P5)] (1Y was allowed to react with CuCl (2.2 eq.)
in a CHCEL / CHCN mixture (either by stirring or layering both components; Schertapleft).
Unfortunately, no crystals of sufficient quality for X-ray crifstaaphy were obtained despite
numerous attempts, but NMR spectroscopy confirmed the formation of
[1Y@[{1%1{CuCRBs{CHCN}o] (2-Cl scaffoldA), the Cl analogue of the previously reported
90-vertex sphere2-Br.°! After one month, also the formation of crystals of a novel 2D polymer
[{1%{CuC{CHCN}}:nCHCN 4-CLFCHCN was observed4-CFCHCN could be reproduced

selectively by layerind " in toluene with a solution of CuCl in £Ml. Performing layering

Z

u

IsGU
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experiments with Cul (2 or 3 eq.) results in the exclusivetaltigsition of the 2D polymer

[{1"{Cul}]» (5-) in 82% vyield (Scheme 1, bottom right).

Since the 90-vertex spherek (scaffoldA) comprise coordinated GEN molecules, the
guestion arose, which products would be formed in the absence e€RHHence, a solution of
1“in CHCk was stirred over solid CuX (X = ClI, Br). After 45 minutes,aagesolution was
obtained, from which by layering with toluene (8)-vertex spheres (GBbL)m@[{L%12{CuXo]
(3-Cl and 3-Br, scaffoldB) crystallized initially (< 2 weeks; Scheme 1, top right). The igoi
occupied by solvent molecule3-CIW u H Ui¥add the inorganic scaffold may contain CuX-

vacancies3-Ct n = 1.20), which is reminiscent ofl%-based (80)-vertex spherd®!2

90-vertex spheres (2) (80-n)-vertex spheres (3)
[Cp"FePs]@ v D (ax ) \'\"\\ o CH,Cl,@
[{Cp*FePi}i{CuX}ys{CH,CN}, o] w + = {CPp*FePe},,{CuXso ]

X
\

oV e N C 8

- A2 PGP N/
80-n)-vertex sphetes (6, 7 = 2xel NP \
(80;0) . &7 * e((\Q\a ﬁ}“fl}‘,) polymers (4-Cl, 5-Br, 5-1)

Y. . . © ) Jx, [{Cp*FePsHCuX],]
[{Cp*FePs}a{CuX}yg ) prreFsntUrsl,

Scheme 1. Selective self-assembfy[@p‘Fe({>-R)] (1Y and Cu(l) halides depending on the applied
reaction conditions(i) layering of CECb solutions with CECN solutions(ii) stirring briefly in CECB, (iii)
stirring longer in C¥Cbk. Template = k& (6) or 0-GBioHhiz (7). Grey capital letters indicate the scaffold of
the formed supramolecule’¢ 90-vertex sphereB: (80+)-vertex sphere).

Occasionally, after some time (> 2 weeks) also crystals o2Eh@olymeric compounds
[{1%{CuXd]» (4-Cland5-Br) were obtained. These could be synthesized more conveniently when
the reaction solutions of"and CuX are allowed to stir longer (several hours to days; Scheme
bottom right). Then, a yellow solid of the respective 2D polyrdeCl(or 5-Br) precipitates,
indicating a certain instability of the initially formed (&pvertex spheres3-Cl and 3-Br in
solution. The solids could be identified&€I(mixed with4-CFCHCN®¥ and5-Br by elemental
analysis, X-ray powder diffraction (Figure 2) and solid-std& Npectroscopyvide infrg. In
contrast, whenl1Y is stirred with Cul (2 eq.) in &b, 5-1 precipitates immediately while
uncoordinated 1" resides in the green supernatant and no spherical assembbefd be

observed.

o
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experimental experimental
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. 0.0
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o
o
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Figure 2 Experimental (top) X-ray powder diffraction patterns of preeigtl a)4-Cl(+ 4-CFCHCN!
and b)5-Brin comparison to the diffraction pattern simulated from thagle crystal X-ray data of 4)CI
andb) 5Br (bottom), respectively.

In order to stabilize the desired scaffolBsand avoid polymer formation, the self-assembly
of 1¥and CuX was additionally carried out in the presence of a temgfatethis purpose, &
and 0-GBioHi2 were selected as third components in self-assembly processese their
presence can easily be detected by NMR spectroscopy, and both have be&ssfuite
encapsulated into 80-vertex spheres bf, but proper crystallization of®" analogues was
unsuccessful despite numerous attem% By stirring a Ci&b solution of 1Y and RS or
0-GByoHi2 over solid CuX (X = Cl, Br), the desired host-guest aggreBa&gs@[{L %12{CuXgon]
(6-Cland6-Br; 0.68@ G; 2.8 H.4) or 0-GBioHh2)m@[{L %1{CuXon] (7-Cland7-Br; 0.5@n G;
2.52 1 H.52) were obtained (Scheme 1, bottom I€#)!3 The yields amount up to 63% and are
higher for shorter reaction times (stirring for 1-3 hours), whitey decrease with longer
reaction times (stirring for 2-3 days) due to the formation of instdufellow precipitates
(presumably polymerd-Cland5-Br). Furthermore, compound8 and7 can be synthesized by
layering CECN solutions of Cu(l)X (X = Cl, Br) ontgC&Eblutions ofL"and RS or 0-GBigH2
in up to 89% vyield, surprisingly without the accompanying formation of 9t&xespheres

(scaffoldA) or polymers.

Characterization of the polymeric products

Polymer4-Cl crystallizes in the orthorhombic space groBpcm Its molecular structure
consists of 1D polymeric {CuC#trands interconnected by" units (Figure 3a). Thereby, every
two of three Cu atoms link two neighborin” units, resulting in a distorted tetrahedral
coordination geometry. Every third Cu atom is only coordinated by bfieesulting in a

distorted trigonal planar coordination mode and a change in helicityhef {CuCl} strands
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a)

Figure 3. Molecular structures of &)Cl c)4-CFCHCN e)5-Brand5-I. H atoms, non-coordinating solvent
molecules, {Cj-e} moieties and positions of minor occupancies are omitteciaity. A.d.p. ellipsoids
at 50% probability level. Schematic representations of the fCh€lices in b%-Cland d¥4-CFCHCNwith
changes in helicity indicated by dashed lines at every natip coordinated Cu atom (black) or every
additionally by CECN coordinated Cu atom (grey).

(Figure 3b). Polyme#-CFCHCN s built up similarly (Figure 2, but every sixth Cu atom
(corresponding to every second of the trigonally coordinated Cu atordsCh is additionally
coordinated by C¥CN. It crystallizes in the monoclinic space gr&gn. Moreover,4-Cland
4-CFCHCN represent the first examples of polymers with [@ =P)] building blocks

}JE Jv § §} A p SFashiojy whieh so far has only been observed in spherical
aggregates of pentaphosphaferrocer&!® In contrast to the spherical compounds, however,
the {FeCP} units in4-Cland4-CFCHCNare oriented alternating above and below the layer. This
seems to render angulation along the Cu---Cu axes of th€ufP six-membered rings
unnecessary, which is in turn mainly responsible for the curvature ostied in the spherical
compounds reported befof® and herein ¥ide infrg. Compounds5-Br and 5-1 are
isostructural. They crystallize in the monoclinic space giRifc (Figure3e) and are similar to
§Z & %}ES -R)YUAT& ~{ %}oCu E 5)HeW ne{GHCh.LY While in
the latter the 2D layers are separated byGH,Cbk molecules, in compounds-Br and 5-1 the
concave parts of the puckered 2D-layer instead are occupied by theaad CH group of the
Cp'ligands. Thé&units in both polymers exhibit a 1,2,3,4-coordination mode.

PolymersA-Cl 4-CFCHCN 5-Br and5-1 are insoluble in all common solvents, but soluble in
pyridine under depolymerization. Thi#H and3P{H}NMR spectra in pyridinescthus only
exhibit signals for the uncoordinated pentaphosphaferrocdrieln contrast, the respective
solid state®*P{H}NMR magic angle spinning (MAS) spectra of the polymeric products show
broad signals ranging from O to 120 ppm. While compou#C| comprises three
crystallographically unique P atoms, th®{H} MAS NMR spectrum shows more than three
signals (Figure 4a), due to the unavoidable contamination of pretaplit&Clwith 4-CLFCHCN
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Figure 43'P{H} MAS NMR spectra of a) a mixturede€land4-CFCHCNand b)5-Br (grey) andb-I (black)
acquired at a spinning frequency of 250082

during washing with GJENI¥ The3'P{H} MAS NMR spectra &Br and5-1 are expected to
show five signals for the five crystallographically unique P ataynsdf in the solid state
structures. Each spectrum shows one distinct brpseludetriplet at 107 or 113 ppm, which can
be assigned to the P atom not coordinating to Egyre 4b). The remaining four signals overlap
in the region of 20 to 100 ppm, and the resulting broad set of sigaal®e assigned to the four
P atoms coordinating to Cu. Accordingly, the integral ratios ofpgeudetriplet to the broad
signal set amount to 1:4. Unfortunately, line shape fitting wampered due to the overlapping
of the signals, whydprand *bcucouplings are partially unresolved. However, tidig couplings
can be derived from thpseudetriplet and'kc,couplings are visible at some parts of the broad
signal set, especially in the better resolved spectruri-bfAlthough the spectra were acquired
from crystals ob-l and powder o6-Br, they merely differ in the chemical shift of tipseude

triplet, thus also confirming the composition and purity of the preeitgid 5-Br.

Solid state structures of the supramolecules

When synthesized by stirring in &H and layering with toluene for crystallization, the
spherical product8, 6 and7 (scaffoldB) all crystallize in the face-centered cubic structure type
with an a lattice constant varying between 41.841.9A. However, the obtained crystals are
often not of sufficient quality for full structure determination, bilte presence of (8@)-vertex
spheres is nevertheless confirmed. For the Cl spheres luckityyb&l quality was satisfactory.
All three compounds3-Cl 6b-Cl and 7b-Cl Figure 5) are isostructural. They crystallize in the
cubic space grouprm& and respective supramolecules occupy special positions,
represented by a half a unit @ and two {CuClI} moieties in the asymmetric unit.

Interestingly, host-guest compoundisand7 are also formed by the layering approach in
CHCLK/CHCN and then crystallize isostructurally in the space gfédspn (6a-Cl 6aBr, 7a-Cl
7aBr). As minor phase$a-Br, crystallizing in the space gro@@/m, and7a-Br, crystallizing in
the trigonal space group & are found.7a-Br is isotypic to thel* based (8M)-vertex spheres

crystallized from C4€L/CHCNP
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Figure 5. Molecular structures of &Cl b) 6 and c)7. H atoms, solvent molecules and minor positions of
disorder are omitted for clarity. Host molecules are depictedhi@ ball-and-sticks model and guest
molecules in the space-filling model.

The core of the host molecule found in all phase8-Ql 6 and7 is composed of 12ycloPs
rings connected by (20-n) {CuX} units (Figure 5), similar t(8tha)-vertex spheres ot* and
18" (scaffoldB in Figure 1e). Likewise, {CuX} contents, listed in Tablefdr, fdlifm the idealized
scaffold containing 20 {CuX} unitd Since the {CuX} amount found is not an integer, compounds
3-Cl 6 and7 must display solid solutions of spheres with different metal-deficy. For crystals
obtained by the stirring approaci3Cl 6b-C| 7b-C) the average {CuCl} amount found (18.25
18.80) cannot be unambiguously interpreted, but could be e.g. a mixture oflY8@&rtex
spheres and (80-2) vertex spheres in the ratios of 80:2@40k 60:40 for6b-Cland 25:75 for
7b-Cl For the (80-2) vertex spheres, different isomers are conceivall@Jready reported for
18" based sphereg” However, while forl®" based spheres the vacancies are found in the
12-fold CuX positioff®! for the 1Yspheres3-Cl, 6b-Cland7b-Cl partial occupation is only found
in the 8-fold positions, so in these compounds the presenceydé@mers can be ruled out. For
the crystals obtained by the layering approaéaCl 6a-Br, 6a-Br, 7a-Cl 7a-Br, 7d-Br), the
average {CuX} contents found (17.207.75) also suggest the presence of more metal-deficient,
for instance, (8@)-vertex spherical supramolecules. At least 8 of the 20 {CuXjqesare fully
occupied, while the other 12 {CuX} positions are partly vacardacinthe hypothetically derived
minimal scaffold of a (80-12)-vertex sphere was proven to ex¢tntly for a cationic sphere of
[CP' & =P)].*® Hence, the {CuX} content in the bulk phase may differ from the omedfin
the respective crystal and may vary from 8 to 20 {CuX} moietiesyggramolecule. Moreover,
in the crystals obtained by layering (@HWCHCN), Cl atoms of GEL or N atoms of CICN may
point towards the vacant X positions. This is not observed for csystatained by stirring
(CHCUb/toluene), although in principle it is possible also for toluene taupgovacant X positions,

as once observeld The trend that crystallization from toluene mixtures results isslélense
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packing of the spheres (as found for sphered9f! continues for the spheres df' presented

Z & ]v ~sle G9@0A st 9000 A.

Table 1. Number of {CuX} vacancies n, resulting total {Cu¥nterf20-n), guest occupancies m, inner
diameter (range) and max. outer diameters for crystallographicaligue molecules iB8-Cl 6 and7.

inner max. outer
Compound n (1] 20-n (14 m 12 diameter [A%  diameter [A]1?

3-Cl 1.2 18.8 0.84 7.72 25.3
6aCl 2.6 17.4 1 7.57t7.77 25.4
6aBr 2.6 17.4 0.83 7.60t7.81 25.4
4B 2.8, 17.2, 0.68, 7.6417.86, 25.5,
2.8 17.2 0.68 7.601t7.82 25.6

6b-Cl 1.4 18.6 0.8 7.69 25.3
7aCl 2.25 17.75 1 7.5817.78 25.5
TaBr 2.25 17.75 1 7.601t7.83 25.5
4Bl 2.52, 17.48, 0.77, 7.6917.79, 25.5,
1.52 18.48 1 7.64t7.77 25.2

7b-Cl 1.75 18.25 0.5 7.70 25.3

[a] The data separated by a comma correspond to crystallographigaique spheres occupying two
different special positions with site symmetryn2for 6a'-Br and $or &for 7a'-Br, respectively.

The outer diameter of the host molecules amounts up to 25.6 A, whiléntiner diameter is
about 7.7 A (Table 139 In contrast to the spheres df, the formation of the (803)-vertex
spheres reported herein is not template-controlled, but instead wb&l of 3-Clis occupied by
molecules of CCb. In the host-guest aggregatésand 7, the void is occupied by up to one
molecule of B or 0-GBioHio, respectively*! With maximum sizes of 6.99 Ag?9 and 7.77A
(0-GBi1oH12),?? both templates fit perfectly inside the cavity of the host molecuesen
considering that the van-der-Waals radii have been taken inbowtt for the size calculations.
Neither attractive interactions nor resulting preferred orientats towards the host molecule
where found. However, due to its siz2GBioHi2 does not take in an orientation where itsHC-

or B-H bonds point towards the Bycles of the host being the narrowest points of the void.

Characterization of the supramolecules in solution

The 90-vertex spherical compound-Cl and 2-Br (scaffoldA) are soluble in mixtures of
CHCL and CHCN (2:1). Th&*P{H} NMR spectra both exhibit a broad signal at 68 ppm assigned
to the P atoms of the host. The signal assigned to the encapsutatecule oflY (2-Ct
157.8ppm;2-Br: 160.8 ppm) is shifted downfield in comparison to fie§152.8 ppmji°2¥ This
downfield shift was similarly observed in tA#{H} MAS NMR spectrum of the Cp* analogue

with scaffoldA.[“a In the’H NMR spectrum, the encapsulationldfdoes not affect the chemical
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shift, and signals of fré& and encapsulated. ¥ are superimposed. Additionally, the signal

expected for the CHgroup is superimposed by the &IN signal, as was shown by
IHH-COSY NMR spectroscopy. In contrast, the signals observieduiits building the host
sphere are shifted to lower field and broadened. Interestindlgytsplit up into two groups with
an integral ratio of 2:10, suggesting the first set of sigisa#ssigned to the top and bottot"
unit while the second set of signals is assighed to theltéanits coordinating to the middle
belt. In addition, few small singlets are always observed at -£152.81ppm @-C) or -3.26

to -1.35ppm @-Br) and 1.83 ppm. These presumably might be assigned to coordinat€NCH

Compound3, 6 and7 (scaffoldB) are insoluble in pentane, toluene, THF and@\H though
astonishingly well soluble in @Eb. The high solubility of the spherical supramolecules isOEH
allows for their comprehensive characterization in solution, whiels wo far only possible for
1B"-based spherical aggregates, but often not fdrbased ones.

In the *H NMR spectra 08, 6 and 7 in CRCh, the signals for the Cfdigands comprise
chemical shifts of 1.07 to 1.080HOHs), 2.09 to 2.33 (Ghland 2.75 to 3.10 ppm (HECH) and
thus are shifted downfield compared to free'?? Moreover, the signals are broadened, and
while for the CHCH; protons only one broadened triplet is observed, all other groups of signals
split up to give up to three broad signals. This is most probably duestprfsence of spherical
aggregates with different CuX-deficiency, as already observettfand 18™-based spheres of
scaffoldB.[>9 According to'H,!H-COSY NMR spectroscopy, the three broad signals assigned to
the -G+CH protons all couple to the one broad triplet assigned to t8&3CH; protons. Hence,
the chemical shift of the latter protons does not seem to be affddig the presence of {CuX}
vacancies, since these protons are turned away from the inorganic core sptieze.

In the*P{H}NMR spectra 63, 6 and7 in CRC} up to three broad signals at ca. 67, 75 and
110ppm are found, sometimes accompanied by a sharp singlet at abopp®5 In analogy to
studies based on spheres df"®! the broad signals may be assigned to incomplete spheres
with {CuX} vacancies while the sharp singlet at 65 ppm may bbua#dd to complete spheres
[{14%12{CuX3]. Moreover, in all spectra a small singlet for figg152 ppm) is present indicating
some disaggregation df'in solution, which is in accordance to the behaviot’ofind1®" based
spheres of scaffol®.®>® For compounds, also signals for encapsulatedSPare detected
at -128 ppm (basal P atoms) but the signal for the apical P atom igisupesed by the broad
signal of the host. Interestingly, for compoundsnot only the presence a-GBigHi» but this
time also its encapsulation can be corroborated¥8{H} NMR spectroscopy. In &L} solution,
four signals are found at about -7, -14, -19 a@@ppm, which fit nicely to the signals observed
in the “B{H}MAS NMR spectrum of insoluble-GBioHi2>€, %o Z &PYHACuX3]

o
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(-7.4,-14.3,-18.8 and 9.7 ppm) ¢ Again, compared to free-GBioHi2, these signals are shifted

upfield by about 5 ppm. This shows tlaGB:oHi2 stays encapsulated in solution.

Compounds3, 6 and7 are also soluble in pyridine, however under complete disaggregation.
Hence, in the respectiviH and®'P{H}NMR spectra merely uncoordinatdd'is detected. For
pyridine-a solutions o, also signals for released¥are detected in thé'P{H} NMR spectra
(-113 and 87 ppm). AnalogoustyGBioHiz is released by dissolvirfgClin pyridine-c. Thus, in
the "B{{H}NMR spectrum four broad signals at -2.6, -9.2, -13.2 aAdLppm for the free
0-GByoH12 are found.

For compounds and 7, the presence of the corresponding template molecules is also
confirmed by EI mass spectrometry. While for compou8dsnly { %", {L{“P}* and solvents
are detected, in the spectra of compoun@siso RS* is found. In the spectra of compounds
a peak is detected at a mass/charge ratio of 142.2, corresporidifgBioHic". Only once, also
the expected peak at a mass/charge ratio of 144.2 f@¢Eh," was detected. Therefore, El
mass spectrometry was also performed on por&B;oHi2 and the resulting spectrum indeed
featured a main peak at 142.2, superimposed by a smaller peak at IA4i indicates the
cleavage of two H atoms fromGBioHi2 to give @BigHio under mass spectrometric conditions
and thus indirectly confirms the presence o0fGBioHi2 in all samples of compounds.
Remarkably, the templates are detected by EI mass spectrometry'Biti} or'B{H} NMR
spectroscopy regardless of the synthesis method applied (layeringries stirring vs. long
stirring). For comparison, applying more than 17 vol%3;0BD to solutions of
[FeCpl|@[{CF"Fe({>-Ps)h{CuBr}sr] (Figure 1e) leads to release of [Fe|Cpeing the reason
why template encapsulation experiments witf" were always carried out by stirring in the
absence of CHNEY On the contrary, the synthesis of host-guest aggregates fidms
restricted to the layering approach, since the products are toolirtde for the stirring approach

and rapid precipitation is observed.

Reactivity of the supramolecules

Compounds3 (scaffoldB) seem to be unstable in solution over time, as the polynde®
and 5-Br precipitate when stirring the reaction mixture longer and crilsta from the mother
liquor while crystals 08 vanish. Hence, the stability 8fin solution and solid state was further
investigated. For this purpose, compoungisvere dissolved in GBb and CHCN was added.
Thereby, the reaction mixture turned greenish, indicating the releasencoordinated1"

Scheme 2, top left). NMR spectroscopy after one day proved the disagoregétl, which
( p p py yp go
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Scheme 2Conversions of (8B)-vertex sphere8 to uncoordinated building block" (top left), polymers
4-Cland5-Br (top right), 90-vertex sphere3 (bottom right) and host guest aggregatégbottom left).
Grey capital letters indicate the scaffold of the formed supraoole @: 90-vertex sphereB:
(80n)-vertex sphere).

was complete foB-Cl Moreover, crystals of compoun@swvere also re-dissolved in pure £Ib

and stirred for one day. While NMR spectroscopy again confirmed thggtisgationto 1Y also

a yellow solid precipitates. Presumably, this is due to the formaifgolymers4-Clor 5-Br, in

which the ratio ofLYto CuX is 1:3. While the ratio3ris 12:(20ve ~HiWiX6+U ]8§ }ue o & $Z
1Yhas to be released while the polymers are formed from decomposing cong@uischeme

2, top right). In contrast, the (80)-vertex spheres (scaffolf) of 18" are stable even without

template encapsulation, and polymers BY with CuCl or CuBr are not knoW#h.

In an attempt to stabilize compoundsin the solid state, crystals were stored under pure
toluene. This way, crystals & were preserved for one month without significant loss of
crystallinity. On the other hand, crystals ®fvere also found to be stable in the mother liquor,
as long as no precipitate is present. When, during the crystadiiz of 3, also precipitate is
formed and the crystals are left in this suspension, then crystdsanish with more precipitate
being formed. In contrast, if some mother liquor is decanted into &t Schlenk flask
without the precipitate and crystals & are transferred into this mother liquor, these crystals
are still present after one month. Hence, the presence of a dhgtion seeds seems to be
crucial for the formation of polymerd-Cl and 5-Br from decomposing sphere3 since this
transformation is only observed either in the presence of precipitatén the presence of a

stirring bar.
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As compounds3 are formed only in the absence of £H, the question arose whether

80-vertex spheres3 (scaffoldB) can be transformed into 90-vertex spher2gscaffoldA) by
adding CuX and GEN. Indeed, when a solution of the respective CuX saltiGICi$ added to

a solution of the 80-vertex spher&in CHCL according to the NMR spectra the corresponding
90-vertex sphere< are formed (scaffoldh, Scheme 2, bottom right). Interestingly, first NMR
experiments also suggest the formation of a mixed 90-vertex sphere
[141@[{1%12{CuClpsy{Cul}{ CHCN}o] by this method (cf. Supporting Information).

Moreover, since compoundsshow partial disaggregation releasibin CHCE solution, it
becomes conceivable to subsequently add a template. For these imxgas, 0-GBioHi2 was
applied as its encapsulation is traceable BB{H}NMR spectroscopy. According to the
HBAHINMR spectra, stirring (scaffoldB) with 0-GBioHh2 in CRCh results in the encapsulation
of 0-GBsoH12 to give compoundg (scaffoldB, Scheme 2, bottom left). On the other hand, when
compoundsy are dissolved in GBb and CHCN is added, partial degradation of the 80-vertex

spherical host (scaffolB) occurs ana-GBioHiz is being released (Scheme 2, left).

3.3 Conclusion

In conclusion, it was shown that the self-assemblg'okith Cu(l) halides occurs in a highly
selective manner. On the one hand, new polymdr€l| 4-CFCHCN 5-Br and 5-1 can be
obtained. Remarkably4-Cl and 4-CFCHCN are the first pentaphosphaferrooe-based
% }oCu E- }uBoddimdvon te Cu from all five P atoms, a mode otherwise only found
in spherical aggregates so far. All polymers were charactebizedlid state’*P{H} NMR magic
angle spinning (MAS) spectroscopy, thus complementing previous MAS NMRyati@ssi on
1* based compounds with polymers comprising 1,2,3,4- and 1,2,3,4,5-coordinatiorsmode

On the other hand, spherical aggregates are obtained includingef@x spheres2
(scaffoldA), (80n)-vertex spheres3 and template-stabilized (80)vertex spheress and 7
(scaffoldB). The synthesis of these spherical aggregates occurs in a hitgdiive manner and
the products are significantly more soluble than the Cp* analogudswialg for their
comprehensive characterization in solution as well as investigaion interconversions. Thus,
post-synthetic encapsulation ad-GBioHi» into (80n)-vertex spheres3 to give template-
stabilized (8M)-vertex spheres7 was observed for the first time. Remarkably, an
unprecedented interconversion of the (80Q-vertex scaffold o8 to the 90-vertex scaffold &
was achieved upon addition of CuX salts isGMNH Higher solubility had also been obtained by

application ofi®" as a building block, however encapsulation ittbbased spherical aggregates
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could be proven crystallographically only for a very limited number of terepjaind 90-vertex

spheres were never found. In comparison, spheres‘@nd CuX tend to form crystals of better
quality than those ofl®", thus proving advantageous for X-ray crystallographic charactenzati
In summary,1 combines all advantages df and 18" as a supramolecular building block
concerning solubility, selectivity, versatility, template encapsolatand crystallization ease,
while ruling out their respective disadvantages. Future investigathence could profit from
using1l" as a building block. Due to the fact, that host-guest aggregstteting from 1Y are
synthesizable by the stirring as well as the layering appraacie synthetic methods towards
host-guest aggregates become available. Thus, the chances to obtaaisofsovel host-guest
assemblies with X-ray quality are increased, being the limfantpr to this chemistry so far.
Prospective research will address the synthesis of mixed-halndk mixed-metal 90-vertex
spheres (scaffold) and competitive displacements of templates encapsulated im{8@=rtex

spheres (scaffol®) by NMR studies.

3.4  Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques. Solvents weregudifedd and degassed
prior to use by standard procedures. [Ep~%Ps)] (19?5 and RS were synthesized following
reported procedures, although the synthesisldfwas performed irmeta-diisopropylbenzene
with an improved yield of 80%. CuCl, CuBr, Culaa@B.oH:> are commercially available and
were used without further purification. Solution NMR spectra wereorded on a BRUKER
Avance 400 spectrometer. MAS NMR spectra were acquired on a Bruker A880ce
spectrometer. Chemical shiftasvare given in [ppm] referring to external standards of
tetramethylsilane fH NMR spectra), 85% phosphoric acitP{H}NMR spectra), NaRQ
('P{H} MAS NMR spectra) or BELO B{H} NMR spectra). ESI-MS spectra were recorded on
a ThermoQuest Finnigan MAT TSQ 7000 and EI-MS spectra were recoedeahioigan MAT 95

mass spectrometer. Elemental analyses were performed on a Vario ghaltdts.

Synthesis of {Cp& ~B)}@[{CP'& =P5)}1{CuCl{CHCN}q] (2-Cl)
To a mixture of [Cp& =B)] (14 49 mg, 0.14 mmol) and CuCl (29 mg, 0.29 mmol) 5 mL
CHCN and 5 mL GEb were added. After stirring for ten minutes, the deeply oraryewn

solution was filtered and layered with 20 mL hexane. Already afterday, large black rods of

o



it &]v rdpv]vP S§Z epu% E ulo
W vS % Z}e% 2Z ( EE} Vv < t Z] AJvP #AlAH S
©rop ]ofl BCo

2-Cl(within mother liquor) and yellow plates d¢fCFCHCN (above mother liquor) crystallized.

However, all attempts to obtain crystals d@-Cl suitable for X-ray crystallographic
characterization failed. Crystals®flwere taken from the Schlenk wall and quickly dipped into
a Schlenk tube with pentane, washed with pentane (3 x 3 mL) and dried.

Analytical data o2-Ct

Yield:6 mg (0.8...u}oU 69

'H NMR (CBCL/CD:CN):w € %0 %2152 (Ar), -2.43 (s), -2.36 (s), -1.81 (br), 0.73(%= 7.0 Hz,
{CpFeR}enc+ed, 0.84 (t33in= 7.0 Hz, éBhs), 0.98 (33 = 7.5 Hz, 36 H, {GFeR}spherd, 1.26 (M,
GsHhua), 1.42 (br, {ClreR}enc.+red, 1.83 (S), 1.94 (GON and {Cif-eR}enc.+red, 2.1812.25 (br, 144
H, {CpFeR}spherd, 2.8913.04 (br, 24 H, 36 H, {&{®R}spherd, 5.32 (CECb).

SIPLH}NMR (CBCL/CD:CN): W €% %o Us A 006 ~ 'F&ERlonédd, MOD (S, %4CHFeRMree),
157.8 (s, 5 P, {CpeRenc).

Elemental Analysis:Calculated (%) for {Eh/FeR)13(CuChs(CHCN)(GHis)2 (7368 g/moal):
C 25.59, H 3.45, N 0.19; found (%): C 25.44, H 3.40, N traces.

Synthesis of {Cp& 2PB)}@[{Cp'& =-P5)}iACuBrks{CHCN}o] (2-Br)®

To a mixture of [Cp& =B)] (1Y 48 mg, 0.13 mmol) and CuBr (43 mg, 0.30 mmol) 3 mL
CHCN and 7 mL GEkL were added. After stirring for ten minutes, the deeply orarmewn
solution was filtered and layered with 15 mL hexane. Already afterday, large black rods of
2-Brcrystallized. The crystals were taken from the Schlenkwithlla spatula and quickly dipped
into a Schlenk flask with pentane, washed with pentane (3 x 3 mLJiréeul
Analytical data o2-Br:
Yield:42mg (4.9...u}oU 6069
IH NMR (CBCH/CD:CN): W € %o %08.26 Abr), -2.01 (br), -1.35 (br), 0.72 { = 7.3 Hz,
{CpFeR}enc+ed, 0.85 (133 = 6.9 Hz, éBha), 0.98 (t3hn= 7.5 Hz, 36 H, {GpeR}spherd, 1.25 (M,
GsHhua), 1.41 (br, {CPreR}enc.+fred, 1.83 (), 1.92 (GON and {Cif-eR}enc.+red, 2.22t2.26 (br, 144
H, {CpFeR}spherd, 2.96 1 3.09 (br, 24 H, 36 H, {&&R}spherd, 5.32 (CECb).
SIPAH}NMR (CBCH/CD:CN): W €% %oUe A 00 ~'F&ERlondd, MOH (S, %UCHeRMee),
160.8 (s, 5 P, {CpeR}enc).
Elemental AnalysisCalculated (%) for {Eh7FeR)13(CuBr)s(CHCNY GHis)2 (8520 g/mol): C
22.41, H 3.02, N 0.33; found (%): C 22.38, H 2.86, N 0.29.
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Synthesis of (C}b)n@[{CP'& =-P5)}1{CuClio] (3-Cl)

[Cp'& =B)] (1Y 54 mg, 0.15 mmol) and CuCl (30 mg, 0.30 mmol) were dissolved in 7 mL

CHCL and stirred for 45 minutes. After filtration, the orange sabutiwas layered with 15 mL
toluene. After complete diffusion the mother liquor was decanted andhteek cubic crystals
of 3-Clwere washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) and dried.

Analytical data 08-Ct

Yield:50mg (7.8...u}oU 019X

H NMR (CECb): W €% % ue* A [Xi8GMefEHOH)) 2,09t 2.26 (144 H, 4MesEt), 2.34
(s, GHg), 2.8512.96 (M, 24 H, s®le,CH,CH), 5.33 (CkCh), 7.1417.26 (M; GHg).

3PAH}NMR (CBCh): W €% %oUus A 060XOU 6 ~ E«URIPE)P. E+U iATXA ~+U € %o
'H NMR (pyridine-g): W € %o %o U s Al @6 HzSBIH, GpeR), 1.37 (s, 6 H, CpeR), 1.40
(s, 6 H, CiFeR), 1.92 (q3hn= 7.6 Hz, 2 H, GFeR), 2.22 (s, &%), 5.69 (s, CiE}), 7.1617.30
(m; Gh).

3IPLH} NMR (pyridine-d): W €% %oue A i3'E@X+PBHPU € %o

Positive ion ESI-MS (@Eh, CHCN): m/z = 980.6062 [(CFeR).CuCh]*, 882.7082
[(CpFeR).CuCl], 782.8104 [(CHreR).Cul, 504.9241 [(ClreR)Cu(CECN)]*, 463.8972
[(CpFeR)Cu(CECN)T, 422.8693 [(Cl-eR)Cul.

Negative ion ESI-MS (&b, CHCN):m/z = 332.6571 [GXCL], 232.7623 [CrCh], 134.8647
[Cud]],

EFMS (70 eV)m/z = 359.9340 [CFeR]", 297.9864 [(CireR)-R]", 92.0586 (&s)".

Elemental Analysis:Calculated (%) for {Eh7/FeR)i2(CuChy(GHs)(CHCB)s (6441 g/mol). C
27.78, H 3.54; found (%): C 27.61, H 3.61.

Synthesis of (C¥b)m@[{Cp'& >P5)}{CuBrken] (3-Br)
[Cp'& =P)] (1Y 47 mg, 0.13 mmol) and CuBr (40 mg, 0.28 mmol) were dissolved in 7 mL
CHCL and stirred for 40 minutes. After filtration, the orange solutioassayered with 9 mL
toluene. After complete diffusion the mother liquor was decanted andlifeek cubic crystals
of 3-Br were washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) aedl dri
Analytical data 08-Br:
Yield:56mg (7.7...u}oU 6i9-
HNMR (CECb): W €% %oue+ A iX16GMefEHRCH)Y 2,131 2.33 (144 H, <MesEt), 2.34
(s, GHs), 292 t13.07 (m, 24 H, «®1esCHCH), 5.33 (CkCh), 7.12t7.26 (m, &).
SIPEH}INMR (CBCL): W €% %oues A 03XOU 0f ~ E+U 606 "& ER)).116 ~ E+U iAiXo ~
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'H NMR (pyridine-g): w € %o %o U+ AJihX 3.8 HzSIH, GpeR), 1.37 (s, 6 H, CpeR), 1.39

(s, 6 H, CiFeR), 1.91 (g3} = 7.6 Hz, 2 H, GpeR), 2.22 (s, &), 5.68 (s, Ci€h), 7.16 t7.30

(m; GHe).

31PLH} NMR (pyridine-@): W € %o %o U+ A [3'@X8P))U € %o

Positive ion ESI-MS (@Eb, CHCN): m/z = 1070.4954 [(CpeR).CuBr]*, 926.6508

[(CpFeR):CuBI', 782.8043 [(CiFeR).Cu}, 607.7387 [(CfreR)CuBr(CHCN)], 566.7123

[(CpFeR)CuBIT, 504.9201 [(CireR)Cu(CEICN)]*, 463.8934 [(Ci-eR)Cu(CECN)T.

Negative ion ESI-MS (&Et, CHCN):m/z = 939.9872 [GBr]", 796.1431 [CsBrs], 654.2966

[CuBr], 510.4520 [CiBr], 366.6081 [CiBrs], 322.6583 [CiCIBp], 222.7634 [CuBF,

178.8139 [CuCIBr]

EFMS (70 eV)m/z = 359.9346 [CFeR]", 297.9867 [(CiFeR)-P]*, 92.0595 (@+)", 83.9510

(CHCh)™.

Elemental AnalysisCalculated (%) for {Eh/FeR)12(CuBn(GHs):(CHCE); (7290 g/mol): C

25.70, H 3.24; found (%): C 25.76, H 3.19.

Synthesis of [{CP& =P){CuCl] (4-Cl) and [{CP& ~B5)}{CuCIH{CHCN}]-CHCN
(4-CFCHCN)

[Cp'& =P)] (1Y 101 mg, 0.281 mmol) and CuCl (83 mg, 0.83 mmol) were dissolved in
15mL CHChL and stirred for 4 d. The suspension was filtered over a G4ttigt,precipitate
washed with CkCh (3 x 10 mL) and GEN (3 x 10 mL) and dried. Elemental analysis suggests a
mixture of 4-Cl and 4-CFCHCN (3:1) has formed. PresumablCl reacts with CECN while
washing to give4-CFCHCN However, washing with GBN is crucial to remove residual
unreacted CuCl.

Crystals of4-Cl were obtained by stirring [C& =B)] (14 20 mg, 0.056 mmol) and CuCl
(11 mg, 0.11 mmol) in 8 mL £H only for 1.5 hrs, filtering and layering with 10 mL toluene.
While after 2 d crystals @B-Cl were obtained, after one month instead crystals4e€l were
present.

Analytical data ofi-Cland4-CFCHCN

Yield (precipitated):134mg (0.201 mmol, 72% for(Eh/FeR)(CuCCHCN} 25

SIP{H} MAS NMR:w € %o %0 U 804br at least 3 signals superimposed),t70L0 (br, at least
two signals superimposed).

'H NMR (pyridine-g): w € %o %o U+ AliX 3.6 HzSJH, GpeR), 1.47 (s, 6 H, CpeR), 1.49
(s, 6 H, CiiFreR), 1.86 (s, C#N), 2.03 (= 7.6 Hz, 2 H, GpeR), 5.69 (s, Ci€b).

3PLH} NMR (pyridine-@): W € %o %o U+ A (TiXI-PIN € %o
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Positive ion ESI-MS (GEh, CHCN)29 m/z = 980.5983 [(CFeR).CuCh]*, 882.7007
[(CpFeR)CuCll, 782.8047 [(CfeR).Cul, 620.6613 [(CireR)CuCh]®, 601.8056
[(CpFeR)CuCI(NGHs)]", 563.7899 [(CireR)CuCI(CHCN)], 522.7629 [(C-eR)CuCIf,
501.9087 [(CHeR)Cu(NGHs)]*, 463.8933 [(CiFeR)Cu(CECN)], 422.8661 [(ClFeR)Cul.
Negative ion ESI-MS (@B, CHCN)®® m/z = 332.6592 [GICL], 232.7632 [CiCh], 134.8651
[Cud]].

Elemental AnalysisCalculated (%) for {h/FeR)(CuClCHCN}) s (667.2 g/mol): C 20.70, H
2.68, N 0.52 ; found (%): C 20.87, H 2.65, N 0.3.

Synthesis of [{CP& =P5)}{CuCR{CHCN}]-CHCN (4€FCHCN)

Crystals of4-CFCHCNwere obtained by layering a solution of [ =B)] (1% 30 mg,
0.083mmol) in 5 mL toluene with a solution of CuCl (25 mg, 0.25 mmol) in 5 gNCAfter
four months crystals o#-CFCHCNwere formed. The crystals were taken from the Schlenk wall
with a spatula and quickly dipped into a Schlenk tube withGBHvashed with C¥Ch (3 x 3 mL)
and dried.

Analytical data o#-CICHCN

Yield:34 mg (0.024 mmol, 58%)

Elemental AnalysisCalculated (%) for (&h/FeR)(CuCkCHCN} (1396 g/mol): C 22.37, H
2.89, N 2.01; found (%): C 22.46, H 2.84, N 1.88.

Crystals of--CFCHCNwere also obtained by layering a solution of {&p =B)] (1% 46 mg,
0.13mmol) in 5 mL Gk with a solution of CuClI (30 mg, 0.30 mmol) in 4 mMiC8IHWhile after
one week crystals dt-Clwere obtained, after one month instead crystals4e€FCHCNwere

present.

Synthesis of [[Cp& =-B5)H{CuBr}] (5-Br)

[Cp'& =P)] (1Y 102 mg, 0.283 mmol) and CuBr (120 mg, 0.837 mmol) were dissolved in
15mL CBCh and stirred for 4 d. The suspension was filtered over a G4ttigtprecipitate
washed with CkCh (3 x 10 mL) an@HCN (3 x 10 mL) and dried.

Few crystals ob-Br could be obtained by layering the combined washing liquors with
toluene. Alternatively, crystals di-Br were obtained by stirring [Ci& =-B)] (1Y% 20 mg,
0.053mmol) and CuBr (19 mg, 0.11 mmol) in 10 miCEHnly for 1.5 hrs, filtering and layering
with 10 mL toluene. After two weeks, only crystaiBr were present.

Analytical data o5-Br:

o
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Yield (precipitated):169mg (0.214 mmol, 77%)

3IPAHI MAS NMR:W € %o %o U *9G\(bE] 4tP), 107 (t, 1 P).

'H NMR (pyridine-¢): W € %o %o U s AliLX d.6 HzSIH, GfeR), 1.39 (s, 6 H, CpeR), 1.42
(s, 6 H, CiFeR), 1.95 (31w = 7.6 Hz, 2 H, GfeR), 5.70 (s, CiTh).

3IPLHINMR (pyridine-@): W €% %o U A [3'@X+P)PU € %o

Positive ion ESI-MS (@Eb, CHCN)®?Y m/z = 1070.4942 [(CPeR).CuBr]*, 782.8024
[(CpFeR)Cul, 722.7796 [(CireR)CuBr(NGHs)]", 710.5572 [(CireR)CuBr]*, 645.7539
[(CpFeR)CuBr(NGHs)]", 607.7379 [(ClreR)CuBr(CHCN)], 566.7115 [(CireR)CuBIT,
501.9079 [(CH-eR)Cu(NEHs)]*, 463.8924 [(C-eR)Cu(CKCN)T, 227.0354 [Cu(GBN)]".
Negative ion ESI-MS (@b, CHCN)28 m/z = 510.4565 [GBr]", 366.6107 [CiBr3]", 222.7655
[CuBs], 178.8153 [CuCIBI]

Elemental AnalysisCalculated (%) for {¢/FeR)(CuBn (790.3 g/mol): C 16.72, H 2.17,N O ;
found (%): C 16.70, H 2.05, N O.

Synthesis of [{CP& =B)HCul}] (54)

A solution of [CB& 2B)] (1“4 50 mg, 0.14 mmol) in 10 mL LM was layered with a
solution of Cul (83 mg, 0.44 mmol) in 15 ml@N\H After complete diffusion, the mother liquor
was decanted. The crystals were washed with toluene (3 x 5 mLpemdne (3 x 5 mL) and
dried.

Analytical data 05-I:

Yield:106 mg (0.114 mmol, 82%)

31pAH} MAS NMR:wppm] = 20t 90 (br, 4 P), 113 (t, 1 P).

'H NMR (pyridine-¢): wWppm] = 0.64 (t3}41= 7.6 Hz, 3 H, GfeR), 1.35 (s, 6 H, CpeR), 1.38
(s, 6 H, CfreR), 1.89 (q3hn= 7.6 Hz, 2 H, GfeR), 5.69 (s, Ci€h).

3IPLHI NMR (pyridine-@): W €% %o U A [3'@X+P)PU € %o

Positive ion ESI-MS (@EN)?1 m/z = 1164.4675 [(CPeR).Cuwlz]*, 972.6360 [(CiFeR).Cuwl]*,
804.5320 [(CfreR)Cul]*, 782.8027 [(CPreR).Cul, 653.7263 [(CireRB)Cwl(CHCN)T,
612.7000 [(CHreR)Cul]*, 504.9109 [(CfFeR)Cu(ChCN)]*, 463.8930 [(CiFeR)Cu(CHCN)T.
Negative ion ESI-MS (@EN)?7 m/z = 698.4079 [Gilk],, 506.5751 [Cils], 316.7408 [Cul,
224.8046 [CuCl|]134.8662 [Cugll, 126.9060 ().

Elemental AnalysisCalculated (%) for {Eh-FeR)(Cul} (931.3 g/mol): C 14.19, H 1.84, N O;
found (%): C 14.33, H 1.78, N 0.
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Synthesis of (B)n@[{CpP'& =P5)hA{CuCllor] (6-Cl)

Method A (layering €a-C):
A solution of [CH& =-B)] (14 26 mg, 0.072 mmol) and:® (13 mg, 0.059 mmol) in 10 mL
CHCL was layered with a solution of CuCl (20 mg, 0.20 mmol) in 10 sENCHKfter complete

diffusion, the mother liquor was decanted together with the oge precipitate. The crystals
6a-Clwere washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) ardl drie

Analytical data 06a-Ct

Yield:23mg (3.9...u}oU 0089+X

IH NMR (CEC): W €% %oUus A {Xi@MeLHCH), 2W0t2.27(144 H, MesEt), 2.34 (s,
GHg), 2.85t2.97 (M, 24 H,sMe,CHCH), 5.32 (CkCb), 7.141 7.26 (M, @Hs).

31P{H} NMR (CECh): W € %o %1 28.0ARSs pasa), 66.6 (br), 68.0 (B apica), 68.4 (br), 75 (br), 111
(br), 151.7 (s, [CPeR]iee).

IH NMR (pyridine-g): w € %o %o u e AlLX 36 HzSRH, GReR), 1.37 (s, 6 H, CpeR), 1.40
(s, 6 H, CfFeR), 1.92 (q3hn= 7.6 Hz, 2 H, GfeR), 2.22 (s, k), 5.68 (s, Cib), 7.16 1 7.30
(m; Gh).

3IPEH} NMR (pyridine-@): w € %o %d U3.4Xd2Jkp= 59 HZ, S pasa), 146.1 (s, [CH& =B))).
Positive ion ESI-MS (@Eb, CHCN): m/z = 980.5976 [(CFeR).CuCh]*, 882.7006
[(CpFeR).CuCl}, 782.8042 [(CleR).Cul, 563.7893 [(CH-eR)CuCI(CHCN)I, 522.7625
[(CpFeR)CuClT, 504.9193 [(CireR)Cu(CECN)]*, 463.8933 [(CfFeR)Cu(CBCN)], 422.8660
[(CpFeR)CuT.

Negative ion ESI-MS (@Eb, CHCN):m/z = 232.7648 [GXk], 134.8663 [Cugll.

EFMS (70 eV)m/z = 359.9348 [CireR]*, 297.9866 [(Cii-eR)-P.]*, 219.8083 [PS]*, 92.0589
(GHe)™.

Elemental AnalysisCalculated (%) for {(8)(GiHi7FeR)12(CuChu (5926 g/mol): C 26.76, H 3.47,
N 0, S 1.62; found (%): C 26.80, H 3.45, N 0, S 1.48.

Method B (stirring briefly £b-C))
[Cp'& =P)] (14 30 mg, 0.083 mmol).& (10 mg, 0.045 mmol) and CuCl (20 mg, 0.20 mmol)

were stirred in 10 mL CGBb for 2.5 hours. The red solution was filtered from the yellow
precipitate and layered with 17 mL toluene. After complete diffusitr, mother liquor was
decanted. The crystals 6b-Clwere washed with toluene (5 x 5 mL) and hexane (3 x 5 mL) and
dried.

Analytical data 06b-Ct

Yield:19mg (3.1...u}oU 0&8f9e
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'HNMR (CECL): W €% %o U+ A iXi@MeLHCH), 210t 2.27 (144 H, MesEt), 2.34 (s,
GHs), 2.7512.98 (24 H, MesCHCH), 5.33 (CkCh), 7.1417.26 (M, @Hs).
$P{H}NMR (CBChL): W € %o %dl28.3X RS basa), 66.2 (P apica), 69 (br, [CHFeR]hosy), 77 (br,
[CpFeR]nos), 111 (br, [CHeR]nos), 151.9 (S, [CreR]ree).
'H NMR (pyridine-g): w € %o %o U+ AJihX 3.8 HzSJH, GpeR), 1.36 (s, 6 H, CpeR), 1.39
(s, 6 H, CfreR), 1.91 (3= 7.6 Hz, 2 H, GfeR), 2.22 (s, &), 5.68 (s, CiEh), 7.1617.30
(m; GHe).
31P{H} NMR (pyridine-@): w € %o %d03.44d2}p= 59 HzZ, 5 pass), 147.1 (s, [CP& =B)]).
EFMS (70 eV)m/z = 359.9240 [CeR]*, 297.9779 [(CreR)-P]*, 219.8016 [F]*, 92.0563
(GHe)".
Elemental AnalysisCalculated (%) for (8)(GiHi/FeR)i2(CuChss (6074 g/mol): C 26.10, H
3.39, N0, S 1.58; found (%): C 26.05, H 3.40,N O, S 1.48.

Synthesis of (FBR)m@[{Cp"& =P5)}{CuBrkon] (6-Br)
Method A (layering a-Brand 0 -Bn):
A solution of [Cp& =-B)] (1Y 30 mg, 0.083 mmol) and® (12 mg, 0.055 mmol) in 8 mL W

was layered with a solution of CuBr (24 mg, 0.17 mmol) in 7 sCNCIAfter complete diffusion,
the mother liquor was decanted together with the yellow precipitatee Trystals oba-Br and

0 -Br were washed with a mixture of @Bk / CHCN (2:1, 3 x 10 mL) and pentane (3 x 5 mL)
and dried.

Analytical data o6a-Brand o -Br:

Yield:25mg (3.7...u}oU fAi9e

IH NMR (CECh): W €% %o ues A i Xi-@GMeEHTCH)02.1312.32 (144 H, 4MesEt), 2.81t
3.08 (m, 24 H, 4MesCHCH), 5.33 (CECh).

3PEH}NMR (CBCh): W € %0 %0 128.3A(d, FSpasa), 66.1 (br), 73 (br), 109 (br), 151.8 (s,
[Cp'& =8)lfree)-

'H NMR (pyridine-g): w € %o %o U+ A% 3.8 HzSRH, GpeR), 1.35 (s, 6 H, CpeR), 1.38
(s, 6 H, CiFeR), 1.89 (q33w = 7.6 Hz, 2 H, CFeR), 2.22 (s, k), 5.68 (s, CiTh), 7.1817.28
(m; GhHg).

$IPEH} NMR (pyridine-@): w € %o %d03.24d2}p= 59 Hz, % pass), 86.7 (B apica)*, 149.0 (s,
[CpU& =B)]). *Signal almost below noise floor

Positive ion ESI-MS (@Eh, CHCN): m/z = 1070.4946 [(CpeR):CuBr]*, 926.6500
[(CpFeR).CuBIT, 782.8044 [(CHeR).Cul, 607.7384 [(CreR)CuBr(CHCN)], 566.7120
[(CpFeR)CuBI], 504.9197 [(CireRB)Cu(ChBICN})]*, 463.8931 [(CiFFeR)Cu(CBCN)J.
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Negative ion ESI-MS (&b, CHCN):m/z = 796.1503 [GiBrs],, 654.3024 [CiBrs]", 510.4565
[CuBr], 366.6108 [CiBr], 322.6612 [CiCIBp], 222.7649 [CuBJ, 178.8155 [CuClIBy]
134.8654 [Cug].

EFMS (70 eV)m/z = 359.9424 [CiFeR]", 297.9935 [(CireR)-P]*, 219.8142 [FS]*.

Elemental AnalysisCalculated (%) for {8)(GiHh7/FeR)i2(CuBnss (6763 g/mol): C 23.44, H
3.04,N 0O, S 1.42; found (%): C 23.48, H 3.10, N O, S 1.53.

Method B (stirring briefly $b-Br)
[Cp'& =-B)] (1% 30 mg, 0.083 mmol),.& (9 mg, 0.041 mmol) and CuBr (27 mg, 0.19 mmol)

were stirred in 10 mL GBb for 2.5 hours. The red solution was filtered from the yellow
precipitate and layered with 1L toluene. After complete diffusion, the mother liquor was
decanted. The crystals 6b-Br were washed with toluene (3 x 5 mL) and hexane (3 x 5 mL) and
dried.

Analytical data 06b-Br:

Yield:30mg (4.4...u}oU 0719

H NMR (CECb): W €% %o U+ A iXi8GMefEHCHD 2,13t 2.33 (144 H, 4Me4Et), 2.34
(s, GHg), 2.9113.10 (m, 24 H, sMe,CHCH), 5.33 (CkCL), 7.12t7.26 (M, &H).

3IPH} NMR (CBCh): W € %o %128.3ARSs basa), 65.6 (B apica), 66.0 ([CH& 2B)]nost), 74 (b,
[Cp'& ~B)lnos), 109 (br, [CP& =B)]nost), 151.8 (s, [CP&  =)]ee).

H NMR (pyridine-g): w € %o %o U s Al 3.8 HzSRH, GpeR), 1.36 (s, 6 H, CpeR), 1.39

(s, 6 H, CfFeR), 1.90 (q3kn= 7.6 Hz, 2 H, GfeR), 2.22 (s, k), 5.68 (s, Cib), 7.16 1 7.30
(m; Ghg).

31PLH} NMR (pyridine-@): W € %o %d03.1Xd2}kp= 59 Hz, % bass), 87.4 (B apica)*, 147.7 (S,
[Cp'& =-B)]). *Signal almost below noise floor

EFMS (70 eV)m/z = 359.9366 [CiFeR]", 297.9884 [(CireR)-P]*, 219.8094 [FS]*.

Elemental AnalysisCalculated (%) for {&)(G1Hi7FeR)12(CuBrs (6835 g/mol): C 23.20, H 3.01,
N O, S 1.41; found (%): C 23.29, H2.95, N O, S 1.38.

Method C (stirring longer 6b-Br)
[Cp'& =P)] (1Y 30 mg,0.083mmol), RS (9 mg, 0.041 mmol) and CuBr (24 mg, 0.17 mmol)

were stirred in 10 mL GBL for three days. The red solution was filtered from the yellow
precipitate and layered with 10 mL toluene. After complete diffusitw, nother liquor was
decanted. The crystals 6b-Br were washed with toluene (3 x 10 mL) and pentane (3 x 5 mL)
and dried.

o
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Analytical data 06b-Br:
Yield:6 mg (0.81...u}oU ii9e
EFMS (70eV): m/z = 359.9372 [CipeR] ", 297.9891 [(CireR)-P]", 219.8106 ()"

Synthesis of §-GB1oHi)m@[{Cp'& =-P5)}1{CuClon] (7-Cl)

Method A (layering Za-C):
A solution of [CB& =F)] (1Y% 33 mg, 0.092 mmol) armGBoHi2 (10 mg, 0.069 mmol) in 7 mL
CHCLb was layered with a solution of CuCl (24 mg, 0.24 mmol) in 7 RCNCHfter complete

diffusion, the mother liguor was decanted. The crystal3@aClwere washed with toluene (3 x
5 mL) and pentane (3 x 5 mL) and dried.

Analytical data ofa-Ct

Yield:30mg (4.9...u}oU 009

'HNMR (CECL): w €% %oues A iX1EGMefEHCHY 2,10t 2.26 (144 H, 4MesEt), 2.34
(s, GHg), 2.7512.96 (M, 24 H, ®esCHCH), 5.33 (CkCh), 7.12t7.26 (M, &H).

SIPAHINMR (CECh): W €% %oUe A RO XP)no§), @b (br, [CH& ~P)]nes), 78 (br,
[CP & 2-B5)lnos), 110 (br, [CP& =B)]nos), 151.8 (s, [CP&  =-Bb)]rrec)-

LBAH}NMR (CBCh): W € %o % Uls -14.3, -19.020.1.

'H NMR (pyridine-g): w € %o %o U+ AJiX% 3.8 HzSH, GpeR), 1.39 (s, 6 H, CpeR), 1.42
(s, 6 H, CfFeR), 1.94 (q3hn= 7.6 Hz, 2 H, GeR), 2.22 (s, &), 5.69 (S, CiTh), 7.1617.30
(m; GHg).

SIPAH}NMR (pyridine-g): W €% %ous A |3 ERAU € %o

LB{H} NMR (pyridine-g): W € %o %216s -2, -13.214.1.

Positive ion ESI-MS (@Eh, CHCN): m/z = 980.5985 [(CFeR).CuCh]*, 882.7014
[(CpFeR).CuCl}, 782.8043 [(CireR).Cul, 563.7894 [(CireR)CuCI(CHCN)}, 522.7625
[(CpFeR)CuClf, 504.9196 [(CreR)Cu(CEICN)]*, 463.8935 [(CireR)Cu(CECN)T.

Negative ion ESI-MS (&b, CHCN):m/z = 332.6613 [GCL],, 232.7652 [CiCE], 134.8665
[Cud]].

EFMS (70 eV)m/z = 359.9350 [CiFreR] ", 297.9868 [(CireR)-P.]*, 142.1762 (&BioH1i0)*.
Elemental AnalysisCalculated (%) for §BioHh2)(GiHi7FeR)12(CuChs(GHs). (6133 g/mol): C
28.98, H 3.81, N 0; found (%): C 28.94, H 3.80, N O.

Method B (stirring briefly Zb-C)
[Cp& =P)] (1Y 34 mg, 0.094 mmol)p-GBioHh2 (10 mg, 0.069 mmol) and CuCl (18 mg,

0.18 mmol) were stirred in 7 mL @Bk for 45 minutes. The red solution was filtered and layered
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with 12 mL toluene. After complete diffusion, the mother liquor wasatded. The crystals of

7b-Clwere washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) ardl drie
Analytical data ofb-Ct

Yield:29mg (4.5...u}oU AG69-

EFMS (70 eV)m/z = 359.9362 [CFeR]", 297.9880 [(CireR)-P]", 142.1773 (BroH0)"

Method C (stirring longer #-C))
[Cp'& ~P)] (1Y 30 mg, 0.083 mmol)p-GBioHh2 (12 mg, 0.083 mmol) and CuCl (17 mg,

0.17mmol) were stirred in 10 mL gEb for three days. The orange-brown solution was filtered
from the yellow-greenish precipitate and layered with 15 mL toluene.rAft® weeks the
solution was again layered with 10 mL hexane. After completasiliffi, the mother liquor was
decanted. The crystals @b-Clwere washed with toluene (4 xBd mL) and pentane (3 x 3 mL)
and dried.

Analytical data o7b-Ct

Yield:6 mg (0.9...u}oU i719e¢

EFMS (70 eV)m/z = 359.9438 [CiFeR]", 297.9948 [(CreR)-P.]*, 142.1814 (§BioHi0)*.

Synthesis of §-GBioHh2)m@[{Cp'& 2P5)}{CuBrkon] (7-Br)

Method A (layering Fa-Brand 6 -Br):
A solution of [CB& =-B)] (14 32 mg, 0.089 mmol) anotGBioHi2 (8 mg, 0.06 mmol) in 6 mL
CHCLE was layered with a solution of CuBr (29 mg, 0.20 mmol) in 6 CNCHfter complete

diffusion, the mother liquor was decanted. The crystal§@Br and 6 -Br were washed with
toluene (3 x 5 mL) and pentane (3 x 5 mL) and dried.

Analytical data ofa-Brand ¢ -Br:

Yield:46mg (6.6...u}oU 0669~

EFMS (70 eV)m/z = 359.9365 [CfreR]", 297.9881 [(CireR)-R]", 142.1768 (BioHio)*,
92.0593 (&Hs)".

Elemental AnalysisCalculated (%) for §BioH2)(GiHi7FeR)i12(CuBns(GHs). (6943 g/mol): C
25.60, H 3.37, N 0; found (%): C 25.60, H 3.10, N 0.

Method B (stirring briefly Zb-Br)
[Cp'& =P)] (1“ 29 mg, 0.081 mmol)p-GBioHi2 (10 mg, 0.069 mmol) and CuBr (24 mg,

0.17mmol) were stirred in 10 mL &b for one hour. The red solution was filtered and layered

o
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with 10 mL toluene. After complete diffusion, the mother liquor wasateed. The crystals of

7b-Br were washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) and dried.

Analytical data o¥b-Br:

Yield:21mg (3.1...u}oU 809~

IHNMR (CECb): w €% %ous A iXié6GMefEHCH) 2,13 t 2.33 (144 H, «MesEt), 2.34
(s, GHs), 2.9213.08 (M, 24 H, ®e,CHCH), 5.33 (CbkCh), 7.1417.26 (M, &Hg).

SIPEHINMR (CBCL): W € %o %oue A 088X 8-B)lnd), €2 Hor, [CH& 2B%)]nosy), 108 (br,
[Cp'& =B)lhos), 151.7 (S, [CHP&  2-B)]free)-

LB{H} NMR (CBCh): W € %o %7123 -14.3, -18.820.0.

'H NMR (pyridine-g): w € %o %o U+ AlihX 3.8 HzSIH, @peR), 1.33 (s, 6 H, CpeR), 1.35
(s, 6 H, CiFeR), 1.87 (q3}w= 7.6 Hz, 2 H, GReR), 2.22 (s, &%), 5.68 (S, CiTh).

3PLH} NMR (pyridine-@d): w € %o %o U+ A '&X&-BPU € %o

HBLH}NMR (pyridine-@d): w € %o % ue A v} ¢]Pv o« § § X

Positive ion ESI-MS (@Eb, CHCN): m/z = 2433.3542 [(CpeR)sCuoBr]*, 2291.5082
[(CpFeR)sCwBr]*, 2147.6613 [(CHeR)sCuBr]*, 2003.8126 [(CiFeR):CuBr]*, 1859.9692
[(CpFeR):CuBr]*, 1070.4957 [(CHeR).CuBr]*, 926.6504 [(CireR).CuwBI], 782.8045
[(CpFeR).Cul, 566.7122 [(CfreR)CuBr]", 504.9195 [(CireR)Cu(CKECN})]*, 463.8930
[(CpFeR)Cu(CECN)T.

Negative ion ESI-MS (@B, CHCN):m/z = 939.9912 [GiBr7], 796.1462 [C3Brs], 654.2990
[CwBrs]", 510.4540 [C4Br]", 366.6091 [C4Brs]", 222.7641 [CuB.

EFMS (70 eV)m/z = 359.9358 [CfFeR]", 297.9881 [(CHreR)-P]*, 144.1822 (&Biotho)",
142.1785 (€BioHi0)"

Elemental AnalysisCalculated (%) for §BioHi2)(GiHi7FeR)1(CuBns (6759 g/mol): C 23.81, H
3.22, N 0; found (%): C 23.79, H 3.20, N 0.

Method C (stirring longer #b-Br)
[CpU& =B)] (14 30 mg, 0.083 mmol)p-GBioHi2 (12 mg, 0.083 mmol) and CuBr (24 mg,

0.17mmol) were stirred in 8 mL @€t for three days. The red solution was filtered from the
yellow precipitate and layered with 16 mL toluene. After complete difiusthe mother liquor
was decanted. The crystals df-Br were washed with toluene (2 x 5 mL) and@E{3 x 5 mL)
and dried.

Analytical data o¥b-Br:

Yield:19mg (2.6...u}oU 769
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HNMR (CECb): W €% %oue* A iXi6GMefEHCHY 2,141 2.33 (144 H, {MesEt), 2.34
(s, GHg), 2.9313.10 (M, 24 H, s®e4sCHCH), 5.33 (CkCh), 7.12 t 7.26 (M, &H).

SIPAHINMR (CBECh): W €% %ous A 0 FX P-B)inbdy), B6%br, [CP& 2P)]nes), 73 (br,
[CP'& =-B)Jnos), 109 (br, [CP& =2-B:)]nos), 151.8 (S, [CP&  B)]rec).

UB{IH}NMR (CBCh): W € %o %ULs -14.1, -18.820.0.

EFMS (70 eV)m/z = 359.9333 [CiFeR]", 297.9854 [(CiFeR)-P*, 142.1756 (§BioHo)",
92.0586 (@)™

Stability of 3Clin CHCN solution

A few crystals 0B-Clwere dissolved in 3 mL &Eb to give an orange solution. Upon adding
1 mL CECN, the solution turned green immediately. After stirring for one dag stblvent was
evaporated, and the residue dissolved in,Cbto give an orange solution again.
IH NMR (CECh): W € %o %o U+ AJiXd® Hz3BH, GfeR), 1.43 (s, 6 H, CpeR), 1.45 (s, 6
H, CpFeR), 1.94 (g3} = 7.6 Hz, 2 H, GpeR), 1.97 (s, G}N), 5.32 (s, GEb).
SIPEH}INMR (CBCh): W €% %o U A [A'X &-PHPU € %o

Stability of 3Brin CHCN solution

A few crystals 08-Br were dissolved in 3 mL &Eb to give an orange solution. Upon adding
1 mL CECN, the solution was stirred for one day. The solvent was evapbfede the brown
suspension, and the residue dissolved inCD
'H NMR (CECL): W € %o %o U AJLX 3.6 HzSRH, UpeR), 1.06 (br, [CFeR]spherd, 1.44 (S,
6 H, CpFeR), 1.45 (s, 6 H, CpeR), 1.94 (q3h+= 7.6 Hz, 2 H, GfeR), 1.95 (s, GIEN), 2.13t
2.32 (br, [CHFeR]spherd, 2.81t 3.10 (br, [CHeR]spherd, 5.32 (s, CITL).
SIPEH}NMR (CBCE): W €%0%oues A 0& “BHMedE 72o(br, [CH& =-B)]spherd, 107 (br,
[CP'& 2-B)]spherd, 151.8 (S, [CP&  2-B)lfree).

Stability of 3€Clin CHCE solution

A few crystals 08-Clwere dissolved in 2 mL &I to give an orange solution. After stirring
for 30 minutes, the resulting yellow suspension was analyzed by NMRGgeopy.
H NMR (CBCb): W € %o %o Us AliX d B HzS®IH, GpeR), 1.44 (s, 6 H, CpeR), 1.45 (s, 6
H, CpFeR), 1.95 (93w = 7.6 Hz, 2 H, GfeR), 2.34 (s, &%), 5.33 (s, CiL), 7.15t 7.24 (m,
GiHs).
SIPAH}NMR (CBCh): W €% %oue A A8 &-P)Rdd). € %o

o
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Stability of 3Brin CHCb solution

A few crystals 08-Br were dissolved in 2 mL &Ib to give an orange solution. After stirring
for one day, the resulting yellow suspension was analyzed by NMR spegtyosc
'H NMR (CBCh): W € %0 %o U AJilX 3.8 HzSRIH, GpeR), 1.06 (br, [CHeR]spherd, 1.44 (S,
6 H, CpFeR), 1.45 (s, 6 H, CpeR), 1.94 (92w = 7.6 Hz, 2 H, GeR), 2.13 t 2.32 (br,
[CpFeR]sperd, 2.34 (s, &), 2.82 t 3.09 (br, [CHFeR]spherd, 5.32 (s, CIEL), 7.12t 7.26 (m,
CGHe).
SPEHINMR (CBCh): W €% %o Uus A [ EX &-B)kdd). € %o

Stability of 3-Clin toluene or mother liquor
[Cp& =B)] (1% 52 mg, 0.14 mmol) and CuCl (32 mg, 0.32 mmol) were dissolved in 6 mL

CHC} and stirred for 45 minutes. After filtration, the orange solutioasnayered with 8 mL
toluene. Already after four days, the formation of black cubic crysth&Cland powder was
observed. After complete diffusion, some of the black crystal3-Gfwere a) taken from the
Schlenk wall with a spatula and dipped into a Schlenk tube withnieloe b) taken from Schlenk

wall with a spatula and dipped into a Schlenk tube with some ofribther liquor or c) left in

the Schlenk tube with some of the mother liquor and the precipitated gwAfter one month,

crystals of3-Clwere still found in a) and b), while in ¢) they have vanished.

Stability of 3Brin toluene or mother liquor

[Cp'& =P)] (1Y 55 mg, 0.15 mmol) and CuBr (46 mg, 0.32 mmol) were dissolved in 8 mL
CHC} and stirred for 45 minutes. After filtration, the orange sabutiwas layered with 12 mL
toluene. Already after four days, the formation of black cubic ctystE8-Br was observed. After
complete diffusion, some of the black crystals3eéBr were a) taken from the Schlenk wall with
a spatula and dipped into a Schlenk tube with toluene or b) lefhénSchlenk tube with the

mother liquor. After one month, crystals 8fBr were still found in a) and b).

Reaction of 3€lwith CuCl

A few crystals 08-CI(5mg, 0.8...u}os A E e+ ALCHand added to a solution
of CuCl (~1 mg, 10.. U}in 2 mL C¥CN. After stirring for three hours, the resulting dark orange
solution was analyzed by NMR spectroscopy.
'H NMR (CBCL/CDsCN):w € %o %2156 (Ar), -2.41 (s), -2.35 (S), -2.07 (br), 0.75#= 7.4 Hz,
3 H, CpFeR), 0.99 (t33=7.2 HZ-C), 1.45 (s, 6 H, ClpeR), 1.46 (s, 6 H, CpeR), 1.94 (CECN
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and CpFeR), 2.06 (s), 2.19 (b2-C), 2.20 (br2-C)), 2.26 (br2-C), 2.28 (br2-C), 2.93 (br2-C)),

3.08 (br,2-C)), 5.40 (s, Ci€bh).

SIPAHINMR (CBCH/CD:CN): W €% %oUue A 672-Cha U500 @&/ B P, [CA 5B)]nee),

161.5 (S, 5 P-Chues).

Reaction of 3€lwith Cul

Afew crystals 08-ClI(5mg, 0.8...u}os A E -+ AKCHand added to a solution
of Cul (~1 mg, 5.. u} o+ ik QBCN. After stirring for three hours, the resulting dark orange
solution was analyzed by NMR spectroscopy.
'H NMR (CECL/CDsCN):w € %o %2 flor) £.78 (br, 3 H, [CGFeR]enc.+fred, 0.99 (br, [CHER]hos),
1.49 (s, 12 H, [CPeRenc+fred, 1.94 (CECN and [CHreRenc.+red, 2.03 (s), 2.20t 2.36 (br,
[Cp*FeR]nosy), 2.94 (br, [CHeR]nosy), 5.39 (s, CIEb).
IPEHINMR (CBCHCD:CN): W €% %o ue A 63 ~ GFERl), WA @ % P,
[Cp'& =P)]iree), 164 (br, 5 P, [CBeR]enc)*. * Signal almost below noise floor.

Reaction of 3Br with CuBr

A few crystals oB-Br (13mg, 1.8...u}os v p@gEl14.l.u}os A E ]e+s}oA ]v
mixture of CHCh and CHCN(3 mL, 2:1) and stirred for one hour. The resulting dark orange
suspension was analyzed by NMR spectroscopy.
IH NMR (CECL/CDsCN): W € %o %o-8.26 Abr)*, -2.01 (s), -1.35 (s), 0.71 Y = 7.6 Hz,
{CpFeR}enc+red, 0.98 (133 = 7.5 Hz, 36 H, {@ER}spherd, 1.40 (S, 6 H, {CPeRenc+red, 1.41
(s, 6 H, {CfreR}enc.+ired, 1.84 (s), 1.92 (GON and {Cf-eR}enc.+ree SUpErimposed), 2.22 2.26
(br, 144 H, {CfreR}spherd, 2.9613.11 (br, 24 H, 36 H, {&f®R}spherd, 5.32 (CECh).
3P{H} NMR (CBCL/CD:CN): W €% %oUes A 00 ~FeRi)hedT, 1805 (s ACHeR}ee).

*Signals almost below noise floor.

Reaction of 3€lwith 0-GByoHi2

3CI(5mg,0.8...u}0° 0-GBioHi2(1mg, 7...u}os A E ]« ABCH0 give an
orange solution. After stirring for 30 minutes, a yellow solid had ipieted, and the dark
orange supernatant was analyzed by NMR spectroscopy.
H NMR (CECh): W € %o %o U* AlhX 3.8 HzSH, GReR), 1.07 (br, [CHeR]spherd, 1.43 (S,
6 H, CFeR), 1.45 (s, 6 H, CpeR), 1.94 (q2kn = 7.6 Hz, 2 H, GpeR), 1.49 t 2.00 (br
0-GBioH12), 2.10 t 2.27 (br, [CHFeR]spherd, 2.34 (S, &), 2.53 (br,0-GBuoHh2), 2.72 (br,

o



it &]v rdpv]vP §Z * U % E u}o‘ pno E Z u
W vS % Z}*e% zZ ( EE} Vv e« t Z] A]JvP AlAHsE|]ow]SCU
cjop Jo|] G
0-GBioHh2), 2.8612.98 (br, [CHFeR]spherd, 3.66 (brp-GBioHi2), 5.32 (s, CiEb), 7.1317.26 (m,
CGH).
SPEHINMR (CBCh): W €%0%oue A J'& ~BHspeE Bo(br, [CH& >B)]spherd, 78 (br,
[CpU& =B)lsprerd, 110 (br, [CP& =B)lspnerd, 120 (br, [CP& =B)lspherd, 151.8 (s,
[CpU& 2B)liree)-
HUBH}NMR (CBChE): W € %o %o U-2.9 A(P-CBioHizlree), -7.6 (§-GBiotho}gues), -9.6
({0-GBuothzlree), -13.9 (@-GBioHigdee), -14.9 (-CBioHizdiee), -19.1 (§-GBiothatgues), 20.4
({0-GBioHi2}gues) -

Reaction of 3Br with 0-GBioHi2

3Br(5mg, 0.7...u}oe* 0-GBioHi2 (2mg, 14...u}os A E e+ hdACBEClto give
an orange solution. After stirring for one day, a yellow solid had pitated, and the dark
orange supernatant was analyzed by NMR spectroscopy.
IH NMR (CBCh): W € %o %o U AihX 3.6 HzSH, GpeR), 1.06 (br, [CHeR]spherd, 1.44 (s,
6 H, CpFeR), 1.45 (s, 6 H, CpeR), 1.94 (92hn = 7.6 Hz, 2 H, GfeR), 1.50 t 2.08 (br,
0-GBioH12), 2.13 t 2.33 (br, [CHFeR]spherd, 2.34 (S, &), 2.53 (br,0-GBioH2), 2.72 (br,
0-GBiothz), 2.80t3.09 (br, [CHFeR]spherd, 3.66 (bro-GBioHi2), 5.32 (s, Ci€h), 7.12t7.26 (m,
GiHs).
SPEHINMR (CBCL): W €%0%oue A 0& >PHMedE 7Bo(br, [CH& >B)]spherd, 109 (br,
[Cp'& =B)]spherd, 151.9 (S, [CH&  ~B)]ree).
UB{H}NMR (CECL): W € %o %o U-2.9 A(p-GBiothadiee), -7.7 (6-GBioHizgues), -9.6
({o-GBioHi2}ree), -13.9 (9-CBioHizlree), -14.9 (§-CBioHizlree), -19.0 (§-CBioHizgues), 20.2
({o-GBroHi2}gues))-

Reaction of 7€lwith CHCN

A few crystals of -Clwere dissolved in 3 mL &b to give an orange-brown solution. After
adding 1 mICHCN, the solution was stirred for one day. The solvent was evaporatadtfre
orange-brown suspension and the residue dissolved in 1 reCLKCD
'H NMR (CECh): W € %o %o U+ Al 8.8 Hz33H, @feR), 1.08 (br, [CHFeR]spherd, 1.45 (br,
12 H, CpFeR), 1.54 (br,0-GBioHi2), 1.92 (2 H, CfFeR)*, 1.97 (s, C¥CN), 2.11t 2.26 (br,
[Cp'FeR]spherd, 2.73 t 2.97 (br, [CHFeR]spherd, 3.66 (br,0-GBioH12), 5.32 (s, Ci€h). *Signal
almost below noise floor.
SIPEH}NMR (CBCh) W W € %o %dbu, {CH' 8D &-8)]spherd, 78 (br, [CH&  =-8%)]spherd, 110 (br,
[Cp"& =-B)]spherd, 151.7 (s, [CP&  2-B¥)]iree)-
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UBEH}INMR (CBCh): W € %o %o U-2.8 A(p-GBioHizdtee), -7.5 (6-CGBioHizlgues), -9.6
({0-GBuoHiz}ree), -13.9 (§-CGBioHiziee), -14.4 (§-GBioHizdgues), -14.9 (-GBioHiz}ree), -19.0
({0-GBioHi2}guesy), -20.3 (§-GBioHh2}gues)-

Reaction of 7Br with CHCN

A few crystals of-Br were dissolved in 3 mL &b to give an orange solution. After adding
1 mL CECN, the solution was stirred for one day. The solvent was evapofiatedthe orange-
brown suspension and the residue dissolved in 1 miC&D
IH NMR (CECh): W € %o %o U AlLX 3.6 Hz3®H, GpeR), 1.07 (br, [CHeR]spherd, 1.44 (S,
6 H, CFeR), 1.45 (s, 6 H, CPeR), 1.94 (q3hn= 7.4 Hz, 2 H, GpeR)*, 1.97 (s, CKCN), 2.13t
2.32 (br, [CFeR]spherd, 2.81 1 3.09 (br, [CHFeR]spherd, 3.66 (bro-GBioHi2), 5.32 (s, CITb).
*Signal almost below noise floor.
31PAH} NMR (CBCh): Wppm] = 64.9 (S, [Cl&  2B)]spherd, 66 (br, [CP& 2-B)]spherd, 74 (br,
[Cp'& 2B)lspherd, 79 (br, [CP& >B)lspherd, 108 (br, [CB& 2B)lspherd, 151.7 (s,
[Cp'& =-B)lfree).
UBIHINMR (CECb): W € %0 %o U-2.9 AP-CBioHhoiee), -7.2 (6-GBroHiJgues), -9.4
({o-GBuoHiz}ree), -13.9 (§9-CBioHizbree), -14.3 (§-GBroHizdgues), -18.9 (§-GBroHhizlgues), 20.1
({0-GBroH12}guesy)-

The observed signals indicate a degradation of the host scaffold thieilguest molecule
0-GBigHi2 is released. Seen in this light, it is especially intergghat host-guest aggregateés
and7 are nevertheless formed from the layering approach in the presen&@ vol% CHCN (cf.
syntheses oba-Cl 6a-Br+ 0 -Br, 7a-Cl 7aBr, 6 -Br). This might be caused by the insolubility
of 6 and 7 in premixed mixtures of GBL and CHCN, so that the host-guest aggregates
immediately crystallize upon their formation at the solvent interfacéhe layering reaction. In
contrast, the for the degradation reactions BiCland7-Br with CHCN, both compounds have

to be dissolved in GBb first, and CECN is added subsequently.

3.5 Crystallographic Details

Crystals of3-Cl t 7b-Cl were taken from a Schlenk flask under a stream of argon and
immediately covered with mineral oil to prevent decomposition and a lossobfent. The
quickly chosen single crystals covered by a drop of the oil weretlyirgaced into a stream of

cold nitrogen with the pre-centered goniometer head with CryoMd&uannd attached to the
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goniometer of a diffractometer. The data f8+C| 4-C| 4-CFCHCN 5-Br, 5-1, 6b-C| 7a-Br,7a-Br

and7b-Clwere collected on an Agilent Technologies diffractometer equippigdl a Titar¥?CCD
detector and a SuperNova Culicrofocus source using 06 ¢« ve 3Koi 123 K (only for
5-). Absorption correction for these was applied based on crystal fades crystals foBa-Br
showed systematic twinning featuring very close reflections, andtempt to measure high
quality data at the laboratory device failed due to relatwéw resolution of the detector
preventing separation of the diffraction maxima during integration.

Therefore, to collect diffraction data f@a-Brand6a-Br, at the DESY PETRA Il synchrgtron
the crystals were carefully selected, mounted on a magnetic holdtegcked for quality and
placed into a Dewar vessel with liquid nitrogen using standeydceystallography tools. Using
standard procedures, it was placed into a special DewareVé&isd with liquid nitrogen among
other crystals in the Plhutch. A robotic mounting/demounting was used for further
manipulations?® The measurements were performeti 80 K on a 1-axis goniostat using 360°-
E}s 3]}v E}luv " Al§8Z vmepéh(.dpi@me 4t 3 keV oa-Br, and 40 ms per
0.05° frame at 20 keV for 68-Br. DECTRIS PILATUS 6M photo-counting detector was used to
register diffraction pattern in a shutterless mode. Due to dntadiation damage, only those
frames were taken into integration, which were not affectedd®scomposition of the crystal.
Empirical absorption correction using equivalent reflections wadiegpThe dataset collected
for 6a-Br was integrated with de-twin procedure implementedQ@nysAlisPrsoftward*? and
confirmed supposed earlier x/-x twinning law. The experimentatsgy chosen to separate
twinned reflections with narrow scans allowed for the datasethvi®.. = 0.0496 compared to
Rnt = 0.0713, which was obtained at a laboratory device.

To collect diffraction data at helium temperature in order to ckef it was possible to
suppress severe disorder of the guest molecules, the crystéla-6fand 7a-Cl were taken to
the DESY PETRA lll synchrotron. X-ray diffraction experime@ss@band7a-Clwere measured
at P24 EH2 beamliff¥ using four-circle HUBER diffractometer with Eulerian DECTRIS $8LATU
CdTe 1M pixel array detector at 15(1)&aC) or 20(1) K 4aC) using open-flow helium
cryosystem. The data for were acquired by 3@btation with 0.1° scan width and exposure
02« % E (E u 3§ A 20.50000% 24,8 keV). Data reduction for all data sets was
performed with CrysAlisPro softwardempirical absorption correction using equivalent
reflections was applied.

The structures-Cl t 7-Br were solved by direct methods wiBHELXYY and refined by full-
matrix least-squares method againkt in anisotropic approximation using multi-processor

variable memory versions GHELXL (2014-2018pr the refinement of the structures of the
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cubic structure typéb-Cland7b-Cl the model obtained fron3-Clwas used, and for structures

of tetragonal structure typ&a-Cl 6a-Br and7a-Br, the model obtained fronTa-ClL The models
were individually adapted in structural detail concerning refinementhefoccupation factors
for partly vacant CuX positions, refinement of the guest and solvent¢gutds, which can vary
from sample to sample. The occupation factors for disordered positiomeafy atoms in all
structures of3, 6 and7 were refined with fixed isotropicidd similar to the averagei4d (0.025-
0.035A? depending on temperature) for the fully occupied heavy atoms in theesponding
structure. To model severe disorder of the guest molecules thebigply refinement was used,
as applicable for rigid cage moleculegarborane and . The model for the refinement of
o-carborane was extracted using &3@rom the crystal structure determination from neutron
diffraction’® (QEQFUN), in which all B-H distanced were additionally averaged tb. QM.
The carbon atoms were placed arbitrarily to maintain correctnasical composition without
overdue complication of the model, and give no information on the reantaition of the
o-carborane molecule. The model for the refinement gf&Rage molecule was extracted using
CSI5 from the crystal structure determinatidi¥ (ZEGSUZ04). The carbon atoms were placed
arbitrarily to maintain correct chemical composition without osee complication of the
model, and give no information on the real orientation of tirearborane molecule.

The solvent molecule€HCN andCHCb or toluene are severely disordered, and in

supramolecular compound3 6 and7 their real content can be seriously underestimated.



it &]v rdpv]vP §Z eep% E u}jo po E Z u
W VS % Z}e% Z ( EE} Vv =« t Z] AJvP AJAHSEG]w]SCU
cjop ]ol] och
Table 2. Experimental details for compourdd€| 4-Cland4-CFCHCN
Crystal data 3-Cl 4-Cl 4-CICHCN
Chemical formula  Gs2H204ChssdCuissoF@2Ps0  CiiHhi7CkClsFeR CosHe7CCusFeNPo
-6(GHg)-3(CHCLb) ‘CHCN
M; 6987.93 656.91 1395.94
Crystal system, CubicFn8c Orthorhombic,Pbcm Monoclinic,P2:/n
space group
Temperature (K) 90 90 90
a,b,c(A) 41.5600 (3) 10.05280(16), 12.6711(2),
15.2613(3), 15.6252(3),
12.7940(2) 23.1053(5)
£°) 90 90 99.3555(18)
V(A% 71783.9 (16) 1962.85(6) 4513.72(16)
Z 8 4 4
H000) 27990 1288 2752
Dx (Mg n) 1.293 2.223 2.054
Radiation type CukD CuKkD CuKD
P(mnt?) 9.39 16.99 14.78
Crystal shape Prism Prism Needle
Colour Dark brown Yellow Yellow

Crystal size (mm)

0.17 x 0.16 x 0.13

0.09 x 0.08 x 0.06

0.35x0.02 x 0.01

Data collection

Diffractometer
Absorption
correction

Tmin, Tmax

No. of measured,
independent and
observed[ E T®}

SuperNova, Titaid
Gaussian

0.312, 0.545
12944, 3162, 2543

SuperNova, Titaid
Gaussian

0.379, 0.503
4654, 2065, 1748

SuperNova, Titaid
Gaussian

0.207, 1.000
15064, 8805, 5227

reflections

Rnt 0.022 0.030 0.060

~e]V hd(AD 0.627 0.627 0.627

Range oh, k | h=-47037, h=-11012, h=-8015,
k=-6051, k=-14018, k=-14018,
I=-29023 I=-1507 |=-28027

Refinement

RF E 1%, 0.067, 0.204, 1.06 0.023, 0.052, 0.95 0.058, 0.133, 0.91

wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment
Anax, 4%in (€ AO)

3162

172

6
constrained
0.85, 0.78

2065

116

0
constrained
0.59, 0.45

8805

491

13
constrained
1.66, 1.04

Computer programs: CrysAlis PRO 1.171.39.37b (Rigaku OD), BIELXT2018/5 (Sheldrick, 2018),
SHELXL2018/3 (Sheldrick, 2018). SHELXT2014/7 (Sheldrick, 2014208HEL(gheldrick, 2014).
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Table 3. Experimental details for compourtaBr, 5-1 and6b-Cl
Crystal data 5-Br 5- 6b-Cl
Chemical formula GiHi7BrCuFeR  GiHi/CuFebPs  (PsS)o.s@ GazHoosChs.sdClis 60
Fe2Pso:(GHe)s:(CHCb)o.96
M; 790.29 931.26 6970.96
Crystal system, space Monoclinic,P2:/¢c  Monoclinic,P2;/c CubicFnBc
group
Temperature (K) 90 123 90
a b, c(A) 11.0228(5), 11.18729(11), 41.55007(13)
12.2772(4), 12.62201(13),
15.6863(5) 16.08805(15)
H°) 94.749(3) 96.3307(9) 90
V(A3 2115.53(13) 2257.88(4) 71732.4(7)
Z 4 4 8
HO000) 1504 1720 27923
Dy (Mg m) 2.481 2.740 1.291
Radiation type CukD CuKkD CuKD
P(mnt?) 18.93 43.74 9.42
Crystal shape Plate prism Prism
Colour Yellow black Dark brown

Crystal size (mm)

0.09 x 0.04 x 0.020.13 x 0.09 x 0.0 0.07 x 0.06 x 0.05

Data collection

Diffractometer SuperNova, Titai? SuperNova,

SuperNova, Titaid

Titan™?
Absorption correction Gaussian Gaussian Gaussian
Tiin, Tmax 0.357, 0.756 0.031,0.207 0.549, 0.664
No. of measured, 8248, 4206, 3031 22323, 450817592, 3148, 2401
independent and 4430
observed[ E TH}
reflections
Rt 0.050 0.037 0.033
~e]v hdo(AY 0.627 0.625 0.624
Range oh, k, | h=-9013, h=-13013, h=-15050,
k=-15012, k=-15015, k=-34041,
|=-17019 I=-19020 |=-42022
Refinement
RF E 1F],wRF),S 0.043, 0.110, 1.00.020, 0.0500.059, 0.193, 1.04
1.11
No. of reflections 4206 4508 3148
No. of parameters 213 214 156
No. of restraints 0 0 5

H-atom treatment H-atom H-atom
parameters parameters
constrained constrained

A%vax, Ain (€ A3) 0.87, 0.87 1.09, 0.83

H-atom parameters
constrained

0.91, 0.59

Computer programs: CrysAlis PRO, Agilent Technologies, diffenesidns 2014-2017, SHELXS (Sheldrick,
2008), SHELXL2014/7 (Sheldrick, 2014). SHELXT2018/5 (Sheld)¢IigRBLXL2018/3 (Sheldrick, 2018).
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Table 4. Experimental details for compourt@sCland 6a-Br.
Crystal data 6a-Cl 6a-Br
Chemical formula  (PS) @ GaoHz04F€12Ps0Ch7.40CUW7.40 (PaS8)0.839@ GoHe04F€12Ps0Ch7.40C W7 .40
(CHCN} 25 (CHCLb)2.» (CHCN}.g:(CHCb)1.42
M 6705.25 7234.27
Crystal system, Tetragonal P42/ n Tetragonal P42/ n
space group
Temperature (K) 15 80
a,c(A) 36.43436(6), 20.49028(15) 36.66093(4), 20.67071(5)
V(&) 27200.1(2) 27781.93(9)
Z 4 4
H000) 13385 14131
Dx (Mg nm) 1.637 1.730
Radiation type Synchrotron,O= 0.500 A Synchrotron,O= 0.6888 A
P(mnt?) 0.97 4.45
Crystal shape Prism Prism
Colour Dark brown Dark brown
Crystal size (mm) 0.40 x 0.30 x 0.30 04x0.2x0.2

Data collection

Diffractometer

Absorption
correction

Tmin, Tmax

No. of measured,
independent and
observed[ E T®}

P24 beamline, PETRA Ill, DES' P11 beamline, PETRA Ill, DESY,
Huber diffractometer, Pilatus3 Decries PILATUS 6M

CdTe 1M
Multi-scan Multi-scan
0.769, 1.000 0.417, 1.000

550742, 49692, 44165 333067, 43780, 40134

reflections
Rt 0.028 0.033
~e]v hfAY 0.823 0.760
Range oh, k, | h=-58059, h=-48048,
k =-58058, k=-44048,
|=-30030 |=-30029
Refinement
RF E T3], 0.040, 0.129, 1.05 0.037, 0.123, 1.03
wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment
Anar, S%0in (€ AO)

49692 43780

1511 1363

9 29

H-atom parameters constrained H-atom parameters constrained
2.20,1.42 2.70,1.45

Computer programs: CrysAlis PRO 1.171.41.21a (Rigaku OF), 36IELXT2018/5 (Sheldrick, 2018),
SHELXL2018/3 (Sheldrick, 2018).
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Table 5. Experimental details for compour@sBr and7b-Cl

Crystal data 6a-Br 7b-Cl

Chemical formula  (P2$)0.68@ GasHzo4F€2PsoCU7.2dCh7.20 (GBroH12)0.5:GiazHroaF €1 2Ps0Clis 25

(CHCb)1.4(CHCN) 25 Chs.25(GHg)s 4:(CHCLb)1 2

M; 7147.59 6797.45

Crystal system, spaci Monoclinic,C2/m CubicFnBc

group

Temperature (K) 80 90

a, b, c(A) 33.6038 (4), 23.74502 (14), 41.26543 (16)

34.6012 (2)

H°) 103.3649 (7) 90

V(A% 26861.3 (4) 70268.3 (8)

Z 4 8

HO000) 13962 27239

Dy (Mg n) 1.767 1.285

Radiation type Synchrotron,O= 0.61991 A CukKD

P(mnt?) 3.44 9.27

Crystal shape Prism Prism

Colour Dark brown Dark brown

Crystal size (mm)

0.10 x 0.10 x 0.08

0.23 x0.16 x 0.09

Data collection

Diffractometer

P11 beamline, PETRA IlI,
Dectris PILATUS 6M

Absorption correction Multi-scan

Tmin, Tmax
No. of measured,

independent and
observed[ E TR}

0.572, 1.000
83620, 83620, 67511

DI SuperNova, Tita#

Gaussian
0.325, 0.595
14536, 3060, 2326

reflections

Rt 0.050 0.023

~e]v Jd(AY 0.845 0.623

Range oh, k| h=-48048, h=-19044,
k=-360 36, k=-45050,
I=-54055 =-36034

Refinement

RF E 1P, wRF), 0.059, 0.194, 1.05 0.080, 0.270, 1.12

S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment
A2ax 4%in (€ A3)

83620

1352

19

H-atom parameters constrained
2.61, 2.80

3060

151

5

H-atom parameters constraine:
1.23, 0.63

Computer programs: CrysAlis PRO 1.171.41.21a (Rigaku OR,@36Rlis PRO 1.171.38.46 (Rigaku OD,
2015),SHELXT2018/5 (Sheldrick, 2018), SHELXL2018/3 (Sheldrick, 2018).
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Table 6. Experimental details for compount@sC|, 7a-Br and7a’-Br.

Crystal data 7a-Cl 7aBr 7a-Br

Chemical formule (GBioH12) @ Gsz2HosF@2Pso  (GB1oH12) @ Ga2H204Ps0 (GBroH12)0.83@ G2Hzo4
Ch7.75Cu7.75 FeCu778nzs PsoFe2Cu7.78n7.73
-(CHCN} 95:(CHCLb)2.25 (CHCN}7(CHCb)1z -(CHCN)-(CHCb)2.28

M; 6655.98 7272.10 7258.15

Crystal system, TetragonalP4./n Tetragonal P42/ n Trigonal R&

space group

Temperature (K) 20 90 90

a,b,c(A) 36.41565 (11), 36.59223 (13), 42.18984 (13),
20.48100 (11) 20.65336 (19) 51.3601 (2)

V(A% 27159.8 (2) 27654.7 (3) 79172.0 (6)

Z 4 4 12

H000) 13296 14216 42527

Dx (Mg m®) 1.628 1.747 1.827

Radiation type  Synchrotron,0= 0.500 A CuKD CukKD

P(mnt?) 0.96 13.11 13.90

Crystal shape  Prism Elongated prism Rhombohedron

Colour Dark brown Dark brown Dark brown

Crystal size (mm 0.40 x 0.35 x 0.30

0.15 x 0.06 x 0.03

0.20 x 0.15 x 0.09

Data collection

Diffractometer

DESY, Huber
diffractometer, Pilatus3
CdTe 1M

Absorption Multi-scan

correction

Tininy Tmax 0.181, 1.000

No. of measured, 552525, 55644, 48375

independent and
observed [>
7 B] reflections

P24 beamline, PETRA III,

SuperNova, Titait

Gaussian

0.308, 0.749

SuperNova, Titait

Gaussian

0.265, 0.605

93029, 27808, 21479 121223, 35282, 2816

Rnt 0.042 0.048 0.043

~+]v hd(AYH 0.824 0.624 0.625

Range oh, k, | h=-59059, h=-45043, h=-52049,
k=-58057, k=-41032, k=-52039,
[=-33033 |=-23025 |=-62057

Refinement

RF E 1], 0.038, 0.122, 1.04 0.042, 0.108, 0.95 0.046, 0.131, 0.97

wRP), S

No. of reflections 55644 27808 35282

No. of 1523 1397 1760

parameters

No. of restraints 26 30 24

H-atom H-atom parameters H-atom parameters H-atom parameters

treatment constrained constrained constrained

Dae A%in (€ A3 1.55,1.28

1.65, 1.63

2.22,0.82

Computer programs: CrysAlis PRO 1.171.41.21a (Rigaku QR,@8EAlis PRO 1.171.40.18c (Rigaku OD,
2018), SHELXT2018/5 (Sheldrick, 2018), SHELXL2018/3 (Sheldr)ck, 2018
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same reason.

For RS ando-GBigHi2, the refined occupancies m reach the maximum occupancy of 1,
which is found in the structures 6&-Cl 7a-C| 7a-Br and the §position of 6 -Brand thus,

in these crystal structures, the modeling of the disorder of the gmesiecules can be
considered complete and the chemical composition reliable in thiseas
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found, but the determined unit cell parameters are charactecidor (80n)-vertex
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31pfH} MAS NMR spectrum), this is not clearly reflected in the Xpoayder diffraction

pattern. However, it is possible that the reflectionsle€EFCHCNare too weak in intensity
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The size was calculated from the largest P---S distance (3 8@9\Jhe van-der-Waals
radii of P (1.80 A) and S (1.80 A). Van-der-Waals radii wese fakm reference 20).
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some disaggregation of 90-vertex spherical compoudds solution, a feature already
observed e.g. for (8@8)-vertex spheres of* and18", cf. references [8b,9].
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6 H, CH), 1.94 (q%%n = 7.6 Hz, 2 H, HECH).

3IPAH}NMR (CBCL): W €%o%oues A (ATXE ~eoX

M. Detzel, G. Friedrich, O. J. Scherer, G. Wolmersh@usggrw. Chem. Int. Ed. EntH95
34, 1321.

S

Z U
Cu



)

it &]v rdpv]vP §8Z eu% E ujo po E Z ul]JSEC }(
W VS % Z}e% Z ( EE} v o t Z] AJvP AlAHs§G]w]sSCU

*tou JoJs@

[26]

[27]
[28]

[29]
[30]

[31]

[32]

[33]
[34]

[35]

At first, the sample was dissolved in pyridine under decompositAfter removal of the
solvent the residue was re-dissolved in,CkHand CHCN.

At first, the sample was dissolved in pyridine under decompositfter removal of the
solvent the residue was re-dissolved insCN.

A. Burkhardt, T. Pakendorf, B. Reime eEal, Phys. J. PIa616 131, 5664.
CrysAlisPR@lifferent version2006-2020 Rigaku Oxford Diffraction.

https://photon-
science.desy.de/facilities/petra_iii/lbeamlines/p24_chemical_alegraphy/eh2/index
_eng.html

G. M. SheldrickActa Cryst. Sect.ZD15 C71 38.

C. R. Groom, I. J. Bruno, M. P. Lightfoot and S. C. WaadCryst. Sect. 16 B72 171-
179.

M. Schultz, C1.Burns, DJ.Schwartz, RA. AndersenOrganometallic2000, 19, 781.

C. R. Groom, 1. J. Bruno, M. P. Lightfoot and S. C. WaadCryst. Sect. 16 B72 171-
179.

T. K. Chattopadhyay, W. May, K&. von Schnering, G5. Pawley,Z. Kristallogr. Cryst.

Mater. 1983 165, 47.

o



8t & E}u E v}r oo+ 3} E|vpritAo-

4 Fom Nano-Bdisto Nano-Bowls

H. Brake, E. Peresypkina, C. Heindl, A. V. Virovets, W. Kremehedr,Ehem. Sck019 10,
29402944. t Adapted with permission of The Royal Society of Chemistry (viemepnl

Abstract:

W vE %Z}*% Z ( E E}°Rj] irE combigatiofi with Cu(l) halides is capable of a
template-directed synthesis of fullerene-like spheres. Herwia, present the use of a triple

| E }u% o0 A * 5 U%O0 3 3Z 50 =« 38} 3Zv3(1@w §PRoJK 1thBboorE
spherical domes resemble the truncated fullerengsio and represent a novel spherical

arrangement in the chemistry of spherical molecules.
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4.1 Introduction

Supramolecular chemistry is one of the most fascinating topics irmuresearch, as it is
inspired by highly complex biochemical systems where the efficiencgaadtivity of chemical
processes are triggered by weak interactions between small stdbuburing the last decades,
it was successfully extended to non-biological systems. Here, the oatixaéi bond turned out
to be an excellent tool, since it combines the advantages of both eowvélonds and weak
interactions: it is relatively strong, but often weak enoughetable dynamic behavior in
solution. Hence, the self-assembly of metal salts and organiadities produced a wide variety
of metal-organic frameworks (MOFs) on the one Hdrhd discrete nano-sized supramolecules
on the other hand? The latter often provide defined inner cavities and can be usgdas
molecular containers.

Recently, we have introduced pentaphosphaferrocen&Ep2B)] (CR A %o 2-GBMés;
CP" A *{G(CHPh);, CP'¢ A 3{G(4-"BuGHs)s) as an outstanding five-fold symmetric
organometallic building block and an auspicious alternative to thenadied di- or tridentate
organic linkers (Figure 18).Astonishingly, under certain conditions theyclePs ligand in
combination with Cu(l) halides leads to the formation of spheres willerene-like topologies
or beyond then*®The synthesis of such nanospheres is often template-directed, tlanious
molecules such as e.go€ and ferrocené are encapsulated within these nano-balls. Among
all templates, the triple decker complex [(CpGr).>HA&)] (D® is an exceptional case
(Figure 1b).

Figure 1. a) Building block % Z &-R5); b) template [(CpCr)~ . 5%A&)] (1); ¢) inclusion ofl into the
90-vertex sphere?; d) inclusion of the 168 (@& Pu v 3§ %A% g@&erfited frond into the 80-vertex
sphereB.

Together with CuBr, itis incorporated into the 90-E § A& Z} 3 56) LB NstGHCN) (]
(hostA), while, in the case of CuCl, a reproducible cleavage of thpl&te takes place, and in

the free-state, thepvesS o u}o po >-A)kis Gaeapsulated into the slightly smaller
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80-A E3 A % Z @E-PBi(Ch (hobtB) (Figure 1c,dfd Both reactions were carried
out under similar conditions in a mixture of toluene/AtHN only differing by the nature of the
Cu(l) halide applied. Since not only the used Cu(l) halide affectgéction pathway, but self-
assembly processes also strongly depend on the reaction conditiond’Uealquestion arose
in what way the applied solvent mixtures influence the reaction outcomedréssing this issue
is of general importance since it may open the way for going differethtygys within one and
the same reaction in supramolecular chemistry.

Herein, the solvent-dependent self-assembly of the systems contalnihgE %o ZF8)] and
CuX (X = ClI, Br) is demonstrated, which mainly depends on the solvdrang®nly to some
extent on the used Cu(l) salt (formation of a 80- or 90-vertex lRdnarkably, the change of
the reaction media from toluene/GEN to CHCL/CHCN tunes the self-assembly to the
unprecedented nano-bowwith an open fullerene topology. These truncated spheres are able

to incorporate the intact triple decker complexgés

4.2 Results and Discussion

To apply the triple decker compl@¥®! « 3§ U% 0 § v §Z +CoF))an8 CwZ & ~{
~y A oU E-+U «}o | -8)}and1irEChicKi&laydred with a solution of CuX in{CN.

By using CuCl and CuBr, the produa®@2aand 1@2bcrystallize as dark brown rods in the
monoclinic non-centrosymmetric space grop The X-ray structure analysis reveals that these
crystals represent the novel host-guest complexess;[€, %o Z&P{{CuClhk.d (1@29 and
[1e>€, %o Z8P{{CuBrl.s] (1@20 with an open structure resembling the truncated
spheresB (Figure 2). The 80-vertex scaffold of the sphdBesontains 12 five-memberedsP
ligandsin a 1,2,3,4,5-coordination mode and 30 six-memberedP{Gings, whereas the halide
atoms are all terminal, resembling theGo fullerene structure. In most cas€&¢some positions

of the CuBr fragments are partly vacant leading to the CuX-redusedffolds

€, %o Z8PH{CuBrjon] as was found by measuring different crystals from different batche
of reaction mixtureg?5¢.ds]

Surprisingly, irRa and2b, for the first time, a pentaphosphaferrocene vacancy is observed
alongwithn uJv}E A v ] *« Jv pYy %o}e]8]}veX e 1VR) (QuXy mbliety , %0 Z & ~{
is formally cut-off when compared to the spherBsleaving the bowl-like truncated spheres
[1]>€, %o Z &PY{{CuX}sn] (1@2aX = Cl, n = 0.45@2b:X = Br, n = 1.55) (Figure 2). In these
unprecedented nano-bowlg, the coordination mode of thesPE]vPe }v §Z H% % & Z }5S0
part is reduced to a 1,2,3-fashion and the idealized scaffold oftipeamolecule consists of 70
vertices (55 P + 15 Cu) arranged into 11 five-membeséidd&hds and 25 six-membered 4}

rings (Figure 2a). The diameter of the cavity in the truncaigldere therefore amounts to a
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width of 0.79 nm in the middle of the bowl and 0.61 nm at the bottlekié’'1 The template,
with a width of 0.78 nm at the Asleck and 0.62 nm at the Cp deck, respectively, fits perfectly
in the host cavity**'? The cavity is open at the top so that the template with its thngf
0.99nm is allowed to protrude from the 0.79 nm deep host but can be incotpdradespite this

protrusion (Figure 2b, c).

Figure 2. a) Inorganic scaffolfiy b) with the encapsulated templatewithing the scaffold; ¢) molecular
structure of 1@?2a Hydrogen atoms and minor parts of disorder are omitted farity; the template is
depicted in the space-filling model.

The only comparable open-shelled assembly based on pentaphosphaferrocemeanbse
far is the nano- %oepo € %RJ]& € { %o Z &PYH(CuCly]2, consisting of two open host
«Z 00 Z v }E % }E BB PholedildsiHweVer, these shells are weakly bound
together to give an isolated closed capsula <-stacking interactions between Cp* ligands of
the guest molecules, as well as by a number of weak non-valeRtiRteractions between the
Ps ligands of the open shells. Therefore, this structure is notedl&b the ones ol @2ab.

In the previously reported compléX@A the triple decker complekforms a similar eclipsed
stacking of its Cp rings with the g of the 90-vertex hogt (3.56 AY*d However, theycloAs
middle deck ofl is disordered over three positions due to weak interactions witeraating
{Cu(CECN})} and Br bridges of the middle part of hoat(Fig. 1c). The As---Br distances of
4.03 t4.58A exceed the sum of the van-der-Waals radii (3.68 A) by'¥érIn contrast, the
guest moleculel is ordered when encapsulated in the novel nano-bavids inl@A, the Cp
ligands show an eclipsed orientation towards thelo R rings of the host molecule, indicating
¢ Z}oBp 8 Jvd & §]}ve Al§Z ]ydist@héeol3.80 A m@ppand 3.46 A in
1@2b(Fig. 3a). In the Asniddle deck, each As-As edge is arranged parallel to the pomdig
cyclehs ligand of the host (lingée-plane angles deviate by 0.22.4° forl@2aandby 0.2°t 1.5°
for 1@2b. The shortest intermolecular As---P contacts amounting to 3394 A (@29 and
3.78 t3.89A (L@2D are in the range of normal van-der-Waals contacts (3.653%) Therefore,
the guest molecule prefers an orientation supported by van-der-Watdsdctions, which is the

most distant from the inner surface of the host molecule.
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Figure 3. Intermolecular interactions i@ 2aand 1@2k a) host-P p e« dnteractions between the guest
moleculel and hosts2 schematically shown asycloPs)Cu shells; b) inorganic corés (}Eu]v P« o
supramolecular synthon based on X---Cp* interactions (showgneien). Other {Cp*Fe} fragments are not
e Z}AVV }oupuv -« Z}gwest interactions; d) a packing of host-guest columns@?Ra
connectedvia =< < Cv 3§ Z}vkydrogXn atoms are omitted for clarity; the template is showrthia
space-filling model.

Interestingly, the host-guest interactions are not restrictedite encapsulation of into the
cavity of2. Each guest molecule protruding from the open bow! further interacts thighCp*
ligand on the opposite side of the next host-guest asserti@? resulting in unprecedented
head+to-tail infinite columns (Fig. 3c). The short intra-columr  }vS Se u}pvs S} IXTi v
3.15A in1@2aand 1@2h respectively. In contrast, the aforementioned assen®liprms a
nano-capsule and thus isolates the two guest molecules from extendérmolecular
interactions. Interestingly, another type of intermolecular intdrans controls the packing of
these columns in the solid state, namely the X--Gpé ](] ]JvS E X]}3C%(Us 0°}
observed in some packings of other pentaphosphaferrocene-based supranesiEéuEvery
bowl-0]l *p% E u}o HO %o ES] 1% 3§ ¢ Jv-«(}uIESZP%eEAGIE §D H}pmd
neighboring supramolecules of other columRsX P X T U X dZ P }u -QEEZ}V ST -
in agreement with the previously reported examples and amounts to 3285A (@29 and
3.54t4.13A @@2b for X---Cp* contacts and to 155t7157.0q(1@29 and 158.8t 160.5q
(1@2b for Cu-X---:Cp* angles. The earlier-noticed tendency of heaviegdras to form more
obtuse angles is also valid here.

This bowl-like scaffold is observed for the first time and demaas that the formation of
pentaphosphaferrocene-based host molecules is indeed template-eudect

Ju% & 3} €-A¥%)]|@B~the nano-bowlsl@2 are less soluble in GEb. The Br

compoundl@zb is slightly more soluble in CH@ian in CECb, still the detection of the guest
complexl by solution NMR spectroscopy was hampered. Therefore, both compd@2svere

investigated in the solid state by magic angle spinning (MAS) NMRragmqy. In the
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!H MAS NMR spectra, a signal at 21.3 ppm is assigned to the ddgleer complexl
encapsulated in the bowl-like hosts Compared to fred (23.8 ppm)® the signal is shifted to
higher field upon encapsulation. This effect has previously been obsaw#tefchemical shifts
of various other templates in pentaphosphaferrocene-based host systéfi# especially for
the encapsulation oflL into the 90-vertex spherd, resulting in a similar chemical shift of
20.5ppm“d Moreover, two signals at 1.4 ppm and 6.7 ppm (6.8 ppni@2b) can be assigned
to the Cp* protons of the host, partially low-field shifted due toeith proximity to the
paramagnetic guest complex. Additionally, signals of low intensitaes be observed in the
H MAS NMR spectra, with chemical shifts of about 16 ppm AB@pm for both compounds
1@2. For1@2b, the 3P{H} MAS NMR spectrum shows two broad signals at 126 ppm and
70% %ouU AZ] Z & p 38} 1(( & v }}E ]v 3P ctimpleEwithih( $Z € % Z&
the host2b. For1@2a, the *P{H} chemical shifts are similar and amount to 125 ppm and
74 ppm. The products@?2 are well soluble in pyridine, resulting in a fragmentation ofttbets.
Hence, in the'H NMR spectra in pyridinesda singlet at 23.9 ppm (24.0 ppm fa@2b is
detected corresponding to the free compldx next to a singlet at 1.33 ppm assigned to free
€ %o Z &PY{The presence of the latter is confirmed by the detection ohglst at 150.5 ppm
in the3'P{H}NMR spectra.

Thus, the previously reported cleavage of the triple decker complexn the
€ %o Z &PHACuCl system is not observed when performing the reaction isxCEEHCNIn
lieu of toluene/CHCN, but instead the novel nano-bovll@?2 were obtained.

dZ « @€ *pode uls]A & pe 3} E Al-]3 ¥R)] v@h C8ChandL(in€ % Z& ~{
toluene/CH EX @EC+3 0+ FASE %€, Eo LR CuClps ~£ %AF@P) were
obtained by a slightly altered synthetic method: before being leglenith a CuCl solution in
CHh EU 87 38}ou v <}ops]Pm)}anél%asssonitated and filtered. Both steps
proved to be crucial due to the low solubility of crystallihen toluene. The crystals of the
product were isolated by washing with toluene/¢HN (1:1), since they can be redissolved in
CHCL/CHCN (2:1, previously reported methdtd) and were investigated by EPR spectroscopy.
The spectrum clearly showed a half-field line indicating the presef a triplet molecule that
agrees well with the calculated triplet ground state fé&iZ v = %o po0 S i0 SAsE % E~{
molecule (Figure 439 In contrast, these signals were observed neither in the pE&ram of
the intact 27 VE triple decker compléxnor in the EPR spectrum of the crystalsldd2a
obtained from the CLCL/CHCN reaction, which reconfirms the cleavage of the triple decker
complex1 when toluene/CECN is used as reaction medium. Additionally, according to the

'H NMR spectrum, the triple decker complgsitself stays intact when its toluene solution is
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sonicated and filtered, suggesting that the cleavagé ohly occurs during the reaction with

€ %o Z &P fand CuCl and is not induced by the sonication.

Figure 4. EPR spectrum of crystal€of%. @s)]{@Bin a quarz tube at r.t.

D}E }A EU EDZ *% S$E}* }%C }( §Z S“BHN@Bwas|carigd@i}ini 5 € %o C
solution since it can sparingly be dissolved in@DHere, two broad signals at 120 ppm and
69 ppm in the®*'P{H}NMR spectrum as well as a signal at 19.8 ppm intkh8MR spectrum
A E § § U Az] z v « | PYAs)|@B.*EThis @empnstrates that
€ %o WBs)[@B is quite stable in a GHBL solution. On the other hand, a sharp singlet at
151.5ppm in the3'P{H}EDZ *% SEpu Vv § vs S]A oC o P IS} (E €
the 'H-NMR spectrum, also a signal at 21.3 ppm is observed, which magitpesakto the intact
triple decker complex encapsulated in the CuCl analogue of the Wofor the CuBr analogue
1@A: 20.5 ppm, freel: 23.8 ppmY¥¥ or in a nano-bow?a (1@2a: 21.3 ppmyide supry. Since
§Z 0 383 E }Ju%luv Z + <Juljo E +]3As)N@B 2 cowrystalli@aten GEbofh
compounds cannot be completely excluded. In both cases, irf*®§H} NMR spectrum, the
expected signals for the hosts (CuCl analogue of Bo€i8 ppm'*9 host 2a: 125 ppm and
74 ppm, vide suprawould overlap with the signals of hoBf so no further conclusion can be
drawn. In pyridine, crystals of [CpdHAs)]@B are well soluble again resulting in a
fragmentation of the hosts and subsequent release of the guest mascuidence, in the
3IPAH}NMR spectrum, solely asingletat 1422%u ]+ 3 § U e«¢]Pv  SIRE € %Z&
In theH NMR spectrum in pyridinesda signal at 23.9 ppm is assigned to the free triple decker
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complexl, whereas a very broad signal at approximately 6 ppm is also @eteectd might be
assigned to subsequent products formed by the conversion of the raleasstable complex
€ %o Bs)] These results are also in line with a cocrystalif}v }( € *%s)EB{and

1@2ain the toluene/CHCN reaction.

4.3 Conclusion

In  summary, different pathways of self-assembly in the system
[(CPCR~ .5+ * | € %o 2-B)]FSUX (X = CI, Br) were addressed and the crucial role of the
used solvents was demonstrated. The previously reportd€ %o Z &P)/CuCl system in
toluene/CHCN was revisited and the cleavage of the triple dedkand the encapsulation of
the resultingunst o 0 s }u% o AA%$)] haéo E80{vertex spherdd] were proven by
EPR and solution NMR spectroscopy. By changing the solvent mixture tolue@Gbl/Gsl
CHCL/CHCN, unprecedented open shell bowl-like host molecules incorporating tpke tri
decker complex 1 were obtained irrespective of the nature of the halogen:
[1e>€, %o ZBPY{{CuX}sn] (L@2a:n = 0.45;1@2b:n = 1.55). They resemble truncated
fullerene-like 80-vertex spherds Due to the opening in the hosts, the guest molecules can be
tr %o %o *%]8 SZ ]E& % E}SEU JVP (E}lu S¥ (%E W§ZP (IE-SSBJo %vE&ES]
interactions not only with their own hosts, but also with the neighbotiegt molecules. Thus,
§Z osu% E uloec ppoEiwe (}EU Jv §Z <}o] erGofnectéd intba@B Z
*U% E u}o HO E <+ U O0C G *CQ3Z}lweX( dZ + & *sposSe } Vv}S }voC v
demonstrate that supramolecular self-assembly strongly depends ocathéitions applied, but
also prove that the formation of spherical assemblits $Z € %FE)RCuX system is
template-directed. Investigations regarding the transferabilitythise results to other triple

decker complexes and guest molecules as templates are currertr uvay.

44  Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques. Solvents wereegbufiied, and
degassed prior to use by standard procedures. [(GPCIFEAG)® v € %o 2-&)*{ were
synthesized following reported procedures. CuCl and CuBr are comnyeasiailable and were
used without further purification. Solution NMR spectra were recordecadBRUKER Avance
400.MAS NMR spectra were acquired on a Bruker Avance 300 spectrometanic@hghiftsw

are given in [ppm] referring to external standards of tetramethgie ¢H NMR spectra), 85%
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phosphoric acid 3P{H}NMR spectra) or NaRQ (!P{H}MAS NMR spectra). ESI-MS and
EFMS spectra were recorded on a ThermoQuest Finnigan MAT TSQ 7080 aféhnigan MAT
95 mass spectrometer, respectively. Elemental analyses werendieted by Mikroanalytisches
Labor, Lehrbereich Anorganische Chemie, TU Munich for all elementsp&fRscopy was

carried out on a MiniScope MS400 device with a frequency of 9.44 GHz.

Synthesis of [(CPpGr) .5 WM 2> €, %o 22&5h{(CuClig |[8CHCh [0.5CHCN
(1@2a|8CHCEL |0.5CHCN)

€ %o Z &P {(102 mg, 0.30 mmol) andl (19 mg, 0.031 mmol) are dissolved in.CH
(22 mL). After treatment in a warm ultrasonic bath (1 h, 60°G&Hs4, the dark green solution
is filtered into a thick Schlenk tube and carefully layered witblarless solution of CuCl (64 mg,
0.65mmol) in CECN (22 mL). After 1-2 weeks, the mother liquor is decanted, lamdrystals
are washed three times each with &H/CHCN (2:1) and pentane and dried.

Analytical data ol @2a
Yield 72mg (11 pmol, 42%)
'H MAS NMRV w € %d%B81(br)Al.4 (s, br), 6.7 (s, br), 16.4 (br), 21.3 (s, br).

SIPLH} MAS NMRN W € %o %o U+ A 68 a-sndElkshollder at 066 Wpm is detected, which
can most probably be assigned to free [Cp*Pet)].

lHNMR(CH:b)W W €% % ues A iX0T ~+U CE‘&N)X2508fS‘,bV),ﬂ':'L8l(b,b)<),62020~-U 1
(s, br), 3.26 (s, br), 3.33 (s, br).

31P{H} NMR (CECE) W W € %o %o U <120 (br), 3522 «(&) [Cp*FEfRs)]); signals almost below

noise floor.

H NMR (pyridine- W w €% % ue A iXF¥R)PULE %, Z&EN), 23.9 (s, br,
[(CpCn ~ .3AR))).
31PLH} NMR (pyridine-d W w €% %ous A iAFER)):U € % Z&

EFMS (70 e\/)608.5668 [(CpGr)- . SUA)], 345.9187 [Cp*Fe%Ry)], 299.6829 [Ad, 283.9715
[{Cp*Fe~%R)}-Fi.

Positive ion ESI-MS (@EL/CHCN) m/z = 2635.4 [{Cp*Fe’R)}CusCho)*, 2535.5
[{Cp*Fe~%P;)}Cu-Chi]*, 2337.7 [{Cp*Fe¥P:)lsCuocCh]*, 1794.0 [{Cp*Fe%Ps):CuCh",
1744.0 [{Cp*Fe-%P)LCuCH]*, 1694.1 [(Cp*FestR))sCuCh]*, 1596.2 [{Cp*FetR)kCuCH,
952.6 [{Cp*Fe-{R)LCuCh]*, 854.7 [{Cp*Fe-{R)LCuCIf, 754.8 [(Cp*Fe-R;))Cu], 490.9
[{Cp*Fe~%Ps)}Cu(CBCN)]*, 449.9 [{Cp*Fe-%§Ps)}Cu(CECN)T, 408.9 [{Cp*Fe-%Rs)}CuT.
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Negative ion ESI-MS (&@EL/CH;CN) m/z = 232.8 [C4CH] .

Elemental analysis Calculated (%) for [(Cped).3WA&)]@[{ %o Z &-Ps)fii(CuChsd
|8CHCb |0.5CHCN (6451 g/mol): C 24.02, H 3.01, N 0.11, Cu 13.30, P 26.41; found (%):
C 23.88, H 3.35, N 0.07, Cu 13.26R31.

Synthesis of [(CpGr)- . 5%Ng * +> €, %o Z°&5)h{(CuBr)25 |2CHCh (1@2b |2 CHCb)

€ %o Z &P){(106 mg, 0.31 mmol) andl (21 mg, 0.034 mmol) are dissolved in,Cl
(21 mL). After treatment in a warm ultrasonic bath (1 h, 60°Hs5, the dark green solution
is filtered into a thick Schlenk tube and carefully layered withlarless solution of CuBr (87 mg,
0.61mmol) in CECN (21 mL). After 1-2 weeks, the mother liquor is decanted, lamdnystals
are washed three times each with @H/CHCN (2:1) and pentane and dried.

Analytical data ol @2k

Yield 122 mg (19 pumol, 67%)

IH MAS NMRNV  wWmE 260284 (br), 1.4 (s, br), 6.8 (s, br), 16.2 (br), 21.3 (s, br).
SIPAH} MAS NMRNV W €% %o ue A 61 ~ E+U i10 ~ E-X

IHNMR (CDQIW W €% %oue A iX38 ~eU E+U iXd06 ~U ~ EION),iXFH0 ~+U
(s, br), 3.32 (s, br), 3.40 (s, br).

SPEH}NMR (CDQIW W €% %o us A iATXB)]):*U € %Z&

'H NMR (pyridine-) W w €% %oue A iXPiP))e W.8E (8. ABN), 5.69 (s, GEb), 24.0
(s, br, [(CpCs)~ .3NE)]).

31pfH} NMR (pyridine- W w €% %oues A FerXm):+U € %7

EFMS (70 e\)608.5667 [(CpGr) . 5EAg)], 345.9197 [Cp*Fe%R)], 299.6853 [A§, 283.9724
[{Cp*Fe~%tR,)}-P].

Positive ion ESI-MS (@EL/CHCYCHCN)m/z={18TX 8011 €, %R uBE]", 898.6152
€, %o ZBP)YLCUBIT, 6AdX6011 €,5B)BAuUI4 806X00M0 S6P)BaulCGRCNI.
Negative ion ESI-MS (@EL/CHCYCHCN) m/z = 222.7643 [CuBr, 178.8144 [CuCIB/]
134.8649 [Cug]t.

Elemental analysis Calculated (%) for [(CpEP . WNE)@[{ %o Z &-Ps)fii(CuBrzd
|2 CHCb (6377 g/moal): C 22.98, H 2.83, Cu 12.46, P 26.71; found (%): C 23.90, Eu 12.44,
P26.77.



8t & E}u E v}r oo+ 3} E|vprilAo-

ACVEZ o]+ }( A« EE+ (%o PBsh{CuChios ~£ %ASKEB)

€ %o Z &P)]{(105 mg, 0.30 mmol) andl (23 mg, 0.038 mmol) are dissolved in toluene
(26 mL). After treatment in a warm ultrasonic bath (1 h, 50°Hs4, the dark green solution
is filtered into a thick Schlenk tube and carefully layered witblarless solution of CuCl (58 mg,
0.59mmol) in CECN (20 mL). After 2-3 weeks, the mother liquor is decanted, laadrystals
are washed twice with toluene/GBN (1:1) and dried.

Analytical data of€ %. @As)]@B
Yield 44 mg (6.6 pmol, 26%)

IHNMR (CECH)W W €% % ue A iX87 ~+U E+U iX8i ~+U B4, BREO ~-U E
(s, br), 3.33 (s, br), 7.14-7.26 (mHg), 19.8 (s, br), 21.3 (s, br).

IPAH} NMR (CEC)W W €% %ous A 08 ~ E+U [1i~%PJP»digniafsiaifiost belo® %o 7 &

noise floor.

IH NMR (pyridine-) W W € %o %o us A [ X-F)]),«1LBA(SUIER), 2.23 (s,78%), 6.0 (br),
23.9 (s, br, [(CpGr) . 54A&)).

31P{H} NMR (pyridine-) W w €% %oues A id6FD)]:U € %7 &

45  Crystallographic Details

Crystals ofl and 1@2aand 1@2bwere taken from a Schlenk flask under a stream of argon
and immediately covered with mineral oil)(or perfluorinated Fomblin® mineral oll@?2a
1@2h to prevent both decomposition and a loss of solvent. The quickly chosda siggtals
covered by a thin layer of the oil were taken to the pre-centegediometer head with suitable
CryoMount® and directly attached to the goniometer into a stream of wittdgen. The X-ray
diffraction study of2a and 2b faced many challenges since the crystals were systematically
twinned by merohedry and quickly decomposed due to the loss of solvent. ®@teetlow
diffraction power ofl@2aand1@2bat high theta anglethe collection of data required high
exposure times.

The data forl and 1@2a were collected using 1) or 0.5° {@2a* ~ ¢ ve }v Z1P lp
Oxford Diffraction diffractometer equipped with a TiffiIt CD detector and a SuperNova CuK
microfocus source. The data fai@2b were collected at P11 beamline of PETRA Ill (DESY,
Hamburg) using 20 s «Cv ZE}SE}v E ] 3]AY and, séanividihds3 deg. The
measurements ol and2awere performed at 123 K, the experiment fb@2bwas performed

at 80 K.
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The data processing and reduction was performed with CryRR{DSoftware!’® The
structures were solved by direct methods wiBHELX9&nd refined by full-matrix least-squares
method on & & using multiprocessor and variable memory vers8HELXL2014! All ordered
non-hydrogen atoms were refined in an anisotropic approximation, whileltkerdered atoms
with occupancy factors less than 0.5 were refined isotropically. fiytFogen atoms were
refined as riding on pivot atoms. Crystallographic data and detailedliffraction experiments
are given in Table 1.

CIF files with comprehensive information on the details of theatifion experiments and
full tables of bond lengths and angles fbr 1@2a and 1@2b are deposited in Cambridge
Crystallographic Data Centre under the deposition codes ABPEN92, CCDLB75093 and
CCDQ-875094, respectively.
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Table 1. Experimental details for compouridd @2aand1@2h
Crystal Data 1 1@2a 1@2b
CCDC-Code CCDC 187509z CCDC 1875093 CCDC 1875094
Chemical formula GoHioAsCr Gi10thesChsssCulz sF@1Pss  GiioHhesBriassClasga1Pss
‘GoH0ASCE ‘GoHi0ASCR

M 608.78
Crystal system,  Monoclinic,
space group P2i/n

Temperature (K) 123

a,b,c(A) 8.1149(2),
14.8158(3),
12.0097(3)

t ~£e 104.644(3)

V(A% 1397.00(6)

z 4

H000) 1132

Dy (Mg n13) 2.895

Radiation type CukD

i (mnth) 25.87

Crystal color aniBlack rod

shape

-2.96(CHCLb)-3.825CHCN
6143.82
Monoclinic,Cc

123(2)
30.4118(4),
29.4289(2),
28.8188(3)
112.8746(13)
23764.1(4)
4

12166
1.717

CuKr
13.74
brown rod

Crystal size (mm) 0.32x0.12x0.1€0.19 x 0.06 x 0.04

-3.4(CHCLE)-0.9(CHCN)
6826.78
Monoclinic,Cc

80
27.08802(13),
33.62013(12),
25.36593(11)
103.3511(5)
22476.47(17)
4

13251

2.017
Synchrotron,O= 0.6199 A
411

brown rod

0.15 x 0.07 x 0.05

Data collection

Diffractometer SuperNova, SuperNova, Tita} P11 beamline, PETRA
Titan™? DESY, Dectris PILATUS ¢
Absorption Gaussian Gaussian Multi-scan
correction
Tmin, Tmax 0.047,0.306 0.239, 0.651 0.868, 1.000
No. of measurec 4560, 2677 83809, 31629, 26711 256480, 81091, 64928
independent anc 2404
observed [ E 1B}
reflections
Rt 0.071 0.109 0.045
~e]V hd(AD 0.624 0.624 0.845
Range of h, k, | h=-8010, h=-23037, h=-44045,
k=-17017, k=-35035, k=-49049,
I=-9014 I=-35034 I=-41042
Refinement
RF ET49], 0.071, 0.2050.056, 0.144, 1.01 0.039, 0.107, 0.96
wRP), S 1.08

No. of reflections 2677

No. of parameters 154

No. of restraints 0

H-atom treatment H-atom
parameters
constrained

"Zoax ' Znin (€ A% 2.33,1.97

Absolute structure -

31627
2341

117

H atom
constrained

1.51,1.32

parameter: H-atom

81064

2260

12

parameter:
constrained

2.02,1.26

Refined as an inversicRefined as an inversic

twin

twin

Computer programs: CrysAlis PRO 1.171.38.46 and 1.17Dh3&8jaku OD, 2015), SHELXL97 (Sheldrick,

1998), SHELXL2014/7 (Sheldrick, 2014).
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5 Nano-Bowlsas Hoss forTriple Decker Complees

H. Brake, E. Peresypkina, A. V. Virovets, C. Heindl, A. Kunzm&f, lle Scheer

Abstract:

Herein, the capability of triple decker complexes to ach #&smplate in the self-assembly of
pentaphosphaferrocenes with copper halides is investigated biatiam of concentration,
solvents and the applied pentaphosphaferrocene. The system [CP*P9[ (1*) /
[(CpCr)( ... VB-As)] (2) / CuX (X = CI, Br) was further investigated. Thereby, the famaf
NOIA ES A % Z Gertex shletedwas found to be dependent on the concentration.
Switching solvents leads to the formation of nano-bowls
[(CpCrY( ... U-As)|@[{Cp*Fef>-P)hi{CuX}sn] 2@3* X = Cl, Br). In order to synthesize more
soluble nano-bowls, [CBe({>-P;)] (1Y was applied as a building block as well. With the soluble
nano-bowls [(CpC)... B-As)|@[{CpFe({>-P)hi{CuX}sn] (2@3% X = CI, Br) in hand, novel
conclusions on the obtained NMR spectroscopic data could be drawn. Trert#ferstructure
of the proposed 80A E S /FE % Z @-As)\@[{@%*FEE-B)}HACuXdone (X = Cl, Br), for
which also the novel Br analogue is presented, was carefully recoedidd could not be
unambiguously clarified whether the triple decker templag undergoes cleavage to
[CpCr{®>-As)] or oxidation to [(CpCH)... J-As)]". Moreover the hitherto unknown triple
decker complex [(CpMgl)... ¥-p)(...43-PS)] 7) was synthesized in order to be applied as a
template in reactions of 1* or 1Y with CuX. Thereby, the nano-bowls
[(CpMo)( ... B-p)( ... B-PS)|@KEFFe({>P)h{CuX}sq] (CP = Cp*7@3% Cf' = Cp: 7@34 X
= CI, Bror an unprecedented 2D polymer, [{(CpMO)..FELLR)( .3 PEFL-PS)ICUGI](8), are
obtained depending on the applied conditions. Due to the diamagnetic\dehaf the guest
molecule7, more insight on the NMR chemical shifts of the host molecules is djdimé¢he
course of these studies, also the remarkable polymer
€, %o ZE A R), %o Z &VAR)ICuU( <4 (9) was obtained, constituting the first 3D
coordination polymer based on [Cp*Ré{R;)] (1*) building blocks.

} u %o 0
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5.1 Introduction

In 1985, a Noble Prize-winning discovery was made, when Kroto, &udlley and
co-workers published a proposed structure for the @olecule, o+} IVIAv ¢ A~ p luJves E
& poo @& The s¥ucture of this third allotrope of carbon constitutes a sodadl-like sphere,
as confirmed later for a derivatiV8.As a result of its hollow structure, soon encapsulation of
single atoms or small molecules was investigatedpart from aesthetic appeal and academic
curiosity, encapsulation of guest molecules into a confined spacegizaf interest as it paves
the way to a myriad of applications, e.g. in sensthgurification drug deliver{! and
molecular flask$’

However, the host molecules may not only be covalently bound spHigesfullerenes but
can also be supramolecules obtained by self-assembly. Hereetti@fimetallosupramolecular
chemistry, making use of the coordinative bond, is particularly wedistigated® This is due to
the highly directional donor and acceptor properties of ligand and meatdl the intermediate
strength of their bond*° While most supramolecular coordination cages (SCCs) are bad¢d on
or O donor ligand€:% our group employs polyphosphorus complexes as ligands. As probably
the most prominent polyphosphorus ligand complex, pentaphosphaferrocene [CH*P9]

(1*, Figure 1ashould be mentioned. First synthesized by Scherer in 981 ,is isolobal to
ferrocene [FE€p] but in contrast to the {CH} fragments of the Cp ligand, thetdins of the
cyclehs ligand each bear a lone pair available to further coordination.

Thus,by self-assembly with Lewis acidic Cu(l), a multitude of coordinatitymerd'? and
even spherical assembli&®'d have been obtained. Under certain conditions, the two-
component self-assembly d# with CuX (X = ClI, Br) leads to 90-vertex spherical asssnolfli
the general formula [Cp*F€f-P)]@[{Cp*Fef>-Ps)h{CuX3s{CHCN}q (1*@A, Figure 1b)

comprising fullerene topology.

Figure 1. a) Building bloc& %o Z &Ps] {1*); b) core of the 90-vertex spherfewith encapsulated guest
1*; c) core of the 80-vertex spher® with encapsulated guest [Fefpd) triple decker complex
[(CpCr( ...PP-As)] (2). Guest molecules are depicted in the space filling nhode
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Moreover, it was soon recognized that addition of a small molecukethgd component gives
access to further spherical host structures encapsulating thdlsnaecule rather tharl* as
guest! These molecules span, RAs (ellipsoid-shaped host) s6Xbarrel-like host)o-GBioHiz,
[FeCp], [CpFe{>-P)], [NiCp], RS, PSe, adamantane (80-vertex spherical host type
Figure 1c) and [Cog]p (prism- or cube-shaped host). The two largest templates of #ries
are [NiCp]™* with a diameter of about.88 A6 and G, with a diameter of about 10.49 &9
Hence, the question arises, whether a larger, but non-sphetmaplate can be as well
encapsulated, and if so, which kind of host molecule will form. Fsipilnipose, the triple decker
complex [(CpCH ... U-As)]?Y (2, Figureld) came to mind, with a maximum diameter of
10.06 A?%22 and a rather rod-like shape.

5.2 Results and Discussion
[(CpCr)( ... U-As)] as guest

Self-assembly of [Cp*F&PR)] (1*) with CuX (X = CI, Br) in the presence of
[(CpCr)( ...B-As)] (2) in CHCL / CHCN leads to the crystallization of dark brown rods of
[(CpCrYX( ... B-As)|@[{Cp*Fe®>-P)h{CuClssd (@3*ClL host type O and
[(CpCrY( ... B-As)|@[{Cp*Fe>-P)h1{CuBr}ss§y (2@3*Br, host type C, Figure 2a and
Scheme 1, top), respectivéfl The structures were elucidated by X-ray structural analysis,
revealing intact triple decker guest molecules encapsulated imapened host structure

resembling a truncated sphei(Figure 1c).

Figure 2. a) Core of the nano-bowl shaped His{type C with encapsulated gues; b) Core of the
80-vertex spherical hod*-Cl(typeB) A]3Z Vv %oepo 3 P pAsy (8); % Caee-of the 90-vertex
spherical hos6*-Br (typeA) with encapsulated gue&

In contrast, from the reaction df*, 2 and CuCl in toluene / GEN a different phase crystallized,
interpreted as [CpCHP-As)|@[{Cp*Fe(®-Ps)h2{CuCly (4@5*Cl type B host, Figure 2b and

Scheme 1, top left}*2Y In this case, the triple decker molecule is thought to be clearet

} u %o 0
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encapsulated by the well-known 80-vertex spherical host of 8pA third type of product is
obtained by reactingl*, 2 and CuBr in toluene / GEINI'**I Thereby, dark brown blocks of
[(CpCrY ... B-As)|@[{Cp*Fe>-Ps)h{CuBris{CHCN}o (2@6*-Br, type A host, Figurc and
Scheme 1, top right) crystallized, in which an intact triple degkest molecule is encapsulated
into the larger 90-vertex spherical host of type

However, the 90-vertex spherical hogtsaire known to form in more diluted reactions than
the smaller 80-vertex spherical ho®$' Hence, the questions arise, whether a typhost is
also accessible from CuBr by performing more concentrated reactiodswhather a typeA
host is accessible from CuCl by performing more diluted reactidnghe one hand2 @6*-Br
(host A) was obtained froma diffusion reaction in toluene / GE&Nwith c@*) C7.2mmol-L*
(Scheme 1, top right}*! Hence, the reaction with CuBr was repeated under more concentrate
conditions with c{*) C9.2mmol-L?, leading to crystallization of4@5*-Br (host B) _with a
similar structureas 4@5*Cl (Scheme 1, bottom right). On the other han@@5*Cl_was
obtained from a diffusion reaction in toluene / €N with c{*) C13mmol-L* (Scheme 1, top
left).?Y Performing the reaction with CuCl under more diluted conditions with*) C
10mmol-L? results in the formation of a 90-vertex spherical hdst(proposed structure
2@6*Cl, Scheme 1, bottom left)

Scheme 1. Selfe u 0C }( € %4 &*)wjth [(CpCr( ...PP-As)] (2) and CuCl or CuBr under various
conditions.

dZpueU $Z (}Ed4d@&&F]\clédvdge of guest and smaller 80-vertex spherical Bpss.
2@6* _(triple decker orl* as guest and larger 90-vertex spherical sis indeed dependent
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on the concentration, not on the halide (Cl or Br) as previously assux@eover, Cl spheres
are known to possess better solubility as the Br analodt€syhich is why the CuBr reactions
generally are carried out under slightly more diluted conditions thanGh€l reactions.
Unfortunately, complete X-ray structure determination of the proposed compound
2@6*Cl_proved that the guest molecule within the 90-vertex spheres obtafneah CuCl is
[Cp*Fe({>-P)] (1*) instead of [(CpCH)... B-As)] (2) for the sole measured crystal, $6@6*-Cl
(host A) is formed?® Since the encapsulated template does not influence the unit cell
parameters of the supramolecular compound, it cannot be excludeddttsr crystals of this
batch contained the proposed target produ@@6*Cl_andthe experiment obviously only
reflects the situation within a single measured crystal. Thusy AIMR spectroscopy of the
isolated bulk of crystals was performed. TieNMR spectrum in pyridines@howed a signal
for free 2 at 24.1 ppm but according to the integral ratio of frieeto free2 (1285 : 10) 2 could
have only been present as a guest in up to 15% of the spkéres.
While 4@5*Cl_crystallizes in the cubic space grdem &% crystals of 4@5*Br_were
of insufficient quality for single crystal X-ray charactéiri@adespite numerous crystallization
attempts,but their unit cell constants analogously suggest the presence of 8@xsphere$?”
Unfortunately, the X-ray structural data for both compoun®€5* is ambiguous due to high
(cubic holohedral) symmetry and entailed disorder and rbayinterpreted in at least three
different ways (borderline cases):
a) as the previously proposed structure [CpGASs)|@[{Cp*Fe(®>-Ps)h{CuXjon] (4@5% X
= Cl, Br), with a cleft guest molecule and a host Bpar
b) as a disordered nano-bowl [(CpLr). U-As)|@[{Cp*Fe®-Ps)hi{CuX}sn] 2@3* X = Cl,
Br) with all [Cp*Fe{>-Ps)] (1*) units occupied by 11/12 and an addition {CpCr} fragment
being disordeed over 12 positions just like the [Cp@*As)] fragment, thus constituting
an intact triple decker guest molecule and an open host @per
¢) as a disordered nano-bowl [(CpCr). B-As)]"@[{Cp*Fe>-Ps)hiCusnXisn] (2'@3*, X =
Cl, Br), with the intact triple decker molecule being oxidized byaed@etron andan open
host type C with overall site occupancy factors of Cu being reduced bgynipared to
those of X.
Due to similar size and shape these tentative host-guest compleray also co-crystallize, all
these borderline cases can be presumably mixed. To clarify this gaitybifurther
characterization techniques were usedde infrg.
While 90-vertex spherical compoun@€n6* and proposed 80-vertex spherical compounds
A@5* _are soluble in Gi€b / CHCN mixtures or CGIEb, respectively, the nano-bowB@3*

are completely insolubl&! Hence, for a better comparability of the NMR spectra and thereby

} u %o 0
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bringing more light into the ambiguous structure &@5* , it was aimed to synthesize more
soluble nano-bowls similar ta@3* Previously, our group investigated the supramolecular
chemistry of [CHFe({>-P5)] (1Y Cp'= GMe4Et)?® The obtained0-vertex spherical compounds
{CpFe({>-P)h2{CuXden] (X = CI, Br) exhibit a decisively better solubility inGEHhan the
analogue compounds based dri. Hence, following the syntheses 2@3*12Y [CpFe({>-P)]

(1Y was reacted with [(CpGf)... B-As)] (2) and CuCl or CuBr in £H / CHCN to give
[(CpCr)( ... B-As)|@[CpFe(-P)h{CuChss] (2@3“CL  host type ©  and
[(CpCr) ... B-As)|@[{CpFe({>-P)h{CuBr}s] (2@3“Br, host type C Scheme 2, left),

respectively

Scheme 2. Self-assembly of [@p 2-P5)] (1Y with [(CpC# ...P$-As)] (2) and CuCl or CuBr.

Both compounds possess enhanced solubility inGgHind CHGlcompared to the Cp*
analogues, enabling solution NMR spectroscopic investigations. Morgbeereactions ofLY,
2 and CuCl or CuBr were also performed in toluene #0BHconditions for4@5%*). For CuCl,
under diluted reaction conditions no solids were observed and NMR speopg®f the mother
liquor rather suggested the formation of nano-bowls (tyfer 80-vertex spheres (tyd®, with
no hint of the encapsulated species. Under more concentrated conditions onipidantified
precipitate was obtained. For CuBr, under diluted conditions no solidolvasrved but NMR
spectroscopy of the mother liquor proved the formation2Z@®3“Br. Under more concentrated
conditions indeed the crystallization of another phase of the nanotbow

[(CpCr)( ... B-As)|@[{CpFe({>-Ps)hi{CuBr}sn] 2@3“Br, Scheme 2, right) is observed.

[(CpMO) ... T-P5)( ... 13P9] ta novel template

In order to examine the generality of these observations, we waterested in the
application of further triple decker complexes in this host-gugstem. For this purpose, we
developed a synthesis for the hitherto  unknown  parent compound
[(CpMOo)( ... B-)( ...33-PS)] D.1*! While the Cp¥™ and Cp° (Cp° = 'Bu-3,4-MeGHy)28
derivatives of this triple decker complex are already known, tbiplay less appropriate

templates for thel*/CuX self-assembly. In contrast, the Cp containing parent compounddshou
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be preferred for encapsulation due to the least steric bulk on the lwared and favored Cp-sP

«- «-interactions on the other. Unfortunatelyy could not be obtained by reaction of
[CpMo(CQJ2 with RS in refluxing toluene, the method published for the known derivatives.
Instead, the use of a higher-boiling solvent proved beneficial. Hencen \WeMo(CQ). is
reacted with RS in  refluxing 1,3-diisopropylbenzene m{DIB, b.p. = 205°C),
[(CpMo)( ... -p5)( ... 43-PS)] 7) was isolable after chromatographic work-up in 18% crystalline
yield (for comparison: 13% for the Cp® derivative, Scheyid 3

Scheme 3. Synthesis of [(CpMe). 3P« ~ 228$)] D).

Compound?7 is soluble in toluene and @Eb, yet only sparingly soluble in hexane and
insoluble in CECN. ThéH and®C{H} NMR spectra of inGDs Z *Z}A }v +]JvP0o § & w £
473 % % u v w phmdfoXthe Cp ligand, respectiveld NMR spectra were additionally
recorded in CECh, CDGland pyridine-d for the sake of better comparability of the chemical
shifts of free7 and encapsulated. INnCRCband CDGU $Z % o]P v & e<}vppnm, S w A i’
inpyridine-d <JvPo § § ppnAsdbservedn the*P{H}NMR spectrum, four multiplets,
spread over a wider range of almost 790m, E % E ¢ vS Vv Dy *%]v *C*S uW w A i
P.), 318.9 (ddd, #), -168.6 (ddd, i), -403.8 (ddd, £ ppm with respective coupling constants of
JFHAB) = 19 HZb{AM) = 59 Hz}{AX) = 376 HZb{BM) = 6 Hz}¢{BX) = 376 Hz anki{(MX) =
20Hz. These observations are in accordance with weakly interagtigy v %PS ligands
within the middle deck. Compared to the Cp* and Cp° derivativesigaéls are shifted to higher
field by up to 18 ppn#”28
By layering a solutio in CHCbL with CHCN, red plate-like crystals suitable for X-ray
structure analysis could be obtained for the first time for a {(@p)( ... Y-p)( ... 3-PS)] triple
decker complex. For &g Cp* or Cp°, only coordination compounds containing the coreplex
and not the starting material themselves were characteribgdX-ray crystallograpHy:2829
Compound7 crystallizes in the monoclinic space grdt@c. Its molecular structure reveals a
triple decker complex bearingmseudofive-membered middle deck (Figue). In accordance
with the 3!P{H} NMR spectrum, it can be best described as{&f and an {*>-PS ligand. The

latter is disordered in the crystal structure by rotation about #xold axis, passing through the
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center of the PS bond and the middle P atom of the
{3-P; ligand. The P-S distance of 2.072) A as
well as the P-P bond lengths of 2.1590(8) A are in
the region between a single and a double bdifl.
The B and the PS ligand are separated by
2.88999) A in the middle deck, whereas the No-
distances range from 2.4170(6) to 2.5995(7) A. The
Figure 3. Molecular structure @f a) side viev  Cp ligands deviate from an eclipsed conformation
b) top view with H atoms omitted for clarity. by 9.78(19)° (Figure 3b). In the crystal structure,
the molecules form lengthwise chains with short Cp---Cp distan@822(6) A evident for quite

strong <« «interactions.

[((CpMO) ... T-P5)( ... 13P9] as guest

With [(CpMo)( ... 3-P)(...43-PS)] 7) in hand, we were interested in its function as a
template in the [Cp*Fef>-Ps)] (1*) / CuX (X = CI, Br) system. In analogy to the reactions with
[(CpCr)( ... B-As)] (2), a solution of7 and 1* in CHCL was layered with a solution of CuBr in
CHCNI4 Then, next to brown plates of the 2D polymer [Cp*Fet)CuBrj*? and sometimes
brown rods ofi*@A (90-vertex supramoleculéy® also black rhombohedra are obtain&¢!
The latter crystallize in the trigonal space groRfwith unit cell parameters o = b =
41.7763(5)A ¢ = 104.785(1) A, Vv = 158377(4) feminiscent of the parameters obtained for
80-vertex sphere® when crystallized from GBbL / CHCNI“! except for a doubled unit cell
constant. Hence, these crystalline phases are crystallographicsltited as structure and
superstructure. However, due to disorder, the X-ray data obtaarecambiguous and can again
be interpreted in different ways.

In the attempt to prevent this disorder, two different methods werppied. On the one
hand, the reaction was carried out by layering a @ld@ution instead of a GBb solution in
order to slow down crystallization. On the other hand, f&{{>-P)] (1Y was applied as a
building block instead df* for the same reason

When a solution oi* and7 in CHGlis layered with a solution of CuCl or CuBr igGDH dark
brown rods of [(CpMof...T-£)(...33-PS)|@[{Cp*Fef-P)}h1{CuChz4 (7@3*C) or
[(CpMOX( ... B-p5)( ... 13-PS)|@[{Cp*FdP-Ps)h1{CuBr}s 234 (7@3*Br), respectively, crystallize
in the monoclinic non-centrosymmetric space grdbg isostructurdly to 2@3*CIl (Scheme 4
top left).?Y Here, no positional disorder is observed and the structure is unambiuous

identified as an intact triple decker guest molecule encapsulatednano-bowl host (typ€).



it E v}ir }JAoe o [ }e8e (}E dE]% O |1 iEI }u% o0

Scheme 4. Self-assemblff 6 %o Z &Ps)]{(1*) with [(CpMo} ~ . 3ER§+ ~ 22P$)] 7) and CuCl or CuBr
under various conditions.

Remarkably, this time also the Cl compout@3*-Clis obtained7@3*Cland7@3*Br can be
isolated in 40% and 39% crystalline yield, respectively. Foretiion of1* with 7 and CuCl,
longer crystallization times (>3 weeks) lead to additional chyzssion of 90-vertex sphers
6*-Cl (host typeA) in a new crystalline phas&! The X-ray diffraction experiment showed the
encapsulation ofl* instead of7. Additionally, the isolated crystals were dissolved in pyridisne-d
for complete disaggregation, and in tAd and3P{H}NMR spectra of this solution no signals
for 7 are detected. Hence, only@6*-Clis formed instead of @6*-Cl

Furthermore, 90-vertex spheré&s-Cl(host typeA) were also obtained by layering a solution
of CuCl in G4&N onto solutions of* and7 in toluene, xylene oo-difluorobenzene ¢-DFB)
partially crystallizing as new phases (Scheme 4, top fitthdgain, all X-ray diffraction data
point to encapsulation ofl* instead of7, and integral ratios in théH NMR spectra of the
isolated crystals dissolved in pyridingsthow that a maximum of 17% of te&-Clhosts spheres
could have encapsulatet?¥ Therefore, the chances to find the desired crystalg@6*-Clare
very low since the obtained batches predominantly considt*@6*-Cl

Analogously, 90-vertex spherés-Br (host typeA) were obtained by layering a solution of
CuBr in CECN onto solutions ofl* and 7 in xylene oro-DFB crystallizing as new phases
(Scheme 4, bottom lefff¥ Preliminary X-ray data point to encapsulationldsf and *H NMR
spectra of the isolated crystals in pyridingerdveal that only up to 5% of the host spheres could
have encapsulated triple decker complak4

On the contrary, the reaction df*, 7 and CuBr in toluene / GBIN indeed furnishes crystals
with unit cell parameters reminiscent of those obtained for 80-eerspheres (Scheme 4,

bottom right) 4 Hence, the three borderline interpretations discussed above also acdéount
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these crystals. However, the absence of an EPR signal as expmctegparamagnetic 17VE
[CpMo({>-Ps)({%-PS)] fragment or a 27VE [(CpMa){*3-Ps)( ..{33-PS)] (7) oxidized triple
decker (presumably dublet states) gives no hint for cleavage or axidat the triple decker.
Moreover, the'H NMR spectrum in pyridines@xhibits a singlet atv= 5.23 ppm attributed to
free 7. Therefore, it is more likely that a nano-bow®@3*Br is formed and crystallized with
orientational disorder probably co-crystallized with 80-vertex sphetessting solvent
molecules

In contrast to compoundg@3*, their Cg'analogueg @3"can already be crystallized in an
ordered fashion from Gi€b / CHCN layering reactions (Scheme 5, tof@3“Clis isolable in
48% crystalline yield@3“Brin 22% crystalline yield. Both reactions are highly dependent on
the stoichiometry and the nano-bow¥@3“are only obtained from stoichiometric molar ratios

of 11:15(1Y: Cu).

Scheme 5. Self-assembly of [@p =-B)] (1Y with [(CpMo} ~ . 3R« ~ 22P$)] 7) and CuCl or CuBr
under various conditions.

For CuBr reactions, when a ratio of 12 : >1'8 (CuBr) is applied, instead of host tyji&2she
90-vertex spherical produds“Bri®! is obtained in a novel crystalline phase (Scheme 5, top
right) 2% 'H NMR spectroscopy of the isolated crystals in pyridinsugigests encapsulation of
triple decker?7 in 31% of the supramolecular hosts at most (integral rati@ ofMe groups of

1Y = 10 : 494§8
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For CuCl reactions, when a ratio of 12 : 20:(CuCl) is applied, crystals of the novel 2D
polymer [{(CpMoy .«.FFLLPs)( .3 S EL-PS)}CuGl]8) are obtained (Scheme 5, top left). When
the mother liquor is decanted, dried and re-dissolved inCg&Dihe 80-vertex sphere
(CHG)m@[{CpFe({>-Ps)hACuChor] (host typeB) is detected by NMR spectroscopy. Crystals
obtained from the concentrated NMR solution were as well identified@ssertex sphere
(CHG)m@[{CpFe({>-Ps)11o{CuCHho.r] with solvent molecules occupying its void since no electron
density that could be attributed to heavy Mo atoms of the guest foamd 7 Unlikel*, 1Yis
known to form 80-vertex spheres also in the absence of a templaterl{apter 3f2¢ Polymer8
constitutes the first 2D polymer obtained from [(@o)z( ... 8-£)(...3-PS)] (Cp = Cp, Cp*,
Cp°®). So far, only the coordination behavior of the Cp* and Cp° derivativasds Cul, Ag[TEF]
and TI[TEF] (TEF Al(OC(GJ))) has been examined, whereby mostly 1D and only once a 3D
polymer was obtained®29

Compound is also the only crystalline product obtained from the reactioh*%¥ and CuCl
in toluene / CHCN. In the analogous reaction with CuBr, only the 90-vertex sgathgnioduct
14@64Br (host typeA) is detected in thé'P{H}NMR spectrum of the mother liquor, while a
black precipitate is obtained (Scheme 5, bottom right). This preo@pitainsoluble in toluene,
CHCL and a 1:1 C#€L / CHCN mixture but is soluble in pyridine. ThHé and3'P{H} NMR
spectra of the precipitate in pyridinestherely exhibit signals of freénext to trace amounts of
1Y Therefore, it is likely that the precipitate is composed of ar@aBrdination polymer o¥.

Polymer8 can as well be synthesized directly by layering a solutigrirfCHCL or toluene
with a solution of CuCl in @EN in 38% crystalline yield (Sche®eHowever, it can be isolated

in up to 83% yield referring tbwhen obtained as by-product in the abovementioned reactions.

Scheme 6. Self-assembly of [(CpMe) 3R« ~ 2248$)] 7) and CuCl.

Within the unsuccessful attempts to synthesize a Cul derivative mf-bawl shaped host
U}o o *U 3Z VIA 0 % }6CUPIR, o &2 &RRCU( <L)an (9) is obtained by
reaction of € %o Z &P {1*), [(CpMo)( ... U-ps)]¥ and Cul (Scheme 739
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Scheme 7. Self-assembly ®f %0 Z &Ps)] {1*) and Cul in the presence of [(CpMa) {¢5-F)].

Remarkably9 }ve3]3pus « 8Z (JE+3 7T }}E ]v 3]}V % Pl Elespite }v € %Z& ~{
the huge variety of polymers df* and copper halides knowt? Unfortunately, its formation is
accompaniedby5Z EC+3 oo]l 3]}v }( 3Z 1 °R)GUNIE wlEchwealll nofbe

separated from9. Furthermore, almost all attempts of reproduction, let alone a cile

synthesis, failed. Noteworthy, the first appearance®fs obtained when the triple decker

complex [(CpMa) ... 1-p)] is present and the only successful reproduction also occurred in the

presence of this complex, despite its absence in the polymer.

Characterization of the Polymers

2D polymer8 crystallizes as black plates in the monoclinic space gR2st with one
repeating unit [{(CpMo)Ps)(PS)}CuCler asymmetric unit in a general position. For the first
time, the RS middle deck coordinates in a 2,3,5-coordination mode (positions P4, P1, P3,
Figure 4a) in a [(EMo)( ... B-)(...13-PS)] (Cp = Cp, Cp*, Cp°) based coordination product
and builds up a 2D coordination polyni&?¥ While P and S cannot be objectively distinguished
by X-ray diffraction, their assignment is deduced from the coti@ts of 3P MAS NMR
spectroscopy and X-ray crystallographywed reported pdymers, excluding the coordination of
the sulfur atom to CI8?%! Therefore, FCw six-membered rings, though incorporating weak
P---P interactions, are formed next teo8Cuw 16-membered rings, which incorporate two weak
S---P interactions (Figure 4b). The P1---P4 distance (2.7536(13hAjteed while the S1---P3
distance (2.9995(11) A) is elongated compared (2.8899(9) A). Moreover, the Cp ligandSin
only deviate from an eclipsed conformation By8@)° instead of 9.78(9)° as in7. Otherwise
the structure of the triple decker unit i merely deviates from that of uncoordinateti The
triple decker complexes of the same six-membergdiPring motif are arranged parallel to one
another by symmetry but tilted by about 26° with respect to thext pair of triple decker
complexesThis enables short S---H contacts (2.8703(8) A) between a Cp prottimeaBditom
of the next triple decker within the ;t5Cuw 16-membered rings (sum of the van-der-Waals-
radii: 2.90A).*7 Moreover, each Cl atom exhibits short H---Cl contacts of 2.5655(9) A to
2.7689(10) A within the layer, and of 2.7144(10) A to a Cp proton of tigaimering layer (sum
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Figure 4. a) Repeating unit and b) section of the polymerictire of8 with {CpMo} moieties omitted.
c) te) Sections of the polymeric structure®fH atoms and solvate molecules are omitted.

of the van-der-Waals-radii: 2.85 AJ.Additionally, exceedingly short Cp---Cp distances (3.093(6)
t3.293(6) « & (}uv ]Jv SA v 38Z 1 0o C E-e ]v-{intdlackong(hérmaB E}vP «
range: 3.3t 3.8 &)%Y

3D polymer9 crystallizes as brownish-red needles in the orthorhombic space drouma
ThecycloRs ligands ir® show two different coordination modes: Two thirds of therldgs are
connected to coppeviathree atoms in a 1,2,4-fashion, whereas the remaining ones sh®-a
bridging coordination mode of two P atoms (Figdoee). In turn, each Cu atom links twerihgs
and is additionally coordinated by two iodine atoms to reach tetrahkednzironment. By this,
12-membered {CyPsl2} rings, six-membered {€R} rings and four-membered {t} rings are
formed. The individual structural motifs and connectivity pattern avell-known in this
chemistry!!? Despite this, the first combination of these coordination modes l¢adshitherto
unknown topological type of 3-connected 3-periodic nets. Thereby, thet@uns and the 1,2,4-
coordinating [ %o Z &-R)] moieties form the nodes of the polymeric framework whereas
iodine and the 1,3-}}&E ]Jv §]vP &P} méleeules act as spacers (see crystallographic
part, Figure 8).

Compounds8 and 9 are insoluble in all common solvents (pentane or hexane, toluene,
CHCb, CHCN, THF). Only in the strong donor solvent pyridine the networksahuble under
disassembly into the building blocks as evidence#tB§H} NMR spectroscopy. The positive ion
ESI mass spectrum &f displays peaks for triple decker containing fragments upnia =
1597.0937 attributed to [{(CpMeRSECLCIT.
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Supramolecules: Crystal Structures

The structures of compoundd@34?1 and2@6*-Br'“! have already been described else-
where and will therefore not be discussed hereThe ambiguous structure oB@5*-Cl [1421
is reinvestigated together with the novel Br analoge@5*Br_by further characterization
techniqgues and an additional interpretation of the X-ray data (boidertase c2*@3*) is
introduced above.hv (}ESuv § oCU §Z E@55CH o J)iv $§Fe-ckateted cubic
structure type & = 42 A) entails inherent problems during X-ray data acquiisisince the
volume of the unit cell occupied by the spheres equals the volumapded by solvents, and the
crystal packing provides channels for the solvent evacuation. Hencealsrgétthis structure
type are extremely unstable during sample handling as soon asatkeeiaken from the mother
liquor. This presents an additional challenge for reliable Xiragtsire determination.

Compounds/ @3* crystallize in the monoclinic non-centrosymmetric space gréopnd
are isostructural to2@3*-CLI?Y X-ray structure analyses reveal the presence of nano-bowl
shaped host molecules comprising an idealized scaf®| %o &) {CuXjs] encapsulating
one molecule of [([CpMe) ... B-5)( ...43-PS)] T, Figure 5a). The host scaffolds can conceptually
be derived from the well-known 80k E3S &£ *%Z E] 0 ZRNSCEG BoHokt tyge
Biiwcefd ¢ p33JvP }(( S-B)HBuXEZmeiety, resulting in truncated, open-structured
bowls. Both compounds display solid solutions of host-guest aggregates Wfhingi CuX
contents (averager @3*-Ct 13.35;7@3*Br: 14.55) and CH{$olvate molecules are found to
point into the positions of the {CuX} vacancies (FigureBé&narkably, ir @3*-Cl one {CuCl}

% }e]5]}v ]* 0 (83 }u%o0 & 0C A v3U *} 3Z §AF %AFESZ Vit J 6 }w¥h o $

excluded for this crystal.

Figure 5a) Molecular structure of @ 3*-Br with hydrogen atoms and minor parts of disorder omitted fo
clarity; the template is shown in the space-filling model; HOEmolecule pointing into a CuBr vacancy;
c) disorder of the IS middle deck in the template with second orientation highlightgé Ibrighter color
and conformation of the Cp ligands in the template.

Due to the open-core structure of the host aggregate, the triple degkest molecul& with a
length of 10.071(4) A can protrude from the core of the host b&i8g t 7.95 A deep*® With
a width of 7.77 A7 fits well within the void of the host aggregates comprising diamseoé 8.38
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(7@3*C) and 8.39 A7@3*Br).*4 The top Cp ligand and theF middle deck of the guest
molecule are more or less eclipsed and oriented such that segidsion with the inner surface
of the host molecule is minimized. The middle deck of the guest molé&csilinereby disordered
over two positions in a ratio of 80:20 (Figure.3n)contrast, the bottom Cp ligand is staggered
with respect to the S middle deck and the top Cp ligand by about 35° and thus atathe s
time being in an eclipsed conformation towards the bottogriRg of the host. The respective
Cp--Ps distances amount to 3.580(5)8.591(4) A{@3*C)) and 3.556(4) 3.565(4) A1@3*Br)

]v ] S]wPZd-gsestinteractions. These orientations of the top, middle and botiigands
with respect to one another and the host are found similarl@ @3*and differ from free2 and

7, whichboth comprise a nearly eclipsed conformation of all three ligdfitis.

Another commonality of compound2@3* and 7@3* is the presence of intramolecular
host-guest interactions. The Cp ligand protruding from the core of the pasdicipates in
Cp|ll| %2 v E 3@3I*Ct3.235(6)t3.267(6) A7@3*Br: 3.217(5)t 3.255(5) A) with
the Cp* of the opposite side of the next host-guest assembgu(€i6a). Theo formed head-
to-tailcoopuve & (MESZ E ]Jvd E }vv § Cc *%o SACETVE H||5%3dee v

% Z ||| %0 Jvs E @Fldure 6b-c), as already found for compou@3* 24

Figure 6. a) heatb-tail column off @3*Br formed by intermolecular Cp---Cp* host-guest interactions; b)
JvS Bu}o po E %oZ||| %oZ -kvEp@ E WM vuo E cCvEZIv o v CE|]|| %Z ]V
% |]JvP }( §Z lopuve Jvs & $@v § ightighted in green.

Compound2@3“Cland 7@3" crystallize in the monoclinic hon-centrosymmetric space
group Cc and are isostypic t@@3*Br.?Y Compounds2@34Br crystallize in the non-
centrosymmetric monoclinic space groups (from CHCL / CHCN 2@34Br) or @ (from
toluene / CHCN 2@3“Br). Again, in all compounds, nano-bowl shaped host molecules
comprising a scaffold [{CB =-B)hi{CuX}sn] are found, which act as hosts for the applied
triple decker molecules. Except fé@3"“Br, all these nano-bowls based ar are disordered

over two positions, with apertures of both positions being opposed ttedler. Thus, also the
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triple decker guest molecule is disordered over two partly oygiag positions. Moreover,
although structural refinement is not completed yet and thus t&@alX (X = Cl, Br) contents are
not yet finally refined to the best fit to the diffraction datd,is nevertheless already clear, that
compound2@3“Cl 2@3“Br, 7@3“Cland 7@3"“Br provide some {CuX} vacancies, &idC}
molecules partly occupy these positions instead. This has not yet baad for2@3“Br', which
was crystallized from-8s / CHCN in the absence of @Eb, although GHs may occupy vacant
CuX positions ins such spherical compounds as&lihdependent of the triple decker guest
molecule2 or 7, the Cp ligand protruding fronsZz }& }( §Z Z}+S v o} §

v |_ Sl e ]Jv v 0]%- IWW(}EuU 3]}v AJRD@3IFor S (@) mildle

U ¢} §Z &8 }8Z 0]P v e 5 %@E A vs 3 (v E %@(-]}vE}A EES052Z

v | S}lue }( $ZheZ3S tikdle decks in compound€3“are additionally disordered
over at least two positions. As for the Cp* analogues, this aiditidisorder can predominantly
be traced back to the deviation from five-fold symmetry in th& Phiddle deck, which is better
explained as a PS dumbbell interacting withs idand. The Cp ligaridcated within the core of
the host is staggered liZ E <% S§ §} §Z u] o Il v §Z % 0]PW
thus taking in an eclipsed orientation towards therfhg of the bowl-shaped host with Cps-P
distances of 3.61 2@3“C)), 3.57 and 3.61 2@34Br),3.58 A {@34Br) and3.62A 7 @3“Br)
]v ] S]vP Z}g8est interactions.In 2@3“Br', however, the respective Cp ligand is
disordered over two positions and exhibits a larger Cpdiftance of 3.68 A (major position) or
3.75A (minor position of disorderjuggestingve | G« ]Jvd E §]}veX

Similarly to thel* based aggregates, the' based compound2@3“Cl 2@3“Br, 7@3“CI
and 7@3“Br additionally exhibit intermolecular host-guest interactions betwdbe Cp ligand
§ §Z }% v ™ }SSotheCplligand of the next host molecule opposed to the aperture,
hence leading to heatb-tail columns. However, the Cp---@fistances amount to 3.583.54A
(2@34C), 3.48t3.55A @34Br), 3.51t3.52 AT@3“Br) and 3.49t3.53A ¢@3“Br) and are
distinctly larger than the Cp---Cp* distances in analoddusased compound2@3*(3.23 and
3.17 AP¥ and 7@3* (3.21 t 3.27 A, vide suprd This can be caused by an adjustment to the
steric demand of the Et group, which also causes a hon-paaai@igement of the £planes of
the Cp and the Cpligands with plande-plane angles of roughly 8 to 11°, while in the Cp*

analogues these angles only amount to a maximum of 3.9(4)° (fou@38+-C)).>! Therefore,

}u% o A

& 18 A )8

the columns of3" host molecules show a slight zigzag arrangement. Another consequence

thereof is that in contrast to most other Cfigands in the host the respective Qgand is not

disordered since this would require a parallel arrangement of fher@ Cgligands.

Compound2@3“Br' once more displays an exception, as toluene molecules are located in

between the Cp ligand at théottle neck _of one aggregate and the €ligand at the opposed

(N¢
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side of the next aggregate, expanding the Cp t8digiance to roughly 6.9 A. Hence, presumably
indirect Cp---@Hs---Cp contacts build up the 1D columns 2@3“Br', and the Cp ligand is
disordered. Moreover, while columns g@3"and 7@3" are arranged parallel to each other,
the angle between the columns #@3“Br' amounts to abou70° since they are not parallel to
the 2-fold axes of th€2 space group

X:-Cp' »-< ¢ C v S Zaye found interconnecting the columns in alf based nano-bowls,

analogically to thel* based aggregates. However, instead of addition&oZ ||| %sZ <

interactions, in2@3“Cl 2@3“Br, 7@3“Cland7@3“Br }voC ,|||< JvS & S3§]}ve &

and in2@3YBr even these are not found.

To sum up, the structures of the individual host-guest aggrega@s" and 7 @3" barely
differ from their Cp* analogues. By contrast, decisive differeacesound in the intermolecular
interactions. Presumably, next to the presence of |[CH ]JveS$§ -4 (] «ScdlEmn
interactions, the decisively weak&p--Cp' intermolecular host-guest interactions within the
columns account for the exceedingly higher solubility of compo@@s"and7@3"compared

to the Cp* analogues.

Supramolecules: Solubilities

Compound2@3*2Y¥ and7@3*are insoluble in hexane, pentane, toluene and@M¥ while
they are sparsely soluble in & and THF and moderately soluble in GHThe CI derivative
exhibits a slightly higher solubility than the Br derivative. din@logues based oh"profit from
enhanced solubilities especially in £H and CHGI While compound2@3 are insoluble in
pentane and C¥CN, they are moderately soluble in toluene and THF. kCEthey are well
soluble and in CHLCIlthey are very well soluble, enabling detailed NMR spectroscopic
investigations in solution. Compound&@3“ are insoluble in pentane and &EN, and
surprisingly also insoluble in toluene and THF. However, they exhildtgmobilities in C#Cb
and CHGI Compounds@5* are insoluble in pentane, hexane, toluene and;CM but
moderately soluble in THF and £LH (for 4 @5*-Cl_cf. reference 21]). Again, the Cl compound
benefits from higher solubilities than the Br analogue, thus beingbdelenough in CKCb for
detection of guest species by NMR spectroscopy. For the Br compound; tater achieved
from CHGlsolutions. As reported for other 90-vertex spheféscompound<2@6* are merely
soluble in mixtures of GBL and CHCN“! Moreover, all of the aforementioned compounds
exhibit good solubility in pyridine under complete disaggregation of the &iod concomitant

release of the guest molecule.

%0 (E
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Supramolecules: Mass spectrometry

In the negative ion ESI mass spectra inGEH CHCN mixtures, barely copper halide
fragments are detected, with the largest fragments beings}cu In the positive ion ESI mass
spectra, in all cases numerous pentaphosphaferrocene-containaggients are foundThe
largest fragment detected is [{Cp*FRusCho]™ (m/z = 2635.4) Surprisingly, for the
compounds4@5*Br_and2@3“also a peak attributed to [(CpeB . 3HA&)]" (m/z = 608.6) is
present. For the compound&g@3*-Cl 7@3“Cland 7@3*Br [(CpMo}P:S}containing fragments
are found, in which the triple deckéracts as a neutral ligand complex nextitoor 14 with
[{(CpMo)}P:SHCBFeR}CwX:]* being the largest of such fragments detected.

The EI mass spectra of all compounds show peaks corresponding f6eflpand
[{CPpFeR}-P.. In the spectra off @3" additionally [(CpMaP:S]" (and [{(CpMaPsS}P.]* for
7@3“C) is detected, hence corroborating the presence of the temprateikewise, the spectra
of compound2@3*2Y and2@3"additionally exhibit peaks attributed to [(CpeH). >AE)]",
[As)]* and sometimes also [{(CpeD) . > AG)FAS] and[As]*, confirming the presence of the
template 2. In contrast, next to the aforementionett* derived peaksthe ElI mass spectra of
A@5*Cl_and 4 @5*Br_each only exhibit a peak fdAs]™ with high intensity (84%Cl) or
68% (Br) relative ta*), but [(CpCe)~ . >A&)]" is not detected. Therefore, it is suggested that
the triple deckel2 is not encapsulated as such and the structural interpretation ascacdised

nano-bowl2@3* (borderline case b) becomes highly unlikely.

Supramolecules: NMR and EPR spectroscopy

As found for poorly soluble compou@3*-Cl?Y the *P{H} NMR spectra c2@3", 7@3*
and7@3"in CRCL or CDGlall show broad signals in the range of aboutt@B0 ppm, which is
similar to the respective spectra of 80-vertex spheres. Sind&fwertex spheres obtained from
[CEFe({>-P)] (CF" = G(CHPh)) the different signals obtained were traced back to sphérica
aggregates of different porositié®] and such CuX vacancies are also found in the course of
X-ray structure investigation for compoung@®@3“ 7@3*and7@3" a similar interpretation is
suggested. Moreover, uncoordinatett or 1* are additionally detected in théP{H} and
H NMR spectra indicating some degree of disaggregation of the hastution.

TheH NMR spectra of compound&@®3* also exhibit signals attributed to the building
blocksl* of the host molecules. These signals are shifted to lower fiekd A 7 X B@ppm for

oU w A 2XA%dpn for Br) in comparison to free* ~w A pphd)dare broadened and

further splitting is presumably caused by the presence of hosts withreiftecCuX contents. For
comparison, in théH NMR spectra of compoun@€)3* additional host signals are detected at

Z]PZ E ~w5A%d%dist v o0}A203.4ppn) fieXl though the molecular structure of
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the hosts des not differ!?Y Hence, these additional signals must be due to the proximity of the
Cp* ligands to the paramagnetic guest molecule in compo@@$*. This effect was found to
be more pronounced in the solid statd MAS NMR spectraw A i X637 ppm)24

The same features are found for the host signals in‘th&lMR spectra of compoun@gn 3"
and 7@3* although the spectra are impliedly more complicated due to thagnetically
inequivalent protons of the Cfigand. Foi7 @3", the ethyl protons resonate at chemical shifts
of 0.98 1 1.09(CH) and 2.73t 3.20ppm (CH), as compared to 0.75 and 1.94 ppm for fige
and are thus shifted to lower field. Assignments were confirmedYdyH-COSY NMR
spectroscopy. Similarly, the signals of the methyl protons areeshiéi 2.06t 2.40 ppm while
the respective signals of frele' are found atl.43 and 1.45 ppm. F&#@3" the'H NMR spectra
show additional signals at higherw(= 0.670.69 (CHCHs), 1.451.48 (CH), 2.092.22
(GCh) ppm) and lower field (= 1.781.79(CHGCH:), 3.20-3.41(CH), 4.114.33(GLCH) ppm)
due to the proximity to the paramagnetic guest molecule.

In the 3!P{H}NMR spectra of compounds@3*Cl and 7@3“-C| the guest molecule is
detected as four very small signals at -397, -150, 332 and 351 phpich are shifted compared
to free 7 (-403.8, -168.6, 318.9 and 336.6 ppm). However, the signals are natiesufy
resolved for further conclusions. For the Br analogues, no signals for ematmgos7 are
detected in the’P{H} NMR spectra. In contrast, tHel NMR spectra of compound@3* and
7@3"show up to four signals for the encapsulated triple deckir the range from about 4.4
4.9 ppm for the Cl analogues and 4t6.1 ppm for the Br analogues. The presence of up to four
instead of only two signals, as expected, is most probably due tprisence of CuX vacancies.
Additionally, a singlet for freg is also detected at 5.21 or 5.22 ppm in i NMR spectra of
7@3* and7@3“Cl which is in accordance with some disaggregation of the hosts ini@olut
already detected by'P{H} NMR spectroscopy.

Remarkably, compoundd@3“are soluble enough to detect even the broadened signals of
the paramagnetic guest molecule in solution. B@3“C| a small broad signal at 23.9 ppm is
observed for free, which is in line with the observation of some disaggregation ohtbet in
solution. Upon encapsulation, the signals foare shifted to higher field and further split up.
Two sets of signals are observed at 19 and 21 ppm with an imtegi@of 1:1. This is surprising,
since in the'H MAS NMR spectra of the Cp* analog@é®3* signals at 16 and 2dpm are
detected!?¥ For a better consistency, crystals2@3*-Clwere isolated, this time without drying
in order to guarantee a better solubility, and thid NMR spectrum of the dissolved crystals of
2@3*Clin CDGlwas recorded. Thereby, indeed also signals at 19 amp@ilare detected
Hence, the signals at 19 ppm in the solutidhNMR spectra c2@3*-Cland 2@3" can be

ee]Pv 8} §Z %o % E}S}ve § §Z ~ powloln the dolidigtatd MASWMR
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spectrum of2@3*Cl this signal is high-field shifted to 16 ppm supposably caused éy-th
stacking interactions to the Cp* protons of the next host guest aggeeft X-ray structure).
Therefore, the signals at 21 ppm are attributed to the Cp prototisinvthe core of the hoss,
having a similar environment as the Cp protons of
[(CpCrY ... B-As)|@[{Cp*Fel®-Ps)h{CuBr}s{CHCN}q] (2@6*-Br, host typeA) which resonate

at 20.5 ppmi“! As already found for the signals of encapsulafeih compounds’ @3* and
7@3" the signals for encapsulat&dn compoundf2@3*-Cland2@3"also further split up due
to the presence of host molecules with differing CuX contents.

Compounds2@34 7@3* and 7@3" are also soluble in pyridinesdunder complete
disaggregation of the host molecules. Hence, in‘tHeand®:P{H} NMR spectra uncoordinated
1* or 1Yis detected next to released triple decker templafssr 7.

With the enhanced solubility of nano-bow2€&3" it was hence possible to shed light onto
the assignments of the signals for encapsula2eith 2@3* With this knowledge in hand, the

NMR spectra of proposed compourtti@5*-Cl [**I can be reconsidered critically and compared

§} §Z Vv}A o E 4@55BP.An dverview of selected analytical data is given in table 1.

Table 1 Comparison of selected analytical data obtained from nano-b@&@3* and compound
@5 .

Compound 2@3*Cl* 2@3* B2l M@5*Cl 42l M@5*Br
w(guestyinsolid 40, 513 162 21.3 19
state [ppm] —
W (guest) in CETb al
or CDGI[ppm] 19.4,21.5 L 19.8,21.3 19.8,21.4
W (guest) in
pyridine-c [ppm] 23.9 24.0 6 (br), 23.9 23.9
Fragments detected ., . . . - +[a] . +
in the EIMS 2", [As] 2, [As]", [As]"  [As] [As], [As]
Fragments detected ot
in the ESMS — — —
Half-field signal in

no yes yes

the EPR spectrum
[a] Additional data reported herein.

Since thé'P{H} NMR spectra of nano-bows$ (vide supraand 80-vertex spheres @f do not

}u% o A

differ significantly, thé'PEH} EDZ «% SE }( }3Z 4@F%}uwv}s P]JA  vC Z]v§ }v

the nature of the formed host aggregate. In thé NMR spectra in GOk or CDG| signals at 19
and 21 ppm are detected next to the signals assigned to the imadécules. The latter show
shifts to higher (v= 1.43t1.47 ppm) and lower {\= 3.26t 3.44 ppm) field due to the proximity
to the paramagnetic guest molecule, as already found for compo@@8* and2@3" (host

type O. Previously, it was reasoned that the signal apffn in the NMR spectrg ( 4@5*Cl_
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is attributed to [CpCr{>-As)] encapsulated into an 80-vertex sphg{€p*Fe{>-Ps)}2{CuCho.n]
(4@5*Cl| host typeB, borderline case a), while the signal at 21 ppm was assi¢mexnb-
crystallizing [(CpCA)... B-ps)|@[{Cp*Fe>-Ps)h{CuBris{CHCN}] (2@6*Br, host typeA)i14l

or [(CpCH ... B-As)|@[{Cp*Fef>-Ps)h1{CuCls.] (2@3*-Cl host typeC, borderline case Hf¥

With the herein presented solutioAH NMR spectra o2@3*-Cland 2@3" (host type O
exhibiting both signals at 19 and 21 ppm, at first glance it seewsmore likely that the similar

*]PVv 0° ]V % E} %} 4@5F%0 } @0lety tlue to2@3* instead. Free templat@ ~w

=24 ppm) is also detected intAH EDZ + % 3$@@5%( v ae@iHither supporting

this hypothesisHowever, in the EPR spectra®i@5Z o EP <]Pv o v £3 8} +u 00 (
half-field is detected, being characteristic for a molecula itriplet state ~ (} 3ClI . (X & (X
[2]U (¥@5CI|_ (X &7 inthé&Experimental Parffhe EPR spectra a@3%?Y and2@3"

in contrast do not exhibit any signal at all. Hence, a differpetss with triplet ground state
upes % E 4@5Z whith could be NMR inactive. On the one hand, this species might
be the proposed [CpCff-As)] fragment encapsulated4@5+, borderline case a) with 16
valence electrons, or, on the other hand also oxidation of the trigeeker 2 to give
[(CpCr)( ... B-As)]" as a 26VE molecule encapsulated2{@3*, borderline case ¢) may be
conceivable. The counterion in the latter case might be a singler @r anion, which could
neither be excluded nor verified by X-ray crystallography due to pistedisorder, by mass
spectrometry or even elemental analysis (cf. Experimental Pargyesstingly, the'H MAS NMR

*% SEM@Br_ } e v}S A£Z] 1S vC <]Pv o02(l6/t ZppnEdepEhding E

on encapsulation and solid-state packing). Moreover, the El mass adxtained from crystals

J( }83Z  }u%o}4@57 Z } v}$a@okcular peak for [(CpQl).. U-As)]" (m/z

= 608.6) although an intense peak for’Als detected. This speaks against the presen8*

in the solid state. Instead, it is more probable tB@3* |» (}Eu @@34 "p%}v ]e*}oA]JvP X
This points to borderline case ¢ with an oxidized triple de2kencapsulated into a nano-bowl

3, &UESZ EuMBSHBI(IE S I(EPerX ... V-As)]" is not detected in the EI mass
spectrum, it is detected in the cationic ESI mass spectrum. Mebess, for an unambiguous
conclusion, further investigations are necessary:

1.) Do DFT calculations on the proposed mole@ilgupport the theory of its triplet ground
state with 26 valence electrons?

2.) May2 be selectively oxidized in®&™? If so, does the EPR spectrun2o$how a half-field
signal indicating a triplet ground state and2isunstable in (Ctcontaining) solution so
that it is re-reduced int@?

3.) Is the nano-bowR@3“Br' obtained from toluene / C¥CN (analogous conditions to the

*Cv3Z @bt " ]v (soFatherto be described &@3“Br?
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Interestingly, the oxidation of [(Cp*Gr .3%tF)] by [FeCgSbk Ileads to
[(Cp*Cr) ~ . 3%F)]'Sbk, which exhibits a triplet ground state at temperatures above K50
with two non-interacting 4 Ct' centers separated by 3.185&)*¥ as opposed to 2.727(5)iA
neutral [(Cp*CH~ ..3%F)].* Between 150 K and 23 K the Cr---Cr distance decreases, below
23K only diamagnetic behavior is observed while the Cr---Cr distancereaded to 2.782(23

at 12KM349 |n the molecular structure c2@3“Br, the Cr---Cr distance amounts to about
2.76 A, which is similar to the Cr---Cr distance2@3* (2.739(2) A; 2.7461(10) A) and to fize
(2.7791(19) AU Hence no hint for similar behavior or presenc@@®34Br can be drawn from

the X-ray structure data so far. Also, no conclusion can be drawn congehe presence of

one extraBr anion, which would be required for charge balancg'®3“Br. EPR spectroscopy

and solid statéH MAS NMR spectroscopy hence are to be performed.

5.3 Conclusion

The capability of triple decker complexes to act as a teraplatthe self-assembly of
pentaphosphaferrocenes with copper halides was investigated.H®rthe parent compound
[(CpMo)( ... B-p)(...13-PS)] ) was synthesized by using the higher-boiling solvent
m-diisopropylbenzené® 7 bears two unsubstituted Cp end decks and a mixed group 15/16
middle deck. Moreover, the template properties of the triple decker ctaxp
[(CpCh ~ . 5A&)] (2) were further examined.

When carried out in a GBL/ CHCN layering reaction, self-assembly of [Cp{€£)] (1*)
with CuX (X = CI, Br) in the presence 2fleads to the formation of nano-bowls
[(CpCrY( ... U-As)|@[{Cp*Fe®-P)hif{CuX}sn] (2@3% host type Q) with the triple decker
complex encapsulated in an opened host aggredfatén contrast, when the reaction is carried
out in toluene / CKECN, the outcome is dependent on the concentration applied. Undetedi
conditions 90-vertex spheres (host typgare obtained. While for X = Br encapsulatio2 ofas
proven from X-ray diffraction daf&' for X = Cl this was not possible and NMR spectroscopy
revealed only a minor amount &, so that well-knowrL*@6*-Cl must have been the major
product. Under more concentrated conditions, the proposHvertex spherical (host typB)

}u%o } uv4@5* _are formed independent of the nature of the halideeW possibilities in
understanding of the X-ray data are introduced, and all three deabde interpretations are
discussed and re-examined with the help of additional methods.Herthe synthesis of more
soluble nano-bowls [(CpGt).. U-As)|@[{CpFe({>-Ps)hi{CuX}sn] (2@3% host typeQ from
CHCEL / CHCN layering reactions was crucial, leading to more insight into NIWMR

spectroscopic behavior of the template. Changing solvents to tolueneCkhterestingly did
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not result in Cp analogues of proposed 80-vertex spher@@5* (host type B), but to
crystallization of another phase of nano-ba@@3“Br (host typeC).

Application of the novel triple decker compl@&xas a template in thd* / CuX (X = ClI, Br)
system leads to nano-bowls [(CpMQE).. U-B)( ... 13-PS)|@[{Cp*Fdf-Ps)h1{CuX}sn] (7T@3*
host typeQ with a change of solvents to CEHCCHCN being crucial for their X-ray structure
determination. On the contrary, in the reaction with CuBr in tolué¢r@+4CNthe nano-bowl
7@3*Br (host typeQ is crystallized in a disordered fashion. Furthermore, a ran@6-gtrtex
spheres (host typd) with CuCl or CuBr are obtained crystallizing as new phakese 90-vertex
spheres again were found to mainly encapsulkténstead of the triple decker.

When [CpFe-P)] @Y is applied as a building block, nano-bowls
[(CpMo)( ... 3-B) (... 3-PS)| @ pFe({>-P)hi{CuX}sq (7@3" host type O are obtained,
which already crystallize in an ordered fashion from@H CHCN, reflecting their enhanced
solubility when compared to the Cp* analogues. These reactions Yeened to be highly
dependent on the stoichiometry applied. With a 12 : 18 stoichiometrioraft1l": CuBr (excess
of CuBr), a novel phase of 90-vertex sph&&Br (host typeA) is obtained withl “encapsulated
in most sphereslY@6“Bris also the only characterized product of the reactiod bfCuBr and
7 in toluene / CBCN. For CuCl, the application of a 12:20 stoichiometric ratid o€uCl (excess
of CuCl) in G&b / CHCN leads to the sole crystallization of the novel 2D polymer
[{(CpMo)}( .« FEYLP)( 3 PELPS)ICUGH] (8) next to  soluble  spheres  of
(CHG)m@[{CpFe({>-Ps)h{CuChor] (host typeB). The same polyméwas obtained as the only
crystalline product in the analogous reaction in toluene 4CHland can be directly synthesized
by self-assembly of and CuCl.

In the course of these studies, also the first 3D coordination polymexchas 1* polymer
€, %o ZB AR, %o Z &VRL)}ICuU( .=L)a]n () is obtained by the attempt to synthesize a
Cul-containing nano-bowl.

All nano-bowl2@3*?1 2@3" 7@3*and 7@3" (host typeC) have been comprehensively
characterized by X-ray crystallography, NMR spectroscopy, massaspett and elemental
analysis. Thereby, striking differences have been found. The enhancedlisokibl" based
host-guest aggregates compared to the Cp* analogues coulddeedrback to the distinctly
different intermolecular interactions in the solid state. Th& NMR signals attributed to the
hosts of hano-bowls are partially shifted upon encapsulation of the paraetagtmiple decker
complex2 compared to the diamagnetic triple decker compfexhe'H NMR signals of the Cp
ligands of2 and 7 split into two sets of signals upon encapsulation, further split ughley
presence of CuX vacancies. Moreover, comparison ofHhRIMR signals &@3"in solution

with those of2@3*in the solid stat&¥ enabled assignments of the Cp signals of encapsulated
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2, and the effect of«stacking interactions inthe solids § }v §Z Z u] o *Z](3 }( §Z " }383«
Vv | % o0]P v AE %E}A vX
With these new insights, the ambiguous structures of proposed 80-vepiesres 4 @5*
(host typeB) _ dxe (e-)investigated. Based on solid state MAS NMR investigations and €1 mas
spectrometry the interpretation as a disordered phase2@3* (host typeC becomes highly
unlikely. The presence of a half-field signal in the EPR spectgaests thak undergoes either
cleavage to 16VE [Cp@¥As;)] or oxidation to 26VE [(Cp&l).. ¥-As)]" upon encapsulation.

5.4 Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques. Solvents weregudiferd and degassed
% E]}E S} u- C 3 v E % ER)] WY ICPp& %ER #4*9 and
[(CpCrY( ... B-As)] (2 were synthesized following reported procedures, although yields were
improved to 75%, 56% and 52% by the use of higher-boiling solventsdimstaropylbenzene
(m-DIB for 1* and 1% and decln (for 2), respectively. CuCl, CuBr and Cul are available
commercially and were used without further purification. [CpMo({@nd RS were available
in-house. Solution NMR spectra were recorded on a BRUKER Avance 4@@nsgtect MAS
NMR spectra were acquired on a Bruker Avance 300 spectrometer. Chehiftaware given
in [ppm] referring to external standards of tetramethylsilafid NMR and*C{H} NMR spectra),
85% phosphoric acifP{H}NMR spectrapr NaHPQ (P{H} MAS NMR spectra). ESI-MS
spectra were recorded on a ThermoQuest Finnigan MAT TSQ 7000 spetetrand EI-MS
spectra were recorded on a Finnigan MAT 95 mass spectrometencfial analyses were

performed on a Vario EL Il apparatus.

Synthesis of [(CPpCr) .5 WM 2 +> €, %o 2285 h{(CuClig [8CHCL |0.5CHCN
(2@3*-CIiPY

[Cp*Fe({®>-P;)] (1*, 102 mg, 0.30 mmol) and [(CpLr). B-As)] (2, 19 mg, 0.031 mmol)
were dissolved in Gi&b (22 mL). After treatment in a warm ultrasonic bath (1 h, 60°&Hz5,
the dark green solutiorwas filtered into a thick Schlenk tube and carefully layerech veit
colorless solution of CuCl (64 mg, 0.65 mmol) isGBH22 mL). After 1-2 weeks, the mother
liquor was decanted, and the crystalgere washed three times each with @EH/CHCN (2:1)

and pentane and dried.
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Analytical Data 02 @3*-Ct
Yield?3 72 mg (11 .mol, 42%).

'H MAS NMR2U w € %0 %d.8.6 (Ar), 1.4 (s, br), 6.7 (s, br), 16.4 (bhofmeck 0f 2), 21.3 (s, br,
Cpow 0f 2).

31pAH} MAS NMR?Y w € %o %o u s A1Z6(br; &small shoulder at 150 ppras detected,

which can most probably be assigned to fige

'H NMR (CECb):2Y w €% %oue A iX87T ~+U E-U iCN,12:08 (5, ba@; 2U8i(X &9, ~-U
2.20 (s, br), 3.26 (s, br), 3.33 (s, br).

SIPLHINMR (CBCL):PY W €% %oue A 01 ~ EeU Ltiee): sil@nald aimdst betowlhoise

floor.

'H NMR (CDglnot dried crystals):w €% %oue A iX8d ~+U E+U iXii ~eU E+U X
2.22 (s, br), 3.18 (s, br), 3.21 (s, br), 3.29 (s, br), 3.36 (s, Br(mM.%r, Cphite-neck0f 2), 21.5 (m,

bl’, CmOWI Of 2), 240 (Szfree).

SIPAHINMR (CDGJ not dried crystals):w € %o %oue A 06 ~uU E-U iTi A*EkeU iii ~ &
'H NMR (pyridine-e):?3 w € %o %oue A iXii >-Ps)l), £8P RITN], 23.9 (S, bPree).

SIPLHINMR (pyridine-@):2Y w € %o %o Us A 1FR)X A ~o U

EPR-spectrum (crystals, quartz tubdéy:no signal detected.

EFMS (70 eVF! m/z = 608.5645 [(CpGH .5HAG)*U 10AX0i00 EPYZ209:6829

[As]*U TO0TX861A €:PYpBR. ~{

Positive ion ESI-MS (@EL/CHCN)?2Y m/z = 2635.3742 [{Cp*FeRCusChs]*, 2535.4794
[{Cp*FeR}Cu-Chi]*, 2437.5809 [{Cp*FeRCuiChq*, 2337.6845 [{Cp*FeRCuoChH]",

1793.9710 [{Cp*FeRCwCl]*, 1744.0238 [{Cp*FeRCuCE]*, 1694.0742 [(Cp*FeRCuCh]",

1596.1752 [{Cp*FeRCuCH]*, 952.5663 [{Cp*FeRBCuCh]*, 854.6687 [{Cp*FeRCuCIf,

754.7722 [(Cp*FepCul, 490.9028 [{Cp*FaffCu(CHCN)]*, 449.8772 [{Cp*FeFCu(CECN)],
408.8500 [{Cp*FejCu].

Negative ion ESI-MS (@BL/CHCN)®Y m/z =232.7628 [CiCH]".

Elemental Analysi&¥ Calculated (%) for [(Cp&Xk]@[{Cp*FeB11{CuCl}s -8CHChL-0.5CHCN
(6451 g/mol): C 24.02, H 3.01, N 0.11, Cu 13.30, P 26.41; found (%): Gi2338,N 0.07, Cu
13.40, P 26.81.
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Synthesis of [(CpGr)- . 5UNs ¢ *> €, %o Z°&5)h{(CuBn2g |2CHChL (2@3*-BriY

1* (106 mg, 0.31 mmol) ar2l(21 mg, 0.034 mmolyere dissolved in Gi€b (21 mL). After
treatment in a warm ultrasonic bath (1 h, 60°C, 35 kHz), the gia#n solutiorwas filtered into
a thick Schlenk tube and carefully layered with a colorless salati CuBr (87 mg, 0.61 mmol)
in CHCN (21 mL). After 1-2 weeks, the mother liqueas decanted, and the crystaisere
washed three times each with @EL/CHCN (2:1) and pentane and dried.

Analytical Dataf 2@3*Br taken from ref. 21]:
Yield:122mg (19 pumol, 69%).

IH MAS NMR:w € %0 %134 (r), 1.4 (s, br), 6.8 (s, br), 16.2 @mottie-neck Of 2), 21.3 (s, br,
Cp)owl Of 2).

3PAH} MAS NMRW €% %o us A 61 ~ E«U iT0 ~ E+X

'H NMR (CD@Lt w € %o %o U+ Ar),X &8 (s; bk, 1.49 (s, br), 2.13 (s, br), 2.14 (sCR}12.25
(s, br), 3.32 (s, br), 3.40 (s, br).

31PAHL NMR (CDQt W € %0 %o U A 1FRDXO ~+U

IH NMR (pyridine-g): W € %o %o U+ A*eX)]1.87+(kl CHLN), 5.69 (s, GAL), 24.0 (S, br2free).
SIPAHY NMR (pyridine-g): W € %o %o U e A 1FRDX A ~+ U

EPR-spectrum (crystals, quartz tube)p signal detected.

EFMS (70 eV)m/z = 608.5667 [(CpGry . 54A&)]", 345.9197 [Cp*FeR)]*, 299.6853 [Ad",
283.9724{Cp*Fe~%R)}-P]", 149.8517As]".

Positive ion ESI-MS (@EL/CHCYCHCN):m/z= (181X 8011 €, %R uBE]", 898.6152
€, %o ZBP)LLCWBITTU 6AdX0611 E-PYhe@RU~PO06X 006106 R BulRCNY.
Negative ion ESI-MS (@EL/CHCYCHCN): m/z = 322.6601 [GZIBp], 222.7643 [CuB},
178.8144 [CuCIBr]134.8649 [Cug}i.

Elemental analysis: Calculated (%) for [(CpeB .S>UWA&)]@[{ %o Z &-Ps)fii(CuBrz4
|2CHCb (6377 g/mol): C 22.98, H 2.83, N 0, Cu 12.46, P 26.71; found (%): G23.90, N 0,
Cul2.44, P6.77.

}u% o A
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Reaction of 1* with 2 and CuCl in toluene/@EN under concentrated conditions:

NCVSZ o] }( "E-Pbos EE,. WPP)H{CuClps _ ~"3>GlFe?Y

1* (105 mg, B0 mmol) and2 (23 mg, 0.038 mmolyere dissolved in toluene (26 mL). After
treatment in a warm ultrasonic bath (1 h, 50°C, 35 kHz), the gien solutiorwas filtered into
a thick Schlenk tube and carefully layered with a colorless solofi@uCl (58 mg, 0.59 mmol)
in CHCN (20 mL). After 2-3 weeks, the mother liquaas decanted, and the crystalgere
washed twice with toluene/CHN (1:1) and dried.

v oCS] o 4853CI "W
Yield??! 44 mg (6.6 pmol, 26% (interpretation A@5*C) or 7.4 umol, 27% (interpretation c:
2'@3*Cl).
'HNMR (CECL):PY W €%o%oues A iX8T ~eU @E-U iX8T ~eU E&UH), 8026 ~-U
(s, br), 3.33 (s, br), 7.147.26 (m, &), 19.8 (S, brCpottie-neck Of 2@3*-C)), 21.3 (S, brCpow Of
2@3*Cl).
SIPLH} NMR (CECh):PY w €% %ous A 006 ~ E U 1*ie)=~sidaltlalnfosKidelcvw hbise
floor.
'H NMR (pyridine-g):2¥ w € %o %o U+ Al*§eX)] 8.83 ¢4) CGIEN), 2.22 (s,78), 6.0 (br), 7.16
730 (m, G]"S), 239 (S, erfree).
S1IPLH} NMR (pyridine-¢):?Y w € %o %o u e A 1F@H.XT ~+U
EPR-spectrum (crystals, quartz tubdéy: half-field signal detected (cf. chapt4).

EFMS (70 eV)m/z =345.9202 [Cp*Fe%R)]", 299.6857 [Ad", 283.9726 [{Cp*Fe%R)}-R]".

Positive ion ESI-MS (GEE/CHCN): m/z = 952.5648 [{Cp*FeRCuCh*, 854.6673
[{Cp*FeRLCUCI}, 754.7722 [(Cp*FeRCul, 490.9035 [{Cp*FeFCu(CECN)]*, 449.8776
[{Cp*FeRCu(CHCN)].

Negative ion ESI-MS (@EL/CHCN):m/z = 332.6604 [CyCl], 232.7645 [CiCh]", 134.8661
[Cud]]-.

Elemental analysis: Calculated (%) for [Y%o FAS)@[{ %o Z &-R)}i(CuCly] |4 GHs
(6695 g/mol): C 27.45, H 3.27, N 0; calculated (%) for
[(CpCr)( . UPP-AS)|@[ %o Z &-P)l1(CuChy] |2 GHs (5885 g/mol): C 27.35, H3.27, N 0;
calculated (%) for [(CpGE).UPE-As)" @K %o Z &-Pe}h11CusChs™ |2.2 GHs (5939 g/mol): C
27.38, H 3.27, N 0; found (%): C 27.38, H 3.24, N O.



~

Reaction of 1* with 2 and CuBr in toluene/GEIN under concentrated conditions:
ACVSEZ o]e }( "NELboe EBE, WPE)h{CuBrione  ~"d>fE e

1* (51 mg, 0.15 mmol) and (19 mg, 0.031 mmolvere dissolved in toluene (8 mL) and
sonicated for one hour at 60°C. After filtration, the dark green solutvas carefully layered
with a solution of CuBr (29 mg, 0.20 mmol) insCH (8 mL). Already after two days, the
formation of dark brown cubes ofCpCrAg@[{Cp*FeB{CuBr}o,] [was observed. After
complete diffusion, the mother liquowas shaken up and decanted together with the
precipitate. The crystalsere washed first with a mixture of toluene / @EN (2:1, 3x5 mL), then

with pentane (3x5 mL) and dried vacuo
v oCS] o 4853%Br2W
Yield: 49 mg (6.6 umol, 55% (interpretation 4@5*Br) or 7.5 umol, 56% (interpretation c:
2'@3*-Br))
'H MAS NMRw € %o %d4 €bi\* 1.5 (br), 6.6 (br).Signal almost below noise floor.
31PAH} MAS NMRW € %o %oUs A 61 ~ EeU 1t E-U ifiiX6 ~eU
'H NMR (CECb): wWppm] = 1.44 (s, br), 1.47 (s, br), 1.51 (s, br), 2.12 (s, br), 2.88,(2.34 (s,

GHg), 3.30 (s, br), 3.38 (s, br), 7.14.26 (m, &), 19.8 (S, brCpottie-neck Of 2@3*Br), 21.2 (s,
br, Cp)owl 0f2@3*'Br)

'HNMR (CD@t W €% %oues A JXBB (s; bL), 1.7 (s, br), 2.19 (s, br), 2.29 (s, br), 2.40 (s,
CHs), 3.36 (s, br), 3.44 (s, br), 7.14.26 (m, €s), 19.8 (S, brCpottie-neck 0f 2@3*BI), 21.4 (s,
br, Cpow Of 2@ 3*BI).

SIPAH}NMR (CDQt W €% %oUue A 01 ~ Ebr 185 (br)E52AB (& Fee); Signals almost

below noise floor.

H NMR (pyridine-g): w € %o %o U+ Al*kX); 11.86 (d, CAEN), 2.23 (s,78), 7.16t 7.30 (m,
C7H8), 23.9 (S, br2free)-

31PLH} NMR (pyridine-g): W € %o %o U s A 1FRd)X A ~e«U

EFMS (70 eV)m/z = 345.9263 [Cp*FefR;)]*, 299.6905 [Ag", 283.9775 [{Cp*FetR)}-R]*,
149.8469As]".

Positive ion ESI-MS (@EL/CHCN):m/z A {1871Xd076 €°>-PyL&Br]{, 898.6184
€, % ZBPYLCUBITU O6fdX006ii €PYRE ~00XAdi0 € 5BZ8Br{
608.5666  [(CpCr)~ .5%A&E)]* U ARTX0608 ERIGERR],~{ 490.9040
€, %0 ZBPARGU(CECNY'U 886X 0606060 56R) BTN

iTi] At E v}r }YAoes ¢ ,}e8e (}E dE]% 0 | E }u% o /&
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Negative ion ESI-MS (@EH/CHCN):m/z = 939.9944 [GBr], 796.1492 [CiBr],, 654.3017
[CuBr|, 510.4561 [C4Br)|, 366.6107 [CiBr]|, 322.6610 [CiCIBE|, 222.7651 [CuBk,
178.8153 [CuCIBr]

Elemental analysis: Calculated (%) for [P EAS)@[{ %o Z &-P)}hi2(CuBryy] |4 GHs
(7450 g/mol): C 24.67, H 2.94, N 0; calculated (%) for
[(CpCrY( . PP-AS)I@[{ %o Z &-Ps)h11(CuBnsg |2 GHs (6535 g/mol): C 24.63, H2.95, N 0;
calculated (%) for [(CpGE).UPF-As)]"@K %o Z &-P)hiiCusBrg |2 GHs (6543 g/mol):

C 24.60, H 2.94, N 0; found (%): C 24.55, H 2.95, N 0.

EPR-spectrum (crystals, quartz tube, r.t.):

Figure 7. EPRspS Eupu }( EQ@S*8s_}{Vv* tulge atr.t.
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Synthesis of [(CpGr)- ..>UAs)|@[(CPFeR)11(CuChsq] (2@34CI)

[CpFe({>-Ps)] (1Y 30 mg, 0.83 mmol) and (9 mg, 0.015 mmolyvere dissolved in GiEb
(7 mL). After treatment in a warm ultrasonic bath (2 h, 60°C, 35 khkiz)jark green solution
was filtered into a thick Schlenk tube and carefully layered wittolarless solution of CuCl
(11 mg, 0.11 mmol) in GEN (6 mL). After 1-2 weeks, crystal2@3“Cl have formed. After
complete diffusion, the mother liquowas decanted, and the crystalsere washed with
CHCL/CHCN (2:1, 5 x 30 mL) and pentane (3 x 5 mL) and dried.

Analytical Data o2 @3“Ct
Yield:12 mg (2.0 .mol, 27%).

'H NMR (CDQt w € %o %o ue A -CMOI of1¥E 0.75 (t23n= 7.5 Hz, 3HCHCH of 1Y%),
0.98 (br, CHCH of 1%), 1.45 (br, -CHof 1% and 1Y), 1.79 (br, EHCH of 1%), 1.96 (q3dn=
7.6Hz, 2H, -Gi&H of IXree), 2.0912.22 (br, -Cklof 1%, and -ChCH of 1), 2.91 (br, -C¥CH of
1%), 3.20 t 3.36 (br, -Ckof 1%), 4.11 t 4.21 (br, -CkCH of 1%), 5.30 (s, Cib), 19.2 (br,
Chottie-neck Of 2), 19.5 (br, CRitie-neck Of 2), 21.2 (br, Cpw of 2), 21.4 (br, Cpw of 2), 23.9 (br,
2free).

SIPAHINMR (CDG): W €% %oUe A 00 ~ (E-U iid ~ IEe)sighals-al@ostbdldiXd ~+«U
noise floor.

IH NMR (pyridine-g): W € %o %o s Al d® Hzs BHCHCH, 0f 1%e), 1.39 (s, 6HGH of

1Ye), 1.42 (S, 6HGH 0f 14ee), 1.87 (S, CG4EN), 1.94 (Gl = 7.6 Hz, 2H, -GEH 0f 14c), 15.6

(s, 10H, (CDQASQ).[M] 23.8 (s, br, 10F2free).

SIPAHINMR (pyridine-d): W € %o %o U+ A 1M XT ~+U

EFMS (70 eV):m/z = 608.5691 [(CpGry .>UAg)]", 458.7259 [{(CpCr) . >HAR)FAS],

359.9370 [CB& SB)]", 299.6876 [A§", 297.9890 [{CP& SP)}PJ*, 149.8531As]".

Positive ion ESI-MS (@EL/CH:CN): m/z = 980.5971 [{CfeR}LCuCh]*, 882.6990
{CpFeRLCuCIl, 782.8034 [(CfFeR):.Cul, 608.5660 [(CpGr) .5%AR)]", 563.7886

{CpFeRJCUCI(CHCN)], 522.7620 [{CHFeR}CuCIf, 504.9190 [{CHreR}Cu(CECN)]",
463.8933 [{CHFeR}CU(CHCN)T, 422.8658 [{ClFeR}CUL.

Negative ion ESI-MS (@EL/CHCN):m/z =232.7644 [CxCH]", 134.8658 [Cugli.

Elemental AnalysisCalculated (%) for [(CpeAk) @ [{CpFeR}11{CuChs] (6053 g/mol): C 25.99,
H 3.28, N 0; found (%): C 26.14, H 3.37, N 0.
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Synthesis of [(CpGr)- ..>UAs)|@[(CPFeR)11(CuBr)s.n] (2@34Br)

1Y(31 mg, 0.86 mmol) and (10 mg, 0.016 mmolvere dissolved in Cigb (6 mL). After
treatment in a warm ultrasonic bath (2 h, 60°C, 35 kHz), the gladn solutiorwas filtered into
a Schlenk tube and carefully layered with a colorless solutioruBf CL8 mg, 0.13 mmol) in
CHCN (6 mL). After 1-2 weeks, crystal2@3“Br have formed. After complete diffusion, the
mother liguorwas decanted, and the crystalgere washed with CKCH/CHCN (2:1, 5 x 30 mL)

and pentane (3 x 3 mL) and dried.
Analytical Data c2 @3"Br:
Yield:30 mg (4.7 .mol, 60%).

'H NMR (CDEt w € %o %o U+ A -CMGCH of 1% 0.75 (133w = 7.6 Hz, 3HCHCH of 1Y),
0.98 (br, €CHCH of 1Y), 1.44 (s, 6HGH of 1%ee), 1.45 (s, 6HGH of 1%ee), 1.48 (br, €H of
14), 1.78 (br, CHCH of 14%), 1.96 (923 = 7.7 Hz, 2H, -GEH of 1Ye), 2.15 (br, -C¥CH of
14%), 2.15t2.26 (br, €H of 14%), 2.80t 3.01 (br, -C¥CH of 14), 3.24t 3.41 (br, €H of 1Y),
4.18 t4.33 (br, -CHCH of 1'%), 5.30 (s, Ci€h), 19.3 (br, Cgite-neck Of 2), 19.6 (br, Cpitie-neck Of
2), 21.1 (br, Gpw of 2), 21.3 (br, Cpw of 2), 21.5 (br 2free).

SIPAHINMR (CDG): W €% %ol A 0i ~ E+U 08 ~ EoU Mo E+U iifi ~ EeU i

H NMR (pyridine-g): w € %o %o U+ AliX F® HzS BHCHCH of 14%e), 1.40 (s, 6HGH of
1Y%ce), 1.43 (S, BHGH 0f 1%ee), 1.95 (q3hn= 7.6 Hz, 2H, -GEH 0f 14c), 5.69 (S, CITL), 23.9
(S, br, 10H2free).

SPLHINMR (pyridine-@): W € %o %oue A1HR)X S ~<U

EFMS (70 eV):m/z = 608.5719 [(CpGry .5%A&)]*, 458.7274 [{(CpGr) .5%A&)}AS]",
350.9384 [CP& =R)]", 299.6896 [A§", 297.9902 [{CP& SB)}-PJ*, 182.0165 [CiLIT,
149.8557As]".

Positive ion ESI-MS (@EW/CHCN): m/iz = 1070.4943 [{CFeRLCuBr]*, 1026.5439
[{CpFeR:LCUCIBI], 926.6489 [{CfreR}.CuBIl, 782.8032 [(CfFeR).Cul, 608.5657
[(CpCn ~ . 5%A&)]", 566.7114 [{CIFeR}CuBIT, 504.9188 [{CHreR}CU(CECN)]*, 463.8929
[{CpFeR}Cu(CHCN)], 422.8656 [{CHFeR}CU.

Negative ion ESI-MS (@EL/CHCN):m/z =939.9954 [C¢Br;],, 796.1500 [CiBrs],, 654.3023
[CuBr], 510.4566 [CiBr], 366.6109 [CiBr|, 322.6613 [CiCIBs|, 222.7656 [CuB,
178.8154 [CuCIB]134.8654 [Cug}!.
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Elemental Analysis:Calculated (%) for [(Cp@Ak]@[{CpFeR}i{CuClhg (6405 g/mol): C
24.57, H 3.10, N 0; found (%): C 24.59, H 3.18, N 0.

Synthesis of [(CpGr)- . > UAS)]|@[(CPFeR)11(CuBns.q] (2@3“Br)

1Y(29 mg, 0.081 mmol) ar2l(10 mg, 0.016 mmolyere dissolved in toluene (8 mL). After
treatment in a warm ultrasonic bath (2 h, 60°C, 35 kHz), the giadn solutiorwas filtered into
a Schlenk tube and carefully layered with a colorless solutioruBf 22 mg, 0.15 mmol) in

CHCN (8 mL). After one month, crystal2@3“Br have formed

Synthesis of [(CpMae)~- . 3tR « ~ .22 §)] (7}

[CpMO(CQOJ). (1.0g, 2.30 mmol) and s (506 g, 2.30 mmol)were dissolved in
1,3-diisopropylbenzene(-DIB, bp = 203 °C, 150 mL) and refluxed for 20 hours. The salaent
removed, and the dark residweas dissolved in toluene. Subsequently, this solutias filtered
over celite and the solventas again removed. The solighs adsorbed on silica and loaded onto
a column filled with silica and hexane (20 cm x 3 cm). Compopueodld be eluted as a red band
using a hexane/toluene (1:1) solvent mixture. The solwead removed and pur& could be
isolated as dark red powder. Crystals suitable for X-ray diffractnalysisvere obtained by

layering a solution of in CHCk with CHCN.
Analytical data of:

Yield:200 mg (crystalline yield, 0.42 mmol, 18%).

H NMR (€De): W €%0%oUes AskX 6T ~eU

IH NMR (CDQt W €% %oU* AsfkXTi ~eU

IH NMR (pyridine-g): W € %o %o U AslfXTT ~eU
BCEH}NMR (6Ds): W € %0 %o U s Asls)XT ~eU

3IPAH} NMR (6De): W € %0 %o Uus A i @X318:9 (ddd, §Y-168.6 (ddd, i), -403.8 (ddd, §;
FH{AB) = 19 HzpdAM) = 59 HzpdAX) = 376 HzgeBM) = 6 Hzpd BX) = 376 HzgeMX) = 20 Hz.

FDMS (toluene)m/z = 479.9 (W).

Elemental analysisCalculated (%) for {€H10M02PsS] (478.0 g/mol): C 25.13, H 2.11, S 6.71;
found: C 24.81, H 2.10, S 7.19.

}u% o A
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Synthesis of [(CpMe] ... ¥Ps)(... 13-PS)|@[(Cp*Feffii(CuChs 4 - 5.325 CHel - 0.7 GHg
(7T@3*-Cl)

1* (53 mg, 0.15 mmol) and(6 mg, 13... u hwere dissolved in CH{9 mL) and sonicated
for one hour at 60°C. After filtration, the dark green solutias carefully layered with a
solution of CuCl (29 mg, 0.29 mmol) insCN (9 mL). After one week, the formation of dark
brown rods of7 @3*-Clwas observed. After complete diffusion, the mother ligwess shaken
up and decanted together with the precipitate. The crystadse washed first with a mixture of
CHCL/ CHCN (2:1, 2 x 10 mL), then with pentane (3 x 5 mL) and bfrieacuo

Analytical Data of @3*-Ct
Yield:28 mg (5.0.mol, 40%).

IHNMR (CD@t W € %o %o U » Al*{eX)9B05-(slbr), 2.06 (s, br), 2.13 (s), 2.20 (s), 2.22 (s), 2.28
(s, br), 2.36 (s), 2.36 (S), 4.47 (SwofddheckOf 7), 4.51 (S, Grtie-neck O 7), 4.85 (S, Gpw 0f 7), 4.89
(S, Cpowl Of 7), 522 (S?free).

SIPAHINMR (CDG): w € %o %396.84m, Rof 7), -149.8 (m, R of 7), 67 (br), 70 (br), 79 (hr)
112 (br), 124 (br), 152.7 (§*wee), 332.9 (M, Pof 7), 352.6 (m, Rof 7); signals almost below

noise floor.

IH NMR (pyridine-g): W € %o %o us AL%X)i 4.84 (&l CIEN), 5.26 (Tee), 5.68 (S, CITh),
8.54 (s, CHg)l

SIPEHINMR (pyridine-@d): w € %o %407%.84Am, ROf 7iree), -168.7 (M, &2 0f 7tee), 143.0 (S1*free),
3062 (m, EOf 7free), 3258 (m, E’Of 7free).

EIMS (70 eV)m/z=i1dAX6TiT € %R U-{01X00i0 €-PPBR. ~{

Positive ion ESI-MS (@EL/CHCN): m/z = 1694.0696 [{Cp*FeRCu.Ck]*, 1596.1709
{Cp*FeR}:CuCh]*, 1398.5842 [{Cp*FeRCwCh]*, 1086.3965 [{(CpMexSHCp*FeffCwCh]*,
986.4999  [{(CPMaP:SHCp*FeRCuCIl, 9525632 [{Cp*FeRCuChL]", 854.6662
[{Cp*FeRBLCuCI, 754.7698 [(Cp*FefpCul, 549.7709 [{Cp*FefCuCI(CHCN)], 490.9023
[{Cp*FeB}Cu(CECN}]*, 449.8757 [{Cp*FePCu(CkECN)], 408.8495 [{Cp*FeRCuT.

Negative ion ESI-MS (@EL/CHCN):m/z =232.77631 [GiCE], 134.8654 [Cugll.

Elemental Analysis:Calculated (%) for [(CpM&)S]@[{Cp*Feff12{CuCHhs] (5570 g/mol): C
25.87,H 3.17, N 0, S 0.58; found (%): C 25.63, H 3.34, N tréces, S
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Synthesis of [(CpMg] ... TP)( ... U-PS)|@[(Cp*Fefi(CuBrs.2zg - 5.55 CHGI - 2.4 GHg
(7@3*-Br)

1* (53 mg, 0.15 mmol) ard(11 mg, 23...u}o+* A E ]} 0346 ml)vand sonicated
for two hours at 60°C. After filtration, the dark green solutias carefully layered with a
solution of CuBr (41 mg, 0.29 mmol) insCN (6 mL). After one week, the formation of dark
brown rods of7 @3*Brwas observed. After complete diffusion, the mother ligweas shaken

up and decanted together with the precipitate. The crystedse washed first with a mixture of
CHCL/ CHCN (2:1, 5 x 5 mL), then with pentane (3 x 3 mL) and driedcuo

Analytical Data of @3*Br:
Yield:32mg (5.4 .mol, 39%).

'H NMR (CD@t W € %o %o U s Al*iX)D08-(0Y), 2.15 (br), 2.24 (br), 2.25 (br), 2.34 (br), 2.40
(s), 2.41 (s), 4.71 (S, Kotf-neck OF 7), 4.75 (S, GPrtie-neck OF 7), 5.04 (s, Gpwi 0f 7), 5.08 (s, Gw
Of 7), 521 (Syfree).

SIPAHINMR (CDG): W €% %oUus A 00 ~ E+U 68 ~1TRaU ii6 ~ E+U iATX0 ~U

IH NMR (pyridine-g): W € %o %o Uus Al*i%)i 4.87 {&] CIEN), 5.29 (i), 5.69 (S, CITD),
8.56 (s, CHg)l

IPAHINMR (pyridine-@): W € %o %408.34m, ROf 7iree), -168.5 (M, B 0f Tiree), 145.2 (S1*ree),
3064 (m, EOf 7free), 3249 (m, EOf 7free).

EFMS (70 eV)m/z=i8AX 0111 € %D, 288.9736€, %o ZBR-PI".

Positive ion ESI-MS (CHOHCN): m/z = 1042.4586 [{Cp*FeRCuBr]*, 898.6140
{Cp*FeR}CuBIT, 754.7703 [(Cp*FeRCul, 449.8754 [{Cp*FeFCu(CECN)].

Negative ion ESI-MS (CHCH:;CN):m/z =322.6599 [CiBrCl}, 222.7640 [CuBJ.

Elemental AnalysisCalculated (%) for [(CpM®)S]@[{Cp*Fefi:{CuBr} 4 (5904 g/mol): C
24.41,H 2.99, N 0, S 0.54; found (%): C 24.41, H 3.03, N 0, S 0.48.

Synthesis of [(CpMe] ... -P3)( ... 1P S)|@[(CHeR)11(CuChs] (T@34CI)

1Y (32 mg, 0.089 mmol) and (7 mg, 0.015 mmolere dissolved in Cigb (7 mL). After
treatment in a warm ultrasonic bath (1 h, 60°C, 35 kHz), the gian solutiorwas filtered into
a thick Schlenk tube and carefully layered with a colorless solofi@uCl (12 mg, 0.12 mmol)

in CHCN (7 mL). After three days, crystals7r@3“Cl have formed. After complete diffusion,
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the mother liquorwas decanted, and the crystaigere washed with CHCL/CHCN (2:1, 4 X
3-10 mL) and pentane (3 x 3 mL) and dried.

Analytical Data of @3“Ct
Yield:23 mg (3.9.mol, 48%).

IH NMR (CD@t W € %0 %o s Al d B Hzs BHCHCH 0f 1%ee), 0.98 (br, CHCH of 1Y),

1.09 (br, CHCH of 1%), 1.45 (s, 6H,GH of 1Y4ce), 1.45 (S, 6H,GH Of 1%ee), 1.96 (q3hn =

7.6Hz, 2H, -GIEH 0f 1 4ce), 2.06 (br, CH of 1%), 2.15t 2.37 (br, €H of 1%), 2.73 (br, -C}CH

of 14), 2.873.13 (br, -ChCH 0f 1), 4.43 (S, GRuieneck Of 7), 4.48 (S, Gpre-neck Of 7), 4.80 (s,
Chhow 0f 7), 4.84 (S, GRw 0f 7), 5.22 (S7iree), 5.30 (s, CIED).

SIPAHINMR (CDG): w € %o %396.64m, Rof 7), -149.6 (m, R of 7), 66 (br), 69 (br), 78 (br),
112 (br), 123 (br), 152.3 ($*fee), 331.6 (M, Pof 7), 350.8 (m, Rof 7); Signals almost below

noise floor.

'H NMR (pyridine-g): W € %o %o U* AJiX§F HzS BHCHCH of 14ee), 1.37 (s, 6HGH of
1Y%ee), 1.39 (S, 6HGH 0f 14ee), 1.86 (s, GHEN), 1.91 (@J—IHz 7.6 Hz, 2H, -GEH 0f 1Y%ec), 5.24
(S,7free), 5.69 (S, C;Iﬂ:lz)

SIPAHINMR (pyridine-@d): W € %o %405.54m, RPof 7iree), -168.3 (M, & Of 7tree), 148.4 (S1*free),
3126 (m, EOf 7free), 3315 (m, E’Of 7free).

EFMS (70eV):m/z = 477.7595 [(CPMe)S]", 415.8142 [{(CpMelp:S}HR]", 359.9409
[Cp'& =-R)]", 297.9928 [{CP& ~-B)}-Py™.

Positive ion ESI-MS (@EL/CHCN): m/z = 1098.4162 [{(CpMe)SHCpPFeR}CwCh]*,
1000.5189  [{(CpMeP:;SHCPFeRICuCIl, 980.5982  [{CHFeRLCuCH*,  902.6214
[{(CPMoYP:SHCpFeR}CUl, 882.6999 [{CiFeR}.CuCI], 782.8035 [(ClFeR).Cu], 563.7888
[{CpFeRJCuCI(CHCN)], 522.7622 [{CHFeR}CuCI}, 504.9191 [{CfreR}CU(CHCN)]*,
463.8930 [{CfFeR}CU(CECN)T.

Negative ion ESI-MS (@EL/CHCN):m/z =332.6601 [CsCl], 232.7641 [CiCE], 134.8657
[Cud]].

Elemental Analysis: Calculated (%) for [(CpM#&S]@[{CpFeRhi{CuChs] (5923 g/mol): C
26.57, H 3.35, N 0, S 0.54; calculated (%) for [(CiHNB]J@[{CpFeR}{CuCls]-3CHCLb
(6064 g/mol): C 26.74, H 3.41, N 0, S 0.53; found (%): C 26.81, H G,Z50M2.
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Synthesis of [([CpMe] ... U-p5)( ... 3PS)|@[(CHeR)11(CuBns.q] (7T@3“Br)

1Y (32 mg, 0.089 mmol) and (7 mg, 0.015 mmoljvere dissolved in Gi€b (11 mL). After
treatment in a warm ultrasonic bath (1 h, 60°C, 35 kHz), the gia#n solutiorwas filtered into
a Schlenk tube and carefully layered first with an intermediayel of CLCL/CHCN (2:1, 1 mL),
subsequently with a colorless solution of CuBr (17 mg, 0.12 mmol:®NCHE mL). After three
weeks, crystals of @3“Br have formed. After complete diffusion, the mother ligumas
decanted, and the crystalsere washed with CK¥CL/CHCN (2:1, 3 40 mL) and pentane (3 x
5 mL) and dried. After further two months, a second crop of crystaléd be isolated from the

mother liquor.
Analytical Data of @3“Br:
Yield:11 mg (1.8.mol, 22%).

IH NMR (CD@t W € %o %o Us Al Hzs BHCHCH 0f 1Y), 1.06 (br, CHCH of 1Y),
1.44 (s, 6H,GH 0f 1%ee), 1.45 (S, 6HGH 0f 14ec), 1.95 (g3 = 7.7 Hz, 2H, -GEH 0f 14cc),
2.16 t2.34 (br, CH 0f 1Y), 2.9413.10 (br, -CKCH 0f 14), 5.30 (s, CITb).

SIPAHINMR (CDG): W €% %o ues A 00 ~ (U 1Hi; Sig@alsdinmdst Kelow maise floor.

H NMR (mother liquor, CETb): W € %o %o U* A3JiX=07i6 HE BHCHCH of 14%ee), 0.98
(br, CHCH of14), 1.06 (br,CHCH 0f1%), 1.44 (s, 6HGH 0f 1%ee), 1.45 (s, 6HGH 0f 1%ee),
1.94 (9,334 = 7.6 Hz, 2H, -GEH of 1Y), 2.07 (br, EH of 1Y), 2.13t 2.40 (br, €H of 1Y),
2.76 (br, -CbCH of 1Y), 2.94t 3.20 (br, -CHCH of 1%), 4.66 (S, Gptie-neck Of 7), 4.69 (SChottie-
neck 0F 7), 5.01 (s, Giwi 0f 7), 5.05 (s, Gpw 0f 7), 5.32 (s, Ci€h).

SIPEHINMR (mother liquor, CECb): w € %0 %oue A 00 ~ E+U 66 ~ E-U iid ~ U iid ~ ¢
(s,1%ee); Signals almost below noise floor.

H NMR (pyridine-g): w € %o %o U s AJiXd® HzS BHCHCH of 1Y), 1.35 (s, 6HGH of

ll*ree), 138 (S, 6H,C'I'& Of 1‘#ree), 189 (q,:;\]-IH: 76 HZ, 2H, '_%H Of llh'ee), 524 (S,?free), 571

(s, CHCb).

SIPEHINMR (pyridine-d): w € %o %oue A ifBXABPU € %o

EIMS (70eV): m/iz = 477.7775 [(CpMeRS], 359.9353 [Cp& =B)]", 297.9876

{Cp'& =>B)}R]", 123.89545 [H*.

Positive ion ESI-MS (@EL/CH:CN): m/z = 2147.6684 [{CpeR}:CuBr]*, 2003.8194
[{CpFeR}:CuBrg]*, 1959.8668 [{CreR}:CuCIBg]*, 1859.9709 [{CireR}:CuBrs]*, 1816.0199
[{CpFeR}:CuClIBE]", 1188.3135 {(CpMapsSHCpFeR}CuBr]*, 1070.4956
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[{CpFeRLCuBL]*, 1024.5470 [{CFeRLCUCIBI], 926.6505 [{CFeRLCuBI], 782.8036
[(CpFeR).Cu], 463.8933 [{CiFeR}CU(CHCN)], 422.8661 [{CiFeR}CUT.

Negative ion ESI-MS (@BL/CHCN):m/z =896.0711 [CiCIBE],, 796.1748 [CsBr|", 654.3247
[CuBr], 608.3756 [CiCIBE], 510.4763 [GiBr], 366.6282 [CiBr], 322.6776 [CACIBE,
222.7798 [CUBF, 178.8288 [CuCIB]L34.8769 [Cugll.

Elemental AnalysisCalculated (%) for [(CpM&)S]@[{CpFeR}h{CuBr}.3 (6202 g/mol): C
25.37, H 3.20, N 0, S 0.52; calculated (%) for [(CHVBI@[{CFeR}11{CuBr}i g-3CHCh
(6342 g/mol): C 25.38, H 3.23, N 0, S 0.51; found (%): C 25.40, H 8&8%9NS 0.40.

Synthesis of [{(CpMaPsSKCuCl}] (8)

7 (11 mg, 0.023 mmoljvas dissolved in toluene (10 mL). After treatment in a warm
ultrasonic bath (1 h, 60°C, 35 kHz), the soluti@s filtered into a Schlenk tube and carefully
layered with a colorless solution of CuCl (3 mg, 0.03 mmol) i&€KCKLO mL). After one day,
crystals of8 have formed. After complete diffusion, the mother ligusas decanted, and the
crystalswere washed with toluene (3 x 5 mL) and pentane (3 x 5 mL) and driechatitely,7

could also be dissolved in & and layered with a solution of CuCl insCN to gives.
Analytical Data 08:
Yield:5 mg (8.7 .mol, 38%).

IH NMR (pyridine-g): W € %o%d187 (s, GEN), 2.23 (s,78k), 5.25 (S7ree), 7.17 t 7.31 (m,
CH).

SIPAHINMR (pyridine-d): W € %o %<405.84m, Rof 7rec), -168.4 (M, i Of 7tree), 312.0 (M, P
Of 7free), 3311 (m, EOf 7free).

Positive ion ESI-MS (@EL/CHCN)¥® m/z = 1597.0937 [{(CpMgSECuCIT, 1118.3383
[{(CpMOo)P:SECUCIF, 1020.4412 [{(CpMeR:S)CU].

Negative ion ESI-MS (@EL/CHCN)¥8 m/z =232.7640 [CxCh]", 134.8658 [Cug}l.

Elemental AnalysisCalculated (%) for [{(CpM&SHCuCIl}])(577.0 g/mol): C 20.82, H 1.75, N O,
S 5.56; found (%): C 21.38, H 1.83, N tracbsl®

ACVSZ o] }( €V %RRR, Yo Z &V R)}Cu ~-1)d]n (9

In a Schlenk tube a dark green solutiorl®f(30 mg, 0.087 mmol) and [(CpMe) . 5%F§)]

(15 mg, 0.030 mmol) in GEL (10 mL)was carefully layered with a colorless solution of Cul
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(33 mg, 0.17 mmol) in GEN (10 mL). Thereby, the phase boundaryedryellow-brownish and
got turbid. After complete diffusion, black brownish-red needle® ak well as brown plates of
€, %o ZBPR(LCul)}* could be observed. The mother liguees decanted, the crystaisere
washed with hexane (3 x 10 mL) and driedracuo Unfortunately, attempts to reproduc®,
with and without the addition of [(CpMe)- . 5%¢P§)], mostly failed. In totald was observed only
twice (both times when the triple decker complex [(CpMe). S%P§)] was present).

Analytical data 0® v €, %o Z-B)HQul)}:
Yield:30mg
3IPLH} NMR (pyridine, €Ds capillary): wppm] = 152.0 (S1*free).

Elemental analysis: 0 po § ~9s (}@-Pk(@ul}]&9,-1800 g/mol): C 20.02, H 2.52;
0 uo § ~9« (}ERLWH@BI6 g/fol): C 22.39, H 2.82; found: C 21.94, H 2.84.

}u% o A
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5.5 Crystallographic Details

Crystals oR@3“Cl 2@34Br, 2@3'Br, 7, 7@3*Cl 7@3*Br, 7@3“Cl, 7@3“Br, 8 and9
were taken from a Schlenk flask under a stream of argon and quimkéyer with mineral olil
(7, 9) or perfluorinated oil Fomblitto prevent decomposition and a loss of solvent. The quickly
chosen single crystals covered by a drop of the oil were dirpotijtioned in a stream of cold
nitrogen on pre-centered goniometer head with CryoMdurdat the goniometer of a
diffractometer.

The data for7 and 9 were collected using @~ ¢ ve }v v PJo vS d Zv}o}P]
diffractometer equipped with Atlas CCD detector and a SuperNadD@icrofocus source at
123 K. The data fo8 were collected on an Agilent Technologies diffractometer equipwéh
Titan®> CCD detector and a SuperNova Quiicrofocus source using O ¢ ve § 17T <X
Absorption correction for7, 8 and 9 was applied based on crystal faces. The molecule
(CpMo}(Ps)(PS) in7 lies on 2{}o Al+U v §Z 2p3As wepresahfed by one
crystallographically independent atom. To refine the disorderechtigeoth the coordinates and
displacement parameters of P and S atom were equated.

To collect diffraction data at helium temperature, the crystal@3" 7@3* and 7@3"
were carefully selected, mounted on magnetic holders, checked foiitguaid placed into a
Dewar vessel with liquid nitrogen using standard cryocrystallography. tafier a few weeks it
was taken to the DESY PETRA Ill synchrotron. Using standard procedumysiéfeare placed
into a special Dewar vessel filled with liquid nitrogen. A rabeiounting/demounting was used
for further manipulations in the P11 beamline hutéf X-ray diffraction experiments f@@3"
7@3*and7@3"were measured using one-circle goniostat and DECTRIS PILATUS 6ivapixel a
detector at 6(2) K using open-flow helium cryo system Cryocool-LHeO(GRNstries of
America, Inc.). The data were acquired by 360° shutter@sstation with 0.2° readouts and
exposure 0.8spefE u 3§ A A o vP3ZA (19kev) oro®m85 A (17.5 keV). Data
reduction for all data sets was performed with CrysAlisPro s Empirical absorption
correction using equivalent reflections was applied.

All structures were solved witBHELX and refined by full-matrix least-squares method
againstF? in anisotropic approximation using multi-processor variable memory versibns
SHELXL (2014-201Bpr the refinement of isostructural compounds, the same model was used
and adapted to the specific features of every structure. The atrectefinement for the
supramolecular compound2@3" 7@3* and 7@3" is made complicated by disorder of the
heavy atoms, by the disorder of the guest triple decker compleard, solvent molecules
CHCN,CHG or CHCL. The occupation factors for disordered positions of heavy atoms were

refined with fixed isotropic kb similar to the averageidd for the fully occupied heavy atoms in
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the corresponding structure (usually ~0.02®30A?). The molecular site occupancy factors
~ < 0 *X}IX(X[* (JE o00 3S}ue }( <*}oA MSE]WPO3Z10&s A GvEEUVS]}IV }(
SHELX with isotropic displacement parameters fixedsat 0.050 & for compounds measured
at T = 800K and to = 0.035 for compounds measured at T = 6 K. The resulting occupancies
were fixed, and the light (C and N) atoms with occupancies of ithame 0.5 were refined in
anisotropic approximation. Some minor positions of the solvent molecules vedireed with
restraint geometry. Most of the restraints were removed at fireal stage of the refinement
when possible.

The refinement of the 3D polymé) is not yet complete, since not all solvent molecules
could be localized. The framework represents a new topological typeohBected 3-periodic
net. In this structure, the Cu atoms and the 1,2,4-coordinated [Cp®H@jJ] molecules form
nodes of the polymeric framework, connected by 1,3-coordinated [Cp®HR]] spacers
(Figure 8).

Figure 8. The 3-connected net of the new topolog,ircontaining 4, 10 (yellow highlighted) and 12-
membered rings (green highlighted). Blue nodes correspond to, @urple ones to
pentaphosphaferrocene.
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Table 2. Experimental details for compourad®3“Cl (preliminary data) an@@ 3“Br (preliminary data).

Crystal data 2@34Cl

2@34“Br

Structural formula

{CpCrAs}@[(CpFeR)11(CuChs] {CpCrAs}@[(CpFeR)11(CuBns]

MCHCE hNCHCN MCHGCI hCHCN
Chemical formula Cia1H97ASChsCrCusFa1Pss CiastH16ASBrsChCECusFa NPy
M > 6053.02 > 7150.00
Crystal system, spac«Monoclinic,Cc Monoclinic,Pc
group
Temperature (K) 90(2) 80.0(2)
a,b,c(A) 26.9617(4), 35.88143(12),
32.9241(3), 22.59511(4),
25.9870(3) 33.62902(13)
R°) 101.6419(13) 116.2262(4)
V(&) 22593.8(5) 24457.84(13)
Z 4 4
H000) > 11988 > 13956
Dy (Mg m®) >1.779 >1.942
Radiation type CuKD Synchrotron,O= 0.6888 A
P(mnt?) 14.13 >5.098

Crystal colour and shaj Dark brown prism
Crystal size (mm) 0.20x0.14 x 0.11

Dark brown flattened prism
0.18 x 0.18 x 0.12

Data collection

Diffractometer SuperNova, Titait P11 beamline, PETRA I, DI
Dectris PILATUS 6M
Absorption correction Gaussian multi-scan
Tmin, Tmax 0.161, 0.316 0.574, 1.000
No. of measured116171, 37304, 31307 354161, 140658, 133566
independent anc
observed [ E 1B}
reflections
Rt 0.0429 0.0430
Range oh, k, | h=-33028, h=-49049,
k=-39040, k=-33033,
|=-28032 I=-50050
Refinement
RFP E 1F3],wRF),S 0.0639, 0.1880, 1.063 0.0822,
No. of reflections 37304 140658
No. of parameters 2313 3897
No. of restraints 3 2
H-atom treatment H-atom parameters constrained H-atom parameters constrained
Bna, 4%in (€ AO) 2.461, 2.129 5.246, 4.733
Absolute structure Refined as an inversion twin  Refined as an inversion twin
Absolute structure 0.019(5) 0.679(6)
parameter

Computer programs: SHELXT2018/5 (Sheldrick,

CrysAlisPro 1.171.40.18c (Rigaku OD, 2018p@®8Br. CrysAlisPro 1.171.41.21a (Rigaku OD, 2019).

2018), SHELXL2018l3ckSi2€118), for2@3“Ct

}u % 0
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Table 3. Experimental details for compourad® 3“Br' (preliminary data) and.

Crystal data

2@3“Br’

7

Structural formula

{CpCrAs}@[(CpFeR)11(CuBrjs
hTol MCHCN

CpMoz(Ps)(PS)

Chemical formula

M

Crystal system, space grot
Temperature (K)

a, b, c(A)

£°)

V(A%

Z

HO000)

D« (Mg 1)

Radiation type

P(mnt?)

Crystal color and shape
Crystal size (mm)

Gi31Hh97ASBrsCICsCusFa N1 sdPss*  CioHhioM02PaS

6776.39
Monaoclinic,2
80.0(2)
32.27794(13),
25.29490(8),
33.48555(12)
103.3508(4)
26600.98(17)

4

> 13178

> 1.692
Synchrotron,O= 0.6888 A
> 4.65

Dark brown prism
0.15x0.10 x 0.10

478.00
Monoclinic,C2/c
123.0(2)

11.4167 (5),
10.9669 (3),
12.1695 (6)
117.231 (6)
1354.82 (10)

4

920

2.343

CuKD

20.84

Dark red rhombohedron
0.13 x 0.07 x 0.06

Data collection

Diffractometer

Absorption correction
Tmin, Tmax
No. of measured

independent and observe
[I E T®Heflections

P11 beamline, PETRA
Dectris PILATUS 6M
multi-scan

0.565, 1.000

201103, 76440, 65058

DE SuperNova, Single source

offset, Atlas diffractometer
Multi-scan

0.356, 1.000

3339, 1345, 1243

Rnt 0.0392 0.013
~e]V hd(AY 0.624
Range of, k, | h=-45045, h=-14011,
k=-37038, k=-12013,
|=-47047 [=-14013
Refinement

RFP E 1P, wRP),S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

4%nax, 4%nin (e Ag)
Absolute structure
Absolute
parameter

structure

0.0513,0.1553, 0.936

76440

1796

1

H-atom parameters constrained

1.86, 0.98
Refined as an inversion twin
0.636(5)

0.021, 0.058, 1.07
1345

78

0

H-atom
constrained
1.09, 14.20

parameter:

Computer programs fa&2@3“Br": CrysAlis PRO 1.171.41.21a (Rigaku OD, 2019), SHELX{Stdl8fck,
2018), SHELXL2018/3 (Sheldrick, 2018)7f@rysAlis PRO, Agilent Technologies, SHELXL97 (Sheldrick,
1997), SHELXL2013 (Sheldrick, 2013).

}u% o A
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Table 4. Experimental details for compouf@® 3*-Cland 7@ 3*-Br.

Crystal data 7@3*Cl 7T@3*Br

Structural formula {CpMo(P)(PS)}@ {CpMoz(P)(PS)}@
[(Cp*FeR)1(CuChy 4 [(Cp*FeR)1(CuBrjs.23q
5.325CHGID.7CHCN 5.55CHGI2.4CHCN

Chemical formula CGioH10MO2PsS-G10Hhi65Cha sCU Giooth75B 13 24C U3 24F€1M02S-5.55(C
3.30F€1MO02P50S-(CBCN).7¢:(C HCH)-2.4(CHCN)
HCb)s.325

M 6264.05 6942.69

Crystal system, spacMonoclinic,Cc Monoclinic,Cc

group

Temperature (K) 80 80

a,b,c(A) 30.1530(3), 30.3708(3),
29.8661(2), 29.7220(4),
29.2349(3) 29.3586(3)

£°) 111.3759(14) 112.1079(12)

V(A% 24516.5(5) 24552.9(5)

z 4 4

HO000) 12408 13551

Dy (Mg n3) 1.697 1.878

Radiation type Synchrotron,O= 0.7085 A Synchrotron, G 0.6888 A

P(mnt?) 2.60 4.23

Crystal color and shape Dark brown rod Dark brown rod

Crystal size (mm) 0.10 x 0.04 x 0.03 0.20 x 0.05 x 0.05

Data collection

Diffractometer P11 beamline, PETRAIll, DIP11 beamline, PETRA I, DI
Dectris PILATUS 6M Dectris PILATUS 6M

Absorption correction  Multi-scan Multi-scan

Tmin, Tmax 0.590, 1.000 0.433, 1.000

No. of measured 97627, 46625, 42445 78866, 44582, 41972

independent anc

observed [ E 1B}

reflections

Rt 0.040 0.030

~e]v h(AY 0.625 0.625

Range oh, k, | h=-37037, h=-39037,
k=-37037, k=-36037,
|=-36036 I=-36036

Refinement

RF E 1F],wRF),S 0.056, 0.165, 1.05 0.045, 0.130, 1.13

No. of reflections 46617 44582

No. of parameters 2543 2725

No. of restraints 77 79

H-atom treatment H-atom parameter: H-atom parameters constrained
constrained

Dnax, S%nin (€ AD) 2.31, 0.94 1.324,1.438

Absolute structure Refined as an inversion twin Refined as an inversion twin

Absolute structure 0.126(10) 0.018(6)

parameter

Computer programs: SHELXT2018/5 (Sheldrick, 2018), SHELXL2018i3ckSR2€I18); for7@3*-Ct
CrysAlis PRO 1.171.41.21a (Rigaku OD, 2019)@f8*Br. CrysAlis PRO 1.171.40.6a (Rigaku OD, 2018).
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Table 5. Experimental details for compou@®3“Cl(preliminary data) and @3“Br (preliminary data).

Crystal data 7@3"Cl 7T@3“Br

Structural formula {CpMoz(P)(PS)@ {CpMoz(P)(PS)}@
[(CpFeR)1(CuChyl [(CpFeR)1(CuBrsay
NCHCh MCHCN NCHCh MCHCN

Chemical formula CiaiHo7ChsCusFe1M0oaN750P5eS  GisgsdisoBriz ssChCus sda1

MO02No.75P56S

My > 6027.32 > 6506.80

Crystal system, space grot Monoclinic,Cc Monoclinic,Cc

Temperature (K) 6(2) 80(2)

a,b,c(A) 26.9077(3), 26.80940(10),
32.82882(14), 33.08595(9),
26.1506(2) 26.64631(12)

£°) 100.9568(10) 101.3496(4)

V(A% 22679.0(3) 23173.46(15)

z 4 4

H000) > 11986 > 12703

Dy« (Mg m®) > 1.765 > 1.865

Radiation type Synchrotron,0= 0.6888 A Synchrotron,O= 0.6888 A

P(mmY) >2.57 > 4.349

Crystal color and shape  Dark brown rod Dark brown prism

Crystal size (mm) 0.15 x 0.15 x 0.05 0.10 x 0.07 x 0.05

Data collection

Diffractometer P11 beamline, PETRA Ill, DIP11 beamline, PETRA Ill, DI
Dectris PILATUS 6M Dectris PILATUS 6M

Absorption correction multi-scan multi-scan

Tmin, Tmax 0.612, 1.000

No. of measured 182872, 59310, 37111 178098, 60060, 50776

independent and observe
[I E T®Hreflections

Rt 0.0335 0.0348
Range oh, k, | h=-40040, h=-390 39,
k=-43043, k=-44044,
[=-39039 I=-34031
Refinement
RFP E 1P, wRP),S 0.0482, 0.1292, 0.807 0.0499, 0.1295, 1.304
No. of reflections 59310 60060
No. of parameters 2449 2377
No. of restraints 5 5
H-atom treatment H-atom parameters constrained H-atom parameter:
constrained
Bnax, 4%in (€ A) 1.539, 1.383 2.278, 0.886
Absolute structure Refined as an inversion twin Refined as an inversion twin
Absolute structure 0.781(9) 0.020(3)
parameter

Computer programs for7r@3“Cl and 7@3“Br. CrysAlis PRO 1.171.41.21a (Rigaku OD, 2019),
SHELXT2018/5 (Sheldrick, 2018), SHELXL2018/3 (Sheldrick, 2018).
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Table 6. Experimental details for compoutgdsnd9.

Crystal data 8 9
Structural formula [{(CpMo}(Ps)(PS)}CuCl)] {Cp*FeR)}{Cp*FeB)}Cul4]

-nSolvent

Chemical formula GioHhoCICuMeP,S GesHs2 sCuFeslaNo sPis*

M 576.99 > 1902.16

Crystal system, space grot Monaoclinic,P2:/c orthorhombic,Pnma

Temperature (K) 123(2) 123(2)

a,b,c(A) 10.0744(2), 25.1960(5),
15.4903(2), 16.1506(3),
10.8048(3) 15.0851(3)

R°) 112.862 (3) 90, 90, 90

V(&) 1553.70 (6) 6138.6(5)

Z 4 4

HO000) 1104 >3732

Dy (Mg m®) 2.467 >

Radiation type CuKD CuKr

P(mm?) 21.18 > 26.95

Crystal color and shape  Black plate brown needle

Crystal size (mm) 0.16 x 0.08 x 0.03 0.24 x 0.02 x 0.01
Data collection

Diffractometer

SuperNova, Titait SuperNova, Single source

offset, Atlas diffractometer

Absorption correction Gaussian gaussian
Trmin, Tmax 0.162, 0.609 0.141, 0.770
No. of measured 13802, 3109, 2986 25789, 6541, 5457

independent and observe
[I E T®Heflections

|| TCEEG } u %0

Rint 0.036 0.0443

~e v Jduf(AY 0.624 0.792

Range of, k, | h=-12012, h=-31030,
k=-19019, k=-190 20,
[=-13013 |=-18018

Refinement

RF E TP, wRP),S 0.027, 0.070, 1.09 0.0378, 0.1137, 1.045

No. of reflections 3109 6541

No. of parameters 172 320

No. of restraints 0 0

H-atom treatment H-atom parameter:H atom parameters constraine
constrained

A2ax 4%0in (e A3) 0.77,0.84 2.139, 0.955

Absolute structure - -

Absolute structure - -

parameter

Computer programs foB8: CrysAlis PRO 1.171.39.45g (Rigaku OD, 2018), SHELXT (SBeldsjck,
SHELXL2014/7 (Sheldrick, 2014), Olex2 (Dolomanov et al., 20@9LrysAlis PRO 1.171.41.21a (Rigaku
OD, 2019), SHELXT2018/5 (Sheldrick, 2018), SHELXL2018/3 kSheltB)c
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5.6 Author Contributions
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the characterization was performed by Helena Brake, the MAS NM&repeopy was
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chapter4.

f Synthesis and characterization of compou2@®3*-Cl 2@3*BrU4@5Cl _ V2@6*Br
are also subject to chapter 4 of this thesis
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7T@3*Cl 7@3*Br, 7@3“Cl 7@3“Br and8 were performed by Helena Brake
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Heindl and are also part of her dissertation (University of Reigerg,2015.
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6 Thefirst Au-containing Coordnation Polymers based

on PolyphosphorusLigand Complees

H. Brake, E. V. Peresypkina, A. V. Virovets, W. Kremer, C. Kli@etsyarzmaier, M. Sche

Abstract:

Whereas the self-assembly of pentaphosphaferroceneSHE-Ps)] (Cp* = Cp*, CH CF")
with Cu and Ag salts has been well studied in the past, the codiminehemistry towards Au
complexes has been left untouched so far. Herein, the resfltself-assembly processes of
[CAFe({>-Ps)] with Au salts of different anions (GaCBbk, TEP are reported. Next to a variety
of molecular coordination products, also the first coordination polymers based on
polyphosphorus ligand complexes and Au salts are obtained. Thenehynmecedented 2D
coordination polymer comprising metal vacancies is isolated. In all pradhet&wu centers are
coordinated in a planar fashion. In solution, highly dynamic processes arevedséNMR
spectroscopy at variable temperatures, solid state NMR spectroseoyuly X-ray powder

diffraction were applied to gain further insight in selected coortdmracompounds
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6.1 Introduction

Coordination-driven self-assembly is a powerful tool for the conswocwf intricate
structurest!! On the one hand, a combination of divergent building blocks leadstended
coordination polymers, such as MOFs, finding applications in caflgsisensind® amongst
others On the other hand, convergent self-assembly may result in etisscaggregates
spanning 2D helicatéd,gridd®! and macrocyeld” as well as 3D polyhedi® often resembling
Platonic or Archimedean solids. The donor building blocks typically beaON\donor atom$’)
while P or S donor sites are rdt&.In recent years, our group focused on coordination-driven
self-assembly employing pentaphosphaferrocene-derivative8H&(f-Ps)] (CF = Cp, Cp*, Cp
Cp" CpPF'9 as outstanding organometallic five-fold symmetric donor components. In
combination with group 13 metal salts M[TEF] (M = Ga, In, Tl; MHOE(G)4) a series of
isostructural 1D polymers was obtaind. When using Cu(l) salts of halides or weakly
coordinating anions (WCASs) insteamyriad of 1D to 3D coordination polymers become
accessiblé? However, depending on the reaction conditions employed, also spherica
assemblies are obtained, which partially act as hosts forllemanoleculeg!®99n3 The
application of WCAs is of special importance, when aggregathsAg cations are targeted
since Ag(l) halides are poorly soluble. Thus, also polymeric and sphasgemblies of
pentaphosphaferrocenes and Ag cations have been repdttetfl Thereby, the coinage metal
ion is not coordinatively saturated by the anion anymore, but insteatieeiall coordination
sites are occupied by theycloRs ligand complex or additional coordination of a labile ligand
(e.g. by benzyl groups or acetonit)iis observedHowever instead of acetonitrile, also ditopic
flexible dinitriles may act as a third component in self-asdgmWith ditopic dinitrile linkers,
even polymeric assemblies of spherical supramolecules have been abtéinethe first
time.[*419 Despite this versatility of the supramolecular chemistry of pphbsphaferrocenes
with Cu and Ag, remarkably, no supramolecular assemblies based on pespéyalfierrocenes
and Au have been reported so far.

In general, coordination polymers have been obtained from multitopic phosphthes
phosphole8” and Au precursors. On the contrary, concerningaRd polyphosphorus (P
complexes, less Au coordination compounds are known. Reactions of Agpéxits with a
chloride abstractor (e.g. GaGbr LITEF) andsPRed to discrete coordination compound$.
Interestingly, Forfar et al. performed similar reactions witha@d Ag salts as wélfd While the
reactions of CuCl and AgOTf (OT&SCE), respectively, with GagZand R led to the formation

of coordination polymers based on coordinating Ga@iits and/orCuPs coordination bonds,
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Figure 1Examples of coordination complexes in whigloPa R ligand complex coordinates to Au.

the analogous reaction with AuCl gave the homoleptic complex PMI(Rvith a non-
coordinating Gaglcounterion (Figure 1a). Stoppioni and Peruzzini have reported onirdte f
examples of Au coordination ta, Rgand complexe&? The reactions of [M(tppme)}P(M = Co,
Rh, Ir; tppme = 1,1,1-tris(diphenylphosphinomethyl)ethane) with [(LJAUG PMes, PPhs, n =

1; R = {P#P(CH)PPh}os with x = 1, 2, n = 2) and T¢RI5 a CI abstractor yielded isomorpb
mononuclear complexes (Figure 1bherein, two B complexes each act as terminal ligands to
an Au cation resulting in a discrete cationic coordination compouater Lour group reported
on the reactions of the Aigand complex [{CpMo(C£Y ... )] with Au precursor&? While
the reactions with [LAuCI] (L = CO or tetrahydrothiophene (kat)Xo the end-on coordination
of the B complex to a {AuCI} moiety (Figure 1c), the reaction with {yARIithf)]Pk (generated

in situ from [(PPB)AuUCI], TIRFand tetrahydrofurane) yielded a dicationic supramolecular
coordination compound (Figure 1d), in which for the first tiale, ligand complex bridges two
Au centers.

Since the supramolecular chemistry of pentaphosphaferrocene¥gifi-P;)] (Cpt = Cp*
(1*), Cp' (1Y, CF" (18M)2¥ with Cu and Ag salts is exceedingly versatile, the questiises, as
to whether supramolecular aggregates can also be obtained AuithHerein, we report on the
self-assembly df*, 1“and1®" with Au salts of Gagl$ R and TEFThereby, next to monomeric
and dimeric coordination compoungs series of supramolecular coordination polymers (1D and
2D) is obtained. These represent the first examples of coordination podyrnased on
polyphosphorus ligand complexes and Au. All products were extensivebctiidzed by single
crystal X-ray diffraction analysis, NMR spectroscopy, massepeztry and elemental analysis.
Where appropriate, X-ray powder diffraction, MAS- and VT-NMR speopgsvere applied as

well.
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6.2 Results and Discussion

Coordination Behavior of 1 towards AuGacCl

Following the synthesis of [2Au]GaCl (Figure 1a)® when a mixture of [Cp*Fdt-Ps)]
(1*),12% [(tht)AuCl] and Gagis stirred in CKCh and layered with toluene (method A)ellow-
brown crystals of 1D polymeric [{Cp*Hefs)}:Aw](GaCl):zn - 0.5n GHs - 0.15nCHCL (2a) are
formed in 17% yield (Scheme 1)

Scheme 1. Reactions Df and1" respectively, with [(tht)AuCl] and GaClhe 1D polymeric products are
represented by two repeating units without solvate molecules.

Astonishingly2a constitutes the first coordination polymer based on @liBand complex and
Au. It is built up from {CpFe({>-P5)LAlL. moieties with 1,2-coordinated units of*
interconnectedby the third, 1,3-coordinated moiety df*. This is similar to the structure of the
1D polymers [{Cp*Fef-Ps)}aCus](WCA), (WCA = TEF, FAIl; FAI =®8HF.o(GFs)}s), in which an
additional 1,2-coordinated unit af* leads {Cp*Fef-Ps)}:Cw moieties interconnected by 1,3-
coordinated units ofl* and thus to a tetrahedral coordination environment of &f.In the
analogous  reaction  with  [CPe({>-P)] (@Y[*®  the isotypic  compound
[{CpFe({>-P)Al]n(Gal)n 0.5n GHs -0.35nCHCL (2b) crystallizes at first, while after few
days also a polymorp®b' is formed, with a combined yield of 24%e yields in both cases are
underestimated since the isolation of pula or 2b/2b' is only feasible by taking the crystals
from the Schlenk wall with a spatula before complete diffusiothe@vise, an insoluld
precipitate is formed which cannot be separated from the prodant leads toa higher S
content according to elemental analy&&.However, the isolable yields may be increased by
changing the synthesis methods. After addition of one equivalent otd Hiht)AuCl] and Ga¢l
and subsequent stirring im-difluorobenzene ¢-DFB), this reaction mixture is filtered and
layered with a toluene solution of* (method B). Then2a crystallizes as a solvatomorph
[{Cp*Fe®>-Ps)kAw]n(GaC)zn - 1.6n GHs - 0.4n0-GH4R: (2a) in up to 86% yieldFurthermore,
2a is accessible by a third method though in lower yields. One equivafeTHT is added to a
mixture of [(tht)AuCl], Gaghnd1*, reacted im-DFB and layered with toluene (method C). With

1Y crystals oRb" with similar unit cell constants &b’ are formed by method B in 50% yiédd,
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thus presumably constituting a solvatomorph 2i§'. Again yields are underestimated due to
incomplete crystallization as indicated by tH@{H} NMR spectra of the mother liquors, which
show broad signals at 115 ppm (in reactions witt) and 117 ppm (in reactions witth"Y
attributed to coordinated1* and 1Y respectively. The products may contain THT as solvate
molecules which can be removed by washing with@bH

In an attempt to synthesize spherical assemblies Wittand Au, the reactions were also
carried out in the presence a-GBigHi» or [CoCgPF. Both compounds have been applied
successfully as templates for spherical assemblies based ohalildé¥ andL* or 1Yand do not
bear the risk to reduce Au(l) to Au(@¥-"1 Still, the only characterizable products weie and
2b'. Since the ratio of“to Au in compound& only amounts to 3:2, the question arose whether
different products are formed in case 4 or 6 equivalents of Awsalé applied, but again only
2b and2b' crystallized.

Coordination Behavior of 1 towards AuSbF

When a solution oin situgenerated [(tht}Au]SbE?¥ in CHCL is layered with a solution of
1* in toluene, brown prisms and plates of [{Cp*Fels)}Aw](Sbk). crystallize concomitantly
as a dimer3a) and a 2D polyme# being structural isomers (Scheme 2, for yielite infrg.
After few days, also brown rods of the 1D polymer [{Cp{F&)}:Aw]n(Sbk)zn - 2n GHs (5)
crystallize Crystads of 5 are selectively obtained when layering the mother liquor agait wi
toluene to give 7% yiel@Compound3a s built up from {Ce({>-Ps) Al moieties simildy to
the abovementioned polymera. However, terminally coordinatinty moieties impede further
aggregation and are reminisceatf the structure of the dimeric [[CpMo(C) ... LR)] based
compound in Figure 1d. With compou#dgdalso the synthesis of a two-dimensional coordination
polymer of a Rligand complex and Au is achieved for the first time. Moreoversthecture of
compound5 is reminiscent of the 1D polyme®s

Compounds3a and 4 cannot be separated due to similar crystal habits and sdtiesil
However, while3a and 4 are soluble in Gi€b and insoluble in GEN, for compound the
opposite is the case. Hendecanbe dissolved to get a mixture 8a and4, or the latter two are
dissolved to give purb. Since5 is always obtained by further crystallization from the mother
liquors, its deliberate direct synthesis was also targetedappglying more diluted reaction
conditions, but stild was obtained at first. Moreover, as the 2D polyme#d four Au positions
are occupied by a total divo Au atoms, the question arose whethéican also be synthesized
with more Au incorporated into the polymeric network. Thus, the reaction vaager! out in a

1*:Au ratio of 1:4, but surprisingly only the dimg&a and subsequently the 1D polymBrare
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Scheme 2. Reaction @&f with 2 eq. of [(tht}Au]Sbk. The polymeric structures are represented by one
(4) or two ) repeating units without solvate molecules.

formed. The formation o8avs.4 could neither be controlled by variation of the concentration.
Luckily, the pure crystallization dBda was observed once in 40% yield. Also, the pure
crystallization of4 (with minor amounts ob sorted out under the microscope) was achieved
once in 24% yieldRemarkably, the elemental analysis of crystald alfso fits to an overall sum
formula of [{Cp*Fe(®>-Rs)lA](Sbk),, thus no variation of the Au content seems to be possible.
Again, also the synthesis of spherical assemblies was aiméy adding a potential
template. Reactions df* and [(thtpAu]SbEin the presence ab-GBioHi2 or RS only led to the
formation of3aand4. In a further attempt, the choice fell ondas potential template, since it
represents the largest species successfully encapsulated by dcglassembly of* and Cu(l)
halides so fal**! A potentially formed larger host sphere @t and Au would require less
deviation from an intrinsic planar coordination environment of both building kdadence,1*
and Go were dissolved in-dichlorobenzened-DCB). Toluene was added to change the density
and enable layering onto a solution of freshly prepared [§#ht}SbE?4 in CHCE. Thereby, large
black prisms of [{Cp*F&{-Ps)}:Au](SbE) - 2 G (6) crystallize in very low yield (Scheme 3)
Subsequently layering the concentrated mother liquor with toluene omgulted in the
crystallization of the 1D polymds. Instead, the yield 06 can be improved by increasing the

concentration of the layering experiment in the first place, wher#iyy solubility of G is the
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Scheme 3. Reaction bf with 2 eq. of [(tht)Au]Sbk in the presence ofda.

limiting factor. Hencel* and G, were dissolved in a minimum ofdichlorobenzened-DCB)
with the aid of sonication and only a minor amount of xylenes (which is kriovbe a good
solvent for G, as wellf® was applied for adjustment of the density instead of toluene. As a
result, the yield was improved to 45%. In compo@rahly one Au center is coordinated by three
units of1*, each acting as a terminal ligand. The resulting coordination congplexystallizes
with two molecules €.

Moreover, the self-assembly df" with [(tht);Au]SbE was studied. Layering a freshly
prepared solution of [(thAu]SbE in CHCE with a solution ofl" in toluene, leads to the
crystallization of orange-brown plates of [{Ep({>-P5)lAW](Sbk). (3b) in 27% yield
(Schemet), comprising a dimeric structure similar to that 8a Again the vyield is
underestimated due to incomplete crystallization as shown by the preseihadroad signal at
115ppm in the3!P{H}NMR spectrum of the mother liquor, corresponding to coordinatéd
Remarkably, the synthesis is much more selective than the reactotingt from 1* and no
polymeric products likd or 5 are found. This might be due to the better solubilityldf rather

leading to molecular products than polymers.

Scheme 4Reaction ofLYwith 2 eq. of [(tht)Au]Sbk.

For the reaction witl®", a solution of [(tht}Au]SbEin CHCL was added to a solution Gf"
in CHCk and stirred. After layering with pentane, greenish-brown rods of
[{CPFe({>-P;)}Au(tht)](SbE) -0.625CHCL (7) crystallized from the red-brown mother liquor in
19% vield (Scheme.5)
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Scheme 5. Reaction &f" with 2 eq. of [(tht)Au]Sbk.

In the 3PH}INMR spectrum of the mother liquor, only a sharp singlet at 162 ppm
corresponding to uncoordinated®" is observed. The low yield can be rationalized by the
additional formation of red oil, settling at the bottom of the Saike and in more diluted
reactions even lower yields and more oil are obtained. In this dage!H and*'P{H} NMR
spectra of the reaction mixture (incl. oil) are reminiscent of thecdra of the dissolved crystals
of 7, thus suggesting its quantitative formation. In contrast to tbactions withl* and1", only

one of the tht ligands in [(thtAu]SbEis replaced by the Higand complex. With®" acting as a
terminal ligand, the Au atom is only two-coordinate. The Bndress of 15" also lead toan
enhanced solubility of the product, which is why it can only be cryztdllby layerig with

pentane instead of toluene.

Coordination Behavior of 1 toward&uTEF

When [(tht)AuCl], [(PRMAUCI], TITEF arid are reacted in Ci&b, layered with hexane and
stored at 30 °G yellow-brown needles of 1D polymeric [{Cp*Fels)}AuL(TEF) (8a) crystallize
reproducibly in 9% vyield (Scheme. &) contrast to the 1D polymers with GaCind Sb§
counterions Ra, 2b, 5), 8a comprises only 1,3-coordinated pentaphosphaferrocene units and
only two-coordinate Au centers. This may be caused by the steric deofatice large TEF

counterion.

Scheme 6. Reaction tf with [(tht)AuCl], [(PPHAUCI] and 2eq. TITEF.
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In order to increase the yield @a, 1* should be directly reacted with isolable, room
temperature stable [Au(GEN)] TEF?® Therefore, the synthesis of [Au(&HN) TEF was altered
with respect to the applied ratio of Au(0) powder to NOTEF. Whesxaess of NOTEF is applied
as described in literature, or the conversion is incomplete with acted NOTEF still in solution,
it cannot be separated from the desired [Au¢CIN} TEF salt due to similar solubility. Hence,
only 0.75 equivalents of NOTEF were reacted with Au(0) powder foraaveeks, leading to
the isolation of pure [Au(GEN}]TEF.

When1* was reacted with [Au(GEBN}|TEF in Cib, unfortunately, rapid precipitation was
observed. The precipitate was merely soluble i@\ but all attempts to recrystallize from
this solution remained unfruitful. Since supramolecular products*dénd to be more soluble
than the often isostructural* based counterparts, the analogous reaction was performed with
1Y The reaction mixture is filtered quickly after stirring fonly ten minutes to avoid
precipitation. Layering with pentane indeed results in the crijigetion of yellow-orange rods
of [{CpFe({>-P;)}AuL(TER) (8b), a 1D polymer isotypic 8a, in 61% yield (Scheme.7)

Scheme 7. Reaction tf with 2 eq. of [Au(CICN}Y]TEF.

Nevertheless, most attempts to reproduce the synthesis of criystaBb were hampered
due to rapid precipitation from the reaction mixture. The preciptatas analyzed exemplarily
from the reaction withl“and was shown to be 1D polym&o by NMR, elemental analysis and
X-ray powder diffraction. Henc8b is accessible as a precipitate in an astonishing 93% vyield.

Precipitation of8aand8b is avoided, when the reactions bf and1“with [Au(CHCN}|TEF
are performed more concentrated and with a deficiency of [AW@|TEF (<leq.). Then, the
red solution can be stirred even for one day without significant pitadion. Layering with
pentane leads to crystallization of brown rods of [{Cp*fPd®)}LAu](TEF)9a, 32% yield) and
isotypic compound [{CEe({>-P;) LAU](TEF)9b, 42% yield), respectively (Scheme 8).
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Scheme 8. Reactions bf and1"with <1 eq. of [Au(G3EN}]TEF.

In contrast to dimeric compound3a and3b obtained with Sb§ counterions, the structure
of 9a rather can bedescribed agwo weakly interacting, nearly linear {&@({>-P;)}Au units.
Crystals o@b were of insufficient quality for single crystal X-ray chemazation but were
nevertheless identified by similar unit cell constant®a& Its identity is further confirmed by
elemental analysis and similar solubility propertie®asvhile featuring different solubility than
the 1D polymer8b. For both 9a and 9b, yields are underestimated due to incomplete
crystallization, as shown by the presence of a broad signal at 130 ppnizbppm in the
SIPEH}NMR spectra of the mother liquors, corresponding to coordinatigd and 1Y

respectively

Solid state characterization of the Coordination Compounds

In the following, the solid-state structures of compourgdst 9awill be described sorteldy
their dimensionality Selected bond lengths and angular sums around Au centers are given i
table 1. Table 1 also lists short intermolecufar--P contacts found irfa. In all structures, the
Au-P bond lengths are close to the sum of the covalent radii (R)#8 and the P-P bond lengths
are similar to the ones reported for uncoordinated complegé&dt4 1ui2%l gng 181 2% if pot
described otherwise. The coordination geometry around the Au centersady linear T, 8a,
8b, 9a) or trigonal planarda, 24, 2b, 2b', 3a, 3b, 5, 6) with an angular sum close 860°, thereby
being more or less distorted trigonal (individual bond asghay deviate from 120°). The only
exception thereof is compound and its structure will be discussed separately. Moreover, in
most compounds4d, 2b', 3a, 4, 5, 7, 8a 8b, 9a) short Au---H contacts in the range of 2.51
2.98A are found?? partially accompanied by a tilt of thes igand complex towards the

respectiveAu-P bond, leading to outf-(Ps)plane coordination of Au.
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Table 1. Selected bond lengths in compou@ds9 compared to reported bond lengths af, 14 18",

Angular sums for threefold coordinated Au cente®s {(6) or bond angles for twofold coordinated Au

centers 7 t9).

Au-P bond lengths [A] | angular sums or
Coiilyouite P-P bond lengths [A] (AusSbond lengths [f bond angles
1% [l 2.116(2)12.127(2) : :
1w 2.088(3)t2.108(3) i i
16ni21c 2.1083(3)t 2.1121(8) i i
2a 2100(2)t2.125(2) | 2.3218(17)t2.3971(17) ggg géig Eﬁﬂg
24 2.0096(13)12.1235(17) |  2.3273(9)t 2.3737(10) 223;330 Eﬁzg
2 2.1007(16)t2.1281(18) | 2.3255(11)t 2.3948(11) ggggf&g Eﬁﬂg
o1y 2.006(2)12.128(2) | 2.3146(14)t2.3984(14) ggg'gggo Eﬁﬂg
3a 2103(2)t2.121(3) | 2.3475(16)t2.3739(14) gggjﬁﬁgo Eﬁﬂg
3b 2105(2)t2.127(2) | 2.3505(13)t2.3890(15) |  359.4915)°
. 2.0985(17)t 2.1368(16) | 2.3016(18)t 2.5560(18) ]
2.142(2)12.2633(16) | 2.2710(17)t 2.5146(18}
5 2.090(3)t2.138(12) | 2.3238(16)t2.3882(15) ggg"l‘%go Eﬁﬂg
6 2.1051(16)t 2.130(3) | 2.3062(14)t2.3687(10) |  359.2§11)°
2242(2)12.338(3) | 170.04(10)° (Aul)
! 2.102(3)12.119(3) (2.327(4)t2.332(7)) | 175.0(2)° (AulA)
8a 2.103(3) 2.116(4) 2.288(2)t 2.291(2) 175.67(10)°
8b 2.097(3)t2.115(2) | 2.2827(15)t2.2875(14) ggiég Eﬁag
2.2886(11)1 2.3058(11) | 165.06(4)° (Aul)
9a 2.094(2)12.1235(17) 2.0903(13)t3.262° | 163.17(5)° (Au2)

[a] {2-coordinated P-P bonds (cf. Table 2 for more detail§){#i§P-Au) bonds lengths; [c] distances of

short Au---P contacts.

Monomeric and dimeric compounds (3a, 3b, 6, 7, 9a)

The dimeric compound3a crystallizes in the triclinic space group$ with two
crystallographically unique molecules in the centers of symmetrycamtrast, the similar
1“based compound3b crystallizes in the monoclinic space groBpi/c with one unique
molecule in the inversion center. Both compounds are built up f{@pFe({>-P)LAWL (CR =
Cp*, Cp) moieties with 1,2-coordinated pentaphosphaferrocenes, thus formingu® six-
membered rings (Figure 2a, b). This motif is well known for Cu Bf&¢! The Au atoms are
further coordinated by terminal,{*-coordinating1* or 1Y units. This is in contrast to the

structure of the [{CpMo(C@}( ...1+H)] based compound shown in Figure 4¥ where the
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Figure 2. Molecular structures 8& (a), 3b (b), 6 (c), 7 (d) and9a(e) in the solid state. H atoms, solvent
and Go molecules, counterions and minor parts of disorder omitteddarity. Dashed lines in e) and f)
illustrate the short Au---P (yellow-pink) and P---P interadtiiurquoise) interconnecting the monomers.

terminal B ligand complexes coordinate in a side-dghfashion. In3b, the R planes of
1,2-coordinatingl“ are 7.5° tilted towards the AW plane. In one unique molecule 8§, the
bridging1* units are tilted more towards thesRu, plane (angle Pplane t RAW; plane: 10.6°),
enabling close Au---H contactsul:--H20C: 2.97 A) to Cp* protons of the bridgirigunits. In
the second unique molecule &a, additionally, close Au2---H39A contacts (2.91 A) to the
terminal 1* units are formed, whichra not twisted around the Au-P bond anymore. This leads
to a more pronounced chair conformation of thesfie:} ring (Figure 1a), presumably to avoid
steric repulsion between the Cp* ligands of terminal and bridgiritswof 1*. The coordination
geometry of the Au atoms iBa and3b is best described as trigonal planar with angles merely
deviating from 120° and an angular sum very close to 360° (cf. 1able

The monomeric compoun@ crystallizes in the orthorhombic space grd@pmawith half a
formula unit in the asymmetric unit. The molecule lies on a oniplane as well as both co-
crystallizing molecules ofs€Cand the major part of the SkFcounterion. Three units of*
coordinate terminally in an{!-fashion to the central Au atom (Figure 2c). While the two
symmetry-related ligand complexes coordinate in-plane (dist#eePs plane:0.1022) A), the
third B complex is tilted (distance APs plane: 0.585(2) A), although no close Au---H contacts
are found. The P bond angles amount to 129.85(3)° and 99.58(5)°, the latter being the
angle between the symmetry-related units @f. Nevertheless, the coordination geometry
around the Au center is nearly planar with an angular sum 6fZ%11)° (cf. table 1). The two
Gso molecules are disordered over four and eight positions, respectiaely,only few of the
P-.-C distance§>3.38A, as found for P11-C320) fall below the sum of the van der Wédils
(3.50 A2 Hence, the « v }( +]P v]f{ihtenadtions allows for the rotational disorder of

the Go molecules even at 14 K.
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Compound7 crystallizes in the monoclinic space grdey/n with one crystallographically
unique molecule in general position. Here, the Au atom is only coordirtatezhe tht ligand
and one unit oflB" (Figure 2d). The Au(tht) moiety is disordered over two positidtisresulting
PAuS bond angles amounting to 170.04(10)° or 175.0(2)°. Moreover, the Au(ihi} watso
tilted towards the CP" ligand resulting in an outf-plane P-Au coordination (distances-A®
plane: 0.102(3) and 0.421(4) A). This is more pronounced for the minor Apgsition, which
hence exhibits a short Au---H contact (AulA---H13A: 2.797 A) to one of thed@@shs of the
CpP" ligand. TheAu-P (2.242(2) and 2.338(3) A) and $(2.327(4) and 2.332(7)) Aond lengths
are closeto the sum of the covalent radii (Au-P: 2.43 A, M43 A) 28

Compound9a crystallizes in the monoclinic space grdt®ic. In the asymmetric unit, two
nearly linear (165.06(4)° and 163.17(5)°) monocations {C{*Fe)},Au are found (Figure 2e)
The monomers comprise short intermolecular Au---P contacts (2.9903(133.26&1)A,;
Table 1), that considerably exceed the sum of the covalent gaadiP: 2.43A)?% and can at best
be described as weak interactions, leading to a dimeric structdleo taking these Au---P
interactions into account, the coordination geometry around the Au atornssillsalmost planar
(Table 1). Additionally, a short Au---H contact (Aul---H18Q A) is found for one of thé*
units, which exhibits the largest deviation from in-plane coordinatiordof(distanceAu:--Ps
plane: 0.556(2) A). Furthermore, short P---P contacts are found withndista3.291(2)t
3.561(2) A falling below the sum of the van der Waals radii (8)69 through which the dimers

are interconnected to 1D strands (Figure 2f).

1D polymeric compounds2g, 24, 2b, 2b', 5, 8a, 8b)

Compound?2a crystallizes in the triclinic space grodeﬁ with one {Cp*Fe{’>-P)}kAWk
repeating unit, two Gagtounterions and disordered solvent molecules toluene angDEith
partial occupancies (0.5 and 0.15) per asymmetric unit (FigureVBah 1Y the isotypic
compound2b crystallizes with 0.5 toluene and 0.352CH solvent molecules per formula unit
instead. Moreover, a polymorp2b' is obtained after longer diffusion times, merely differing in
the positions of the Et groups and the solvate moleculbscrystallizes in the monoclinic space
group P2:/c. Fromo-DFB reactions witi*, 2a crystallizes as a solvatomorph 24 in the
orthorhombic space groupbca Compoundb is isotypic ta?a, with SbE counterions instead
of GaC} counterions and 2 toluene solvate molecules instead of 1.6 toluene d@mDFB per
formula unit (Figure 3dAll five structures o and5 constitute waved 1D polymeric chains. In
the structures oRa, 2b and2b' the polymer chains stack in a similar manner (Figure 3b,c), but

different to the ones irRa and5 (Figure 3¢). The strandsire comprised ofCgFe({>-P) LA
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Figure 3. Repeating units of the 1D polym2aga) ands (d) with solvate molecules and H atoms omitted
for clarity. Packing of the 1D chaing2im(b and c) an@a’ (e and f) without counterions.

moieties with 1,2-coordinated units df* or 1" thus forming {FPAw} six-membered rings in a
more or less pronounced chair conformation, as already found in dimeric compoBnds
(Figure 3). The {€pe} moieties are arranged opposed to each otiegin, a further unit ofl*

or 1'“additionally coordinates to the Au centers, however this time not &srinal ligand as in
compounds 3, but as a bridging unit connecting {Cp*fFeRs)LAlL, moieties in a 1,3-
coordination mode. This bridging Bomplex is tilted with respect to the #Ru} ring by about
34.98 to 47.71° due to the steric repulsion of theJ&y3 fragment$3¥ All Au centers are three-
coordinate with PAu-P angles in the range of 106.60(4) to 135.25(4)°, thus deviatng a
trigonal coordination geometry. Nevertheless, all Au centers are coatell in a nearly perfect
planar environment, with angular sums very close to 360°.

Compared to theaforementioned compounds, the 1D polymeric structures8afand 8b
differ. Compound 8a crystallizes in the space group2/c with one repeating unit
{Cp*Fe(®-P)}Au per asymmetric unit (Figure 4&ompoundsb crystallizes in the space group
P21/ n with two repeating units in the asymmetric unit, showing aa@rsimilarity in the metrics
of the unit cell, which can be approximately described as aighsestructure-superstructure
relation (a'WW2a). Both polymers are built up from 1,3-coordinated moietied*obr 14 while
the Au centers in turn are only coordinated by twoddmplexes (Figure 4b). This results in a

nearly linear coordination geometry around the Au centers witAUHR? angles of 175.67(10)°
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Figure 4a) Repeating unit and b) section of the polymeric structur8afc) Numbering scheme of the
distorted R cycles irBa. H atoms and minor parts of disorder are omitted for ¢yarTEFanions are
depicted in the ball-and-sticks model.

(in8a) or 176.11(6)° and 177.18(6)° Bh). The B complexes coordinat@&u with large outef-
plane angles ranging from 17.19° to 24.6%°and at the same time exhibit a deviation from
planarity within the Bring (Figure 4c). While the Au-P bonds are tilted towards tidigads
thus participating in short Au---H contacts (2.62.94A), the coordinating P atoms are bent in
the opposite direction with an angle of 8.63° to 11.40° between tlangd of P2P4P5 and
P2P3P4 or P2P1PHhe structural difference between polymeésnd polymer and5 are most
probably due to the large TEEounterions separating the 1D strands in compouBdg he
Au---Au distances within one strand 8fare about 7.5 A, while in polyme2sand5 the repeating
unit containing two Au atoms only spah8A. Therefore, in2 and5 also two anions must pack
within this 12 A period, which is presumably only possible with the smaller ani®@a€i( and
Sbk) but not with the large TEEounterion.

Rapid precipitation from the respective reaction mixtures is obsewieen reactingl* or
1Ywith [Au(CHCN)}]TEF. Hence, the solid was isolated from the reaction dftand analyzed
by powder X-ray diffraction (Figure.5)

Figure 5. Experimental (top) X-ray powder diffraction patterthefprecipitate in comparison with the
diffraction pattern simulated from the single-crystal X-rayadat8b (bottom).
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Since the measured diffraction pattern fits well to the diffraatipattern simulated from the

single crystal X-ray data 8b discussed above, its identity is confirmed.

2D polymeric compound (4)

Compound 4 crystallizes in the triclinic space group$ with one repeating unit
[{Cp*Fe(>-Ps)}4Aws-2](Sbk). per asymmetric unit (Figure 6a). The structure is built wonfr
{Cp*Fe({®>-P;) Al Units with 1,2-coordinated*, thus again forming §Ru.-¢ six-membered
rings. The Au atoms are further coordinated in &fashion by thel* moiety of the next

{Cp*Fe(®-Ps) ALk« unit thus forming a 2D polymeric network with puckered layerguf€ieb).

Figure 6a) Repeating unit with numbering scheme and b) section of thedmeric networkd. c) Site
occupancy factors for the Au atoms. H atoms, counterions arg) iand c) {Cp*Fe} units omitted for
clarity.

Hence, every Au atom is coordinated by four P atoms. In contrast to the [{CAMR(C.. LR)]
coordination dimer in Figure 1d, th@-coordinated P edges irt are only twisted by up to 24.6°
AlS8Z & *% 3§ 8} 8Z %o v }( 8Z }}E-¢oordinating PratodZ and fhipis{
the coordination geometry of Au ih may rather be described as distorted square planar. As a
remarkable feature, the four Au positions found in the asymmetric uret reot completely
occupied. Site occupancy factors (S.O.F.) vary from 0.13 to 0.88,dwmiamount to exactly 2
(Figure 6¢)This is also in accordance with the elemental analysis obttile phase of isolated
4, showing no deviation from this ratidnterestingly, the {>~coordinating P-P bonds are
elongated significantly up to 2.2633(16) A (compared to 2.116@)127(2) A irl*),[4d thus
being even longer than a normal P-P single bond (&)2% Moreover, this elongation is more
pronounced, the higher the occupancy of the coordinated Au atom posgifrable 2)

Table 2. Comparison of the site occupancy factors (S.O.F.) &te&iand coordinated P-P bond lengths.

Au site S.O.F. P-P bond bond length [A]
Aul 0.88 P31-P32 2.2633(16)
Au2 0.82 P12-P13 2.2369(15)
Au3 0.17 P23-P24 2.157(2)
Aud 0.13 P44-P45 2.142(2)
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The Au-P bond lengths are in the normal range fécoordinated P atoms (2.3016(18)
2.5560(18) A) and?-coordinated P atoms (2.2710(172.5146(18) A) as well.

Characterization in Solution: Solubilities and Mass spectrometry

All 1D polymeric compound2¢, 2a, 2b", 5, 8b) are completely insoluble in non-
coordinating solvents like pentane, toluene and.CH While polymer2a is only soluble in
pyridine under complete depolymerization (cf. NMR spectra in the Expetah@art) and
completely insoluble in other coordinating solvents likes©M and THF, on the contrary, the
solvatomorph2a is sparsely soluble in GEIN and THF. Likewise, compowfa! is sparsely
soluble in CECN and THF. Surprisingly, the similatSiafataining 1D polymes is only soluble
in CHCN, but insoluble in THF. The Tdeftaining 1D polymesb is well soluble in GEN, THF
and eveno-DFB. Hence, characterization of the 1D polym&s Ra, 2b", 5, 8b) was
predominantly carried out in GBN solution. Next to peaks for the respective counterions, the
ESI mass spectra of 1D polymeric compouas2b”, 5, 8b in CHCN merely display peaks
corresponding to respective monomeric [[EpR).Au] fragments. The isotope pattern clearly
proves the monomeric and thus monocationic nature of the detected fragmext|uding
oligomeric [(CiFeR)Aul™ fragments. For compounda’, an extra peak attributed to the
presence of THT is detected. For compow8iy the spectrum additionally displays a peak
corresponding to [(CiFeR)Au(CHCN)]. The insolubility of2a' is further supported by the
positive ion ESI mass spectrunaf in CHCL, which displays no product signals.

Dimeric compound8a and3b are moderately soluble in GEL, whereas they are insoluble
in other common solvents such as pentane, toluenes@MHand THF. Since the 2D polymeric
compound4 possesses similar solubilities, a separatioBafnd4 by washing is challenging
However, since the solubility of 1D polymein CHCbE and CHCN is opposed to that &a and
4, the latter compounds can be freed ®by washing with GGEN. Compound3a, 3b and4 are
characterized in CGi€b. The ESI mass spectra in,CliHor CHCL/CHCN mixtures again merely
display peaks attributed to the respective monomeric [fgi).Aul" fragments and the SkbF
counterions, sometimes accompanied by the detection ofHg]C. Also, the insolubility of in
CHCN is suppaed by the absence of product-related fragment peaks in the positive ion ESI
mass spectrum in GBN.

The monomeric compouné is completely insoluble in common solvents like pentane,
toluene, CHCB, CHCN, THF. It is also insolublechdlichlorobenzene d-DCB)0-DCB/CECN
mixtures, pyridine and pyridine/THT mixtures. Merely in &8uite pale, reddish solution was
obtained over a high amount of undissolved compouhdH and *!P{H} NMR spectra only
showed signals of uncoordinatetl*, while surprisingly no & was detected despite its

reportedly good solubility in G8% This confirms the low solubility éfand the resulting too
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low concentration fof*C{H} NMR spectroscopyience, compouné was further characterized
in the solid state.

The monomeric compoundis well soluble in GBbL, CHCN and THF, while being insoluble
in pentane and toluene. Its high solubility is most probably due to the bemayips in thel®"
moiety. Likewise, compound& and9b exhibit high solubilities in GBb, CHCN and THF, this
time rather due to the large weakly-coordinating TEbunterions. The ESI mass spectr@af
and 9b in CHCN or CECL/CHCN mixtures display peaks for the monomeric fFeR).Aul
fragments and TEEounterions. While in the negative ion ESI mass spectrunoafy the Sh§
anion is detected, in the positive ion ESI mass spectrum next t¢"HEP)Au(tht)]" also
[(CP"FeR).Au]* and [(thtpAu]" are detected, indicating scrambling of th® and tht ligands.

Characterization in Solution: NMR spectroscopy

When 5 is dissolved in GDN, only freel* is detected as sharp singlets in thd and
31pfH} NMR spectra at chemical shifts of 1.43 ppm and 151.8 ppm, respgctives indicating
complete disaggregation. In contrast, tA®{H}NMR spectra of 1D polymePs and2b" in
CDCN each exhibit a broad singlet at 143.5 and 144.6 ppm, respgctlmehddition to the
broadening of the signal, the high-field shift compared to fiee (153.0 ppm¥ or 1Y
(152.8 ppm¥®! indicates the presence of some coordinated pentaphosphaferrocpeeiss.
This is further supported by th&l NMR spectra, in which the signals are broadened and slightly
shifted to lower field compared to freé* or 14B4 Hence,T [and2b" undergo only a partial
disaggregation in GON, while in contrast pyridines@s a highly coordinating solvent causes
complete disaggregation &a (cf. Experimental Partfhe same effect is observed f8b. The
31PLH}NMR spectrum o8b in CRCN only exhibits a very small but broad signal at d@%.
The low resolution is most probably attributed to the dynamic behavior ol Acsordination
bonds in solution rather than a too diluted sample, since the correspontfifgH} NMR
spectrum nevertheless exhibits a pronounced, sharp singlet for thecokfterions an@b was
found to be highly soluble in GEIN. Wher8b is dissolved in pyridinesdhowever, only signals
of uncoordinatedl “are observed in théH and®'P{H} NMR spectra.

Moreover, in the'F{H} NMR spectra @b in CRCN as well as in pyridine-d small amount
of HOC((G); is detected next to TERvhich may either be left-over starting material of the
synthesis of the TEBalt$®™ or formed by partial decomposition of the TBBIt. This is known
to occur when the reaction of Au powder with NOTEF was performed #CtCHstead of
CHCN?Z® and the [Au(CECN)]TEF salt seems to be unstable inCl-bver time according to our
own observation$9 In the'®F{H} NMR spectra of compounds and9b in CRCh, next to the
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TEF anion also a small singlet at39.3ppm is detected, which might be due to partial
decomposition of the TERnion as well.

The®P{H} NMR spectra of compound@a and9b in CRCL each exhibit a broad singlet at
123.0 and 122.6 ppm, respectively, which is again shifted to higildrddompared to fred* or
1Yand indicates highly dynamic Au-P coordination bonds (Table 3).¢otlespondingH NMR
spectra, the Cp* and Cyprotons are detected at lower fiel®@& w JA67 ppm;9b: w GA90 (1),

1.67 (s), 1.69 (s), 2.19 (g) ppm) compared to freer 14E7 The'H and®'P{H} NMR spectra of

the dimeric compound8a, 3b as well as 2D polymerddn CRCE merely differ from the spectra

of compounds9 (Table 3). This corroborates the presence of highly dynamic processes in
solution. In the®FH}NMR spectra of SkFcontaining products3a, 3b and 4 no signal is
detected, which might be due to their moderate solubility in,CPin combination with the
expected low intensities of the signals resulting from couplmghe *2!Sb ( =5/2, 57%) and
1235p (=7/2, 43%) nuclef® However, the absence of the Shéignal in thé®F{H} NMR spectra

is even observed for compourfgdwhich is very well soluble in gIb. The*!P{H} NMR spectrum

of 7 shows a broad singlet at 128.8 ppm attributed to coordinatét{Table 3), which is clearly
shifted to higher field compared to fre®" ~ w162.2ppm)[? In the'H NMR spectrum of in
CDClLthe signals for the Gpligand are shifted to lower field compared to fr&®. Additionally,

two broad multiplets are observed attributed to the tht protons. These as well shifted to
0}JA & (] o }u% E 3§} (E d,d ~w AphXid CTBGY but sitilérd ~u-
[(tht),Au]SbE ~w A TXTi ~us vpphXid GDEU

Table 33P{H}NMR chemical shifts and peak widths at half-height compareddmpounds3a, 3b, 4,
7,9aand9bin CRCh at r.t.

Compound 3a 3b 4 7 9a 9b
w[ppm] 123.1 124.1 123.1 128.8 123.0 122.6
“12 [HZ] 20 24 26 55 62 35

Since dynamic processes involving the Au-P coordination contacts areexsto cause line
broadening in the aforementionedP{H} NMRspectra (Table 3), NMR spectroscopy was carried
out at variable temperatures faf, exemplarily, due to its high solubility and the large peakhwidt
at half-height observed already at room temperature. Figurbds the3!P{H} NMR spectra
of 7, in which the signal is broadened significantly when cooled down ta<2 23 193 K, splitting
into two broad signals is observed, which still partially overlag @veal an integral ratio of
roughly 4:1. This reflects the ratio of uncoordinated vs. coordinated P atoihapon freezing
of the dynamics, while the coordinated P atom is expected to resoatégher fields. Thus, it

is suggestd that the {Au(tht)} fragment circumambulates from one P atom notaer at r.t.,
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Figure 73'P{H} NMR spectrum of in CRC} at variable temperatures.

while being held in position at low temperatures. However, cooling98 K did not seem to
freeze the dynamics entirely. Hence, further conclusions cannoté&erd andno P-P couplings

can be derived.

Figure 8'H NMR spectrumf& in CRCL at variable temperatures in comparison to thé NMR spectrum
of 18" (black) in CECb at r.t.

The correspondingH NMR spectra of in CDCL at variable temperatures are depicted in
Figure 8, next to the spectrum af" at r.t. Upon cooling two 193 K, the chemical shift of the
meta- andpara-CHprotons of the Cp'ligand merely change. The same is true for the signals of

the tht ligand, thus supporting the proposed shift of the entire {Aufthdgment. In contrast,
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the CH protons and especially thertho-CHprotons of the C§' ligand resonate at higher field
when cooled to 19%K. This is presumaplcaused by their proximity to the {Au(tht)} fragment
even though in the crystal structure only one close Au---H contact to, pi©tbn is observed.
However, in solution further Au---H contacts might be conceivable alsbéartho-CH protons
due to rotation of the Bn groups. In any case, these interactionsrapfig are too weak to lock
the {Au(tht)} fragment in one position within the NMR time scalesino splitting of the CH

andortho-CH protons is observed.

Since compound is completely insoluble, solid-state magic angle spinning (NVAS}
spectroscopy was carried out. In tF@{{H} NMR spectrum (Figure 9), at least two broad signals
overlap in the region of 120 to 170 ppm. The small signal at 132 ppriesxétk »coupling of
300Hz and is presumably attributed to the three P atoms coordinatinku. Unfortunately, no

other couplings are resolved.

Figure 9°1P{H} MAS NMR spectrum of compoufid

In the ®C{#H} MAS NMR spectrum & (Figure 10)Gy is detected « $A} o0}e <]JvPo §¢ § w
143.4 and 144.@ppm. Since free & resonates afl44.1ppm[**I most probably the latter signal

is due to G not interactng with the units ofl*, while the singlet at 13.4 ppm might be shifted

to higher field p § }interactions. However, only few close P---C contacts were foutitein

crystal structureHence, the presence of two distinct signals fer [@obably is merely caused

by the fact that two crystallographically uniqueo@nolecules co-crystallize. Moreover, the

13CEH} MASNMR spectrum shows two sets of resonances at 13.0 and 16.3 ppm (methpk)

and 95.6 and 97.3 ppm (Cp* ring). The integral ratio amounts to appately 2:1 for both sets,

being in line with the ratio of crystallographically unique Cp* rittgnce, the low-field shifted,
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Figure10. *C{H} MAS NMR spectrum of compoufid

smaller signals may be assigned to the C atoms of the sifglait lying on the mirror plane
while thehigh-field shifted, larger signals may be attributed to the C atontb®two symmetry-

related 1* moieties in6.

6.3 Conclusion

In summary, a variety of unprecedented coordination productsyafeP; ligand complexes
1*, 1¥and1B"andAuare reported hereinRemarkably, a series of 1D and even 2D polymers was
obtained, constituting the first coordination polymers based ariggand complexes and Au in
general. Thus, we successfully extended the supramolecular chemigsify
pentaphosphaferrocenes from Cu and Aow to Au. For the synthesis of AuGa@intaining
products, the application of [(tht)AuCl] and Ga@ioved beneficial. SFcontaining products
were obtained fromin situ generated [(tht)Au]Sbk. Even larger TEEounterions were
implemented by readbns with the isolable [Au(GBN}]TEF salt. Starting from AuGadD
polymers are obtained as a series of polymorphs and solvatomorphs. With Ati&bfeaction
outcome depends on the €figand of the pentaphosphaferroceng* gives a dimer and a 2D
polymer as structural isomers, as well as a 1D polymer obtainedrthef crystallization from
the mother liquor.1“reacts more selectively with AuStie give a dimer similar to that obtained
from 1*. With 18", only one tht ligand is replaced from [{}pAu]Sbk to give a monomer
exhibiting a highly dynamic behavior in solution. Hence, the increasaubility of the building
blocks from1* to 1Yto 1B" appears to correlate with the formation of polymerit*}] vs.
oligomeric (% vs. monomeric 1" products. With AUTEF, 1D polymers or monomers are
obtained depending on the stoichiometry applied. The molecular products Hsag/@artially

disaggregated polymeric products exhibit highly dynamic behavior in solutien at low
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temperatures. These results offer an incentive for further invesitiga concerning the
potential of the molecular coordination products in Au catalysis. Moreoadir,obtained
products comprise Au centers with an either linear or planar coor@naenvironment,
impeding the formation of spherical aggregates. Therefore, in futurestigations, Au salts are
to be reacted with further Pand As ligand complexes known to coordinate in an afiplane
fashion, such as [CpMo(GOF-P)]“Y and [Cp*Fe(>-As)].4Y

64  Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques in the dark. Sawnent$iT were purified,
dried and degassed prior to use by standard procedy@s*Fe~%PR)] (1*), [Cp'& =B)] (1Y
and [CE"& ~P)] (18" were synthesized following reported proceduf&s,although the
syntheses oll* and 1Ywere performed irmeta-diisopropylbenzene with an improved yield of
75% and 56%, respectively. [(##R)]SbE?4 was synthesized freshly in analogy to the reported
method and addedn situ to the respective syntheses. [Au(CTHN}] TEF® was synthesized by
an improved method based on the reported one. [(tht)AuCl], BRBEI], TITEF, and.Qvere
available in-house. Ga@ commercially available and was sublimed prior ta 8sdution NMR
spectra were recorded on a BRUKER Avance 400 spectrometer. MAP&duRsere acquired
on a Bruker Avance 300 spectrometer. Chemical shifte given in [ppm] referring to external
standards of tetramethylsilane ' NMR and C{H}NMR spectra), adamantane
(BCfH}MAS NMR  spectra), 85% phosphoric acittP{H}NMR spectra), NaRQ
C'P{H} MAS NMR spectra) or CFEIF{H} NMR spectra)ESI-MS spectra were recorded on a
ThermoQuest Finnigan MAT TSQ 7000 spectrometer and EI-MS spectraco@aed on a
Finnigan MAT 95 mass spectrometer. Elemental analyses were perfasmedVario EL Il

apparatus.

ACVEZ *]e }( €5-PIRE&]SAC)N (24, 2a)

Method A:

[(tht)AuClI] (31 mg, 0.097 mmol) and Ga(l5 mg, 0.085 mmolvere dissolved in CGiEb
(3mL) and stirred for 15 minutes. [Cp*Re@)] (16 mg, 0.046 mmolyas dissolved in GBb
(5mL) and added. After stirring 15 minutes, the red-brown solution fised into a thin
Schlenk tube, concentrated (to 3 mL), and layered with toluene (6 Att€ady after one day,

brown prisms of2a crystallized. After complete diffusion, the crystalsre taken from the



iop ot dz (]J]E®S pr }vs Jv]JvP }}E& ]Jv S]}v W}oCu E-

}JV W}0C % Z}e% Z}EHWes >]P v Ju% o A -

Schlenk wall with a spatula and quickly dipped into a Schlenk tutheteluene. The crystals

were washed with toluene (3 x 3 mL) and pentane (3 x 3 mL) and dried.

Analytical Data o2a:

Yield:5 mg (2.7.mol, 17%)

H NMR (pyridine-g): w € %o %o U s ACPXRY>-PYke), 1.66 (M, SEi), 2.20 (s, &), 2.67
(m, S@Hg), 5.66 (s, CiTh), 7.1217.28 (M, &Hs).

3PAHINMR (pyridine-@): W € %o %o U e A [CHPEE>-Py]hde).

Elemental AnalysisCalculated (%) for {gHhsFeR)s(AuGaG), -0.18 GHg (1871 g/mol): C 20.06,
H 2.50, N 0, S 0; found (%): C 20.06, H 2.41, N traces, S 0.

Method B:

To a mixture of [(tht)AuCl] (59 mg, 0.18 mmol) and &&3 mg, 0.19 mmol), JE (THT
0.015mL, 0.17 mmol) was added. Thendifluorobenzene ¢-DFB, 4 mL) was added and the
mixture was stirred for 30 minutes. After filtration, the yellish solution was layered with a
solution of [Cp*Fe(>-Ps)] (33 mg, 0.095 mmol) in toluene (6 mL) in a thin Schlenk tube. After
complete diffusion, the mother liquor was decanted, the brown plavé2a washed with

toluene (3 x 5 mL) and pentane (3 x 5 mL) and dried.

Analytical Data o2a':

Yield:52mg @7 .mol, 86%)

Elemental AnalysisCalculated (%) for {€hsFeR)s(AuGaG), - 0.5 SGHs (1899 g/mol): C 20.24,
H 2.60, N 0, S 0.84; found (%): C 19.75, H 2.45, N 0, S 0.80.

Method B (upscale):

To a mixture of [(tht)AuClI] (119 mg, 0.37 mmol) and &@0Img, 0.40 mmol), & (THT
0.03mL, 0.34 mmol) was added. Thendifluorobenzene ¢-DFB, 10 mL) was added and the
mixture was stirred for 45 minutes. After filtration, the ymilish solution was layered with a
solution of [Cp*Fe{>-P)] (69 mg, 0.20nmol) in toluene (10 mL) in a thin Schlenk tube. Already
after one day, thin brown plates @a crystallized. Unfortunately, the thin plates grew at the
interface so that further diffusion was hampered. Hence, frometito time the crystals were
loosened with a spatula letting them sink to the bottom of the Schiéifiter complete diffusion,
yellow-brown plates ofa were taken from the Schlenk wall with a spatula and quickly dipped
into a Schlenk tube witb-DFB (3 mL). The crystals were washed witt©& (3 x 5 mL) and dried.
However, smaller yellow plates @& could not be isolated by this method. Instead, the fluffy

yellow plates were transferred with the mother liquor into a n&ehlenk tube and washed with
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CHCLb (5 x 5 mL), whereby the crystals were left to settle eamlet Thus, after drying a second

crop of crystals could be isolated.

Analytical Data o2a':

Yields:30mg (16 ... u,}28%,first crop), 38 mg (second crop)

'H NMR CRCN: W € %o %o u* ACPXHBE-P])) 2.32 (s, &), 2.91 (br, KD), 5.44 (s, GiBb),
7.1417.26 (M, &Hs).

SIPAH}NMR CRCN: W € %0 %o Us A 1 EXLA2HZ[Op*Fe(-R)]).

Elemental Analysis of the first cropCalculated (%) for {(§hsFeR)s(AuGadl), - 0.65 GHiR
(1929 g/mol): C 21.11, H 2.49, S 0; found (%): C 21.10, H 2.05, S 0.

Elemental Analysis of the second crofalculated (%) for {§HisFeR)s;(AuGaG), (1855 g/mol):
C 19.43, H 2.45, S 0; found (%): C 18.30, H 1.76, S traces.

Analytical Data of the mother liquor:

31P{LH} NMR (@6'Cap) w € %0 %0 ue A |’ |’]_,E X 19HZCH¢D*FQi-pS)]COOI’d)

Method C:

To a mixture of [(tht)AuCl] (59 mg, 0.18 mmol) and &€ mg, 0.19 mmol), JE (THT
0.015mL, 0.17 mmol) was added. Thendifluorobenzene ¢-DFB, 4 mL) was added and the
mixture was stirred for 30 minutes. [Cp*Rg{)] (33 mg, 0.095 mmol) was added to the
yellow-grey suspension and stirred for further 10 minutes. The rust-rgoesisson was filtered
into a thin Schlenk tube and layered with toluene (4 mL). Alreftdy ane day, brown plates of
2a crystallized. After complete diffusion, the crystalere taken from the Schlenk wall with a
spatula and quickly dipped into a Schlenk tube with toluene. The csywtxk washed with

toluene (3 x 5 mL) and pentane (3 x 5 mL) and dried.

Analytical Data oPa':

Yield:3 mg (1.6.mol, 5%)

Positive ion ESI-MS (@EL): m/z =88.0755SGHs] ™.

Negative ion ESI-MS (@Eb): m/z =210.7997 [Gag].

Positive ion ESI-MS (@EN):m/z =888.8070 [(Cp*FejpAu]’, 88.0755 [SEk] ™.

Negative ion ESI-MS (@EN):m/z=210.7995 [Gag]l.

Elemental AnalysisCalculated (%) for {€hsFeR)s(AuGaG), (1855 g/mol): C 19.43, H 2.45, N
0, S 0; found (%): C 19.25, H 2.29, N 0, S 0.
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Synthesis of [{CP& ~B)}sAu]n(Gall)zn (2b, 2b', 2b")

Method A:

[(tht)AuClI] (125 mg, 0.390 mmol) and GaClR mg, 0.41 mmoNvere dissolved in Gigb
(10 mL) and stirred for 20 minutes. [Ee({>-P)] (68 mg, 0.19 mmolvas dissolved in GBb
(7 mL) and added. After stirring for further two hours, the red-browmugoh was filtered into
a thin Schlenk tube and layered with toluene (17 mL). Already afterdaye yellow-brown
plates of2b crystallized, while later also crystals of the polymogthwere formed. After two
weeks, the formation of some precipitatgas observed. Hence, despite incomplete diffusion,
the crystalswere isolated. Therefore, the mother liquor was shaken to suspaedtecipitate
and crystals. The crystals were left to settle, and thegpended precipitate was decanted with
the mother liquor. The crystals were washed withbCH5 x 5 mL), thereby suspending residual

precipitate each time, and dried.

Analytical Data o2b and2b':

Yield:29mg (15 .mol, 24%)

Elemental AnalysisCalculated (%) for {§hsFeR)s(AuGaG). (1897 g/mol): C 20.90,H2.71, S 0;
found (%): C 21.02, H 2.53, S 0.

Andytical Data of the mother liquor:
31P{1H} NMR (@B'Cap.): W €% % U A 1hpXB1l HZ,CEIFQ({s'PS)]coord_).

Method B:

To a mixture of [(tht)AuCILe9 mg, 0.37 mmol) and Gaqr0 mg, 0.40 mmolsGHs (THT
0.03mL, 0.34 mmol) was added. TherDFB (10 mL) was added and the mixture was stirred for
45 minutes. After filtration, the yellowish solution was layerethvé solution of [CHe({>-Ps)]
(68 mg, 0.19 mmol) in toluene (10 mL) in a thin Schlenk tube. Alreadyaftatay, thin yellow-
orange plates o2b" (unit cell constants: monoclinic B,= 9.1209(6) Ab = 24.187(2) A; =
29.543(3) At = 98.175(7)°; V = 6451.2(9) Spresumably a solvatomorph 8b', crystallized.
After complete diffusion, bigger crystals were taken from thel&wk wall with a spatula and
quickly dipped into a Schlenk tube witkDFB. The crystals were washed witbFB (3 x 5 mL)
and toluene (3 x 3 mL) and dried. However, smaller yellow plat@s"o€ould not be isolated
by this method. Instead, the mother liguor was decanted after théfyf yellow plates had
settled. The crystals were then suspended in@H10 mL), transferred into a new Schlenk
tube, washed with C¥b (3 x 10 mL) and dried.

Analytical Data 02b":
Yields:43 mg (22 .mol, 35%, first crop18 mg (9.5 .mol, 15%, second crop)
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IHNMRCRCN: W €% %ous A 1X00 FeR)1.8E152 (2W s, ¥ H, GeR), 2.03 (br, 2
H,Cp'FeR), 2.32 (s, &), 3.02 (br, ED), 5.44 (s, GBL), 7.1417.26 (M, &Hs).

SIPAHINMR CRCN: W €% %o U A 7§ HXaBHzZ [GpBe({>-P))).

Positive ion ESI-MS (@EN):m/z =916.8405(Cp‘FeR).Au]".

Negative ion ESI-MS (&EN):m/z =210.7998 [Gag].

Elemental Analysis (first crop):Calculated (%) for {(Eh/FeR);(AuGaG), - 036 GHs
(1930g/mol): C22.1Q H2.81, N 0, S 0; found (%)22.1Q H2.49, N 0, S 0.

Elemental Analysis (second cropQalculated (%) for {Ei7FeR)s;(AuGaG), (1897 g/mol): C
20.90,H2.71, N O, S 0; found (%): C 21.34,H 2.50, N O, S O.

Analytical Data of the mother liquor:

31P{LH} NMR (@:)6'Cap) w € %0 %0 ue A |’ ile XI,B HZ, @He({s'%)]coord_).

Synthesis of [{Cp*Feff-Ps)}:Aw](Sbk): (3a)

To a mixture of [(tht)AuCl] (31 mg, 0.097 mmol) and Ag&dFmg, 0.099 mmol), JE
(THT, 0.009 mL, 0.1 mmol) and>CH(3 mL) were added and the mixture was stirred for 30
minutes. After filtration from the grey precipitate (AgCl), thelgwish solution ofin situ
generated [(tht)Au]Sbkwas layered with the solution of [Cp*F&{Ps)] (15 mg, 0.043 mmol) in
toluene (3 mL) in a thin Schlenk tube. Already after one day, yellow-broatespbf 3a
crystallized. After complete diffusion, the mother liqguor was d#ed and the crystals were
washed with toluene (2 x 10 mL), thereby transferred into a nelweBk tube and washed again

with toluene (2 x 5mL) and pentane (3 x 5 mL) and dried.

Analytical Data oBa:

Yield:10 mg @.4 .mol, 40%)

IH NMR CDChL): W € %o %b.63 (A 15 H, [Cp*FER)]), 2.13 (M, SEk), 3.23 (M, SEk), 5.32
(s, CBCh), 7.32 (s, CD4JI

SIPAH}NMR CDCL): W €% %o U A ir,ixXd0 Hz UCP*Fe-P)]coora).-

1F£H} NMR CDCb): no signal detected.

Positive ion ESI-MEHCL/ CHCN):m/z =888.8075 [(Cp*FeRAUJ, 88.07540 [SEk]*.
Negative ion ESI-MERCE/ CHCN):m/z =234.8958 [Shf.

Elemental AnalysisCalculated (%) for {§EhsFeR).(AuSbE), - 0.4 SGHg (2284 g/mol): C 21.87
H2.79, N 0, 9.56 found (%): @1.64 H2.53 N 0, 9.55

The reaction sometimes gavanstead or in addition t@a, after longer crystallization times also

crystals ob were formed. A dependence on stoichiometry or concentration could not bedoun
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Synthesis of [{Cp*Fel>-Ps)}sAus]n(Sbk)zn (4)
To a mixture of [(tht)AuCl] (132 mg, 0.412 mmol) and Ag8IS8 mg, 0.402 mmol), 36
(THT, 0.036 mL, 0.41 mmol) and.ChH{14 mL) were added and the mixture was stirred for 1h.

After filtration from the grey precipitate (AgCl), the yellowisblution of in situ generated
[(tht).Au]SbE was layered with the solution of [Cp*FE{Ps)] (62 mg, 0.18 mmol) in toluene
(28 mL) in a thin Schlenk tube. Already after one day, large brown poiséngystallized. After
complete diffusion, also few brown rods bfstarted to crystallize. Hence, the crystals were
taken from the Schlenk wall with a spatula, quickly dipped into naingt and sorted under the
microscope. The crystals 4fwere transferred with mineral oil into a Schlenk tube, wakith
pentane (20 x 5 mL) and dried. Analogously, the crystdisnadre transferred with mineral oil

into a Schlenk tube, washed with pentane (4 x 3 mL) and dried.

Analytical Data oé:

Yield:24 mg (1 .mol, 24%)

IH NMR CDCh): W € %o %1168 (8 15 H, [Cp*F&R)]coora), 2.34 (S, &), 5.32 (s, CITh),
7.16 t7.25 (m, @), 7.32 (s, CD4J

SIPAHINMR CDCL): W €% %o U A irfiXd6 Hz UCP*Fe-Ps)]coora).-

19FfH} NMR CDCb): no signal detected.

Positive ion ESI-MS (@EN):no corresponding signals are detected.

Negative ion ESI-MS (&EN):m/z =234.8940 [ShiF.

Positive ion ESI-MS (@EL): m/z =888.8099[(Cp*FeB).Aul".

Negative ion ESI-MS (G&Eb): m/z =234.8941 [Sh¥.

Elemental AnalysisCalculated (%) for {§HisFeR)4(AuSbE). (2249 g/mol): @1.36 H2.69 N Q
SO; found (%): @1.44 H2.31, N O, S 0.

Analytical Data 05:

Yield:few crystals

The reaction sometimes ga@ainstead or in addition td, after longer crystallization times also
crystals ob were formed (further crystals dd were found in the mother liquor). A dependence

on stoichiometry or concentration could not be found.

Synthesis of [{Cp*Fef-P)}Aw](Sbk). (3a), [{Cp*Fe>-P)}Aw]n(Sbk)n (4) and
[{Cp*Fe({®Ps)}sAtzln(SbF)zn (5)

To a mixture of [(tht)AuCl] (109 mg, 0.412 mmol) and Ag8HP mg, 0.402 mmol), 36
(THT, 0.03 mL, 0.41 mmol) and.CH(12 mL) were added and the mixture was stirred for 15
minutes. After filtration from the grey precipitate (AgCl), thdlgwish solution ofin situ
generated [(tht)Au]SbE was layered with the solution of [Cp*F&(Rs)] (60 mg, 0.18 mmol) in
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toluene (12 mL) in a thin Schlenk tube. Already after one day, broystats of3a and4 had
formed. After complete diffusion, the mother liqguor was decanted. Gitystals (mixture oBa,

4 and5) were washed with toluene (3 x 10 mL), thereby loosened from the i@chtall with a
spatula and then transferred into a new Schlenk tube. The crystate again washed with
toluene (1 x 5 mL) and pentane (3 x 5 mL) and dried.

The mother liquor was layered with toluene (10 mL) and crystaBhaid grown within two
weeks. The crystals were taken from the Schlenk wall withatuta and quickly dipped into a

Schlenk tube with toluene, washed with toluene (3 x 5 mL), pentamxes(mL) and dried.

Analytical Data 08a, 4 and5:

Yield:47 mg

Elemental AnalysisCalculated (%) for {§HisFeR)s 2(AuSbE). - (SGHs)o.4s(2015g/mol): C20.22
H2.59 N 0, 9.76 found (%): @0.1Q H2.48 N 0, 9.89

Elemental  Analysis (after washing with @Eb): Calculated (%)  for
(GoHisFeR)3(AuSbE)2 - 0.25SGHs (1903g/mol): C19.34 H2.46, N 0, 9.42 found (%): C 19.10
H2.31, N O, 3.65

Elemental Analysis (after washing with @EN): Calculated (%) for (g€EhsFeR)s(AuSbE),
(2249g/mol): C21.36 H2.69 N 0, S 0; found (%)2T.28 H2.24 N 0, S 0.

Analytical Data 05:

Yield:8 mg (4... U}7%)

IH NMR CRCN: wpgm] = 1.43 (s, 15 H, [Cp*RE{)]res), 1.94 (CECN), 2.13 (s,29), 5.44 (s,
CDCL).

SIPLH}INMR CRCN: W € %0 %o U A [CRHPEE-Ps)irkd).

FEH} NMR CRCN: no signal detected.

Positive ion ESI-MS (@EN):m/z =888.8086 [(Cp*FeRAul".

Negative ion ESI-MS (G@EN):m/z =234.8945 [Shif.

Elemental Analysis: Calculated (%) for (gisFeR)s(AuSbE),; -0.67SGHs -0.1 GHg
(1972g/mol): CR20.34 H2.62 N 0, 9.09, found (%): @0.33 H2.52 N traces, 3.07.
Elemental Analysis (after washing with @Et): Calculated (%) for {ghsFeR)s(AuSbk);
(1903g/mol): C18.93 H2.38 N 0, S 0; found (%)18.7Q H2.27,N 0, S 0.

Synthesis of [{CHe({>-Ps)}Auw](Sbk) (3b)

To a mixture of [(tht)AuCl] (119 mg, 0.371 mmol) and Ag8t#~ mg, 0.370 mmol), 3k
(THT, 0.04 mL, 0.5 mmol) and.CH(13 mL) were added and the mixture was stirred for 1h.
After filtration from the grey precipitate (AgCl), the yellowisblution of in situ generated
[(tht).Au]SbE was layered with the solution of [Fee({>-Ps)] (63mg, 0.18 mmol) in toluene
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(13 mL) in a thin Schlenk tube. Already after two days, orange-brownspd8b crystallized.
After complete diffusion, the crystals were taken from the 8cklwall with a spatula and
quickly dipped into a Schlenk tube with a mixture of toluene /@H1:1). The crystals were

washed with toluene (3 x 3 mL), pentane (3 x 3 mL) and dried.

Analytical Data oBb:

Yield:27mg (12... U,}27%)

'H NMR CDCb): W € %o %.90 (81 = 7.6Hz 3 H, [CHFe({>-P%)]coora), 1.54 (s, HO), 1.67 (s,
6 H, [CpFe({>-P)lcoora), 1.69 (s, 6 H, [CBe({®-P)lcood), 2.19 (0,3hn = 7.6 Hz, 2 H,
[CpFe({®-Py)]coord), 2.34 (S, &), 5.32 (SCDCh), 7.09t7.26 (M, gH), 7.32 (CDEL
SIPAH}INMR CDCh): W € %0 %o Us A i18R# Hz, [CFe({>-Ps)]coord)-

F£H} NMR CDRCb): no signal detected.

Positive ion ESI-MS (@EL / CHCN):m/z =916.8411 [(CpreR).Aul".

Negative ion ESI-MS (@Bt / CHCN):m/z =234.8937 [ShiF.

Elemental AnalysisCalculated (%) for {{Hh-FeR)s(AuSbE). (2305 g/mol): @2.92 H2.97, N Q
SO; found (%): @3.24 H2.84 N O, S 0.

Analytical Data of the mother liquor:
3PAH} NMR (@D6-cap.): W € %0%d 1.8 ¢ Uys = 14 Hz, [CFe({®Ps)]coora)-
F{H} NMR (€Ds-cap): no signal detected.

Synthesis of [{Cp*Feff-Ps)}sAu](Sbk) - 2 Go (6)

[Cp*Fe(®>-P)] (58 mg, 0.17 mmol) and eC (82 mg, 0.11 mmol) were dissolved in
o-dichlorobenzene d-DCB, 1Inl) by treatment in the ultrasonic bath for 15 minutes, and
xylenes(4 mL) were added. To a mixture of [(tht)AuClI] (132 mg, 0.412 mmol) and AgSbF
(138 mg, 0.402 mmol), @& (THT, 0.036 mL, 0.41 mmol) and:CiH(14 mL) were added and
the mixture was stirred for 1h. After filtration from the grey pmgtate (AgCl), the yellowish
solution ofin situgenerated [(tht}Au]Sbk was layered with the solution of [Cp*F&{Ps)] and
Gso in a thick Schlenk tube. Already after two days, large black prisféfstallized. After
complete diffusion, the crystals were taken from the Schlenk wil a spatula and quickly
dipped into a Schlenk tube with toluene. The crystals were washddtalitene (3 x 5 mL) and

pentane (3 x 5 mL) and dried.

Analytical Data 06:

Yield:74 mg @5 .mol, 45%)

'H NMR CS, GDes-cap): W € %o 9%.88 (I, HO), 1.77 (s, [Cp*F€{-P)]irec), 7.16 (s, £Ds), 7.56
(s).

SIPEHINMR CS, GDs-cap.): w € %o %o U s A [CHEP-P)iikl).
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13C{H} NMR (CSGDs-cap): W € %o %o U 6941, iG3:)X 193.23 (SC9).

SIPAH} MAS NMR:W € %o %o U * I 0i(bi. t

BCEH}MAS NMR:W €% %ous A [T X@Mes), 613 (s\b C, sKes), 95.7 (s, 10 CGsMes),
97.3(s, 5 C,GMes), 143.4 (s, 60 Ced), 144.1 (s, 60 Cedl

EFMS (70 eV)no signal detected.

Elemental AnalysisCalculated (%) for {€hsFeR)s;(AuSbE) - 2 G (2912g/mol): C 61.87, H
1.56, N 0, S 0; found (%):62.89 H1.60, N O, S 0.

Andytical Data of the mother liquor:

31pAH} NMR (GQDs-cap.):no signal detected.

BC{H} NMR(GDs-cap): W €%o%oue A id),1D44.5(s\4).
19F£H} NMR (GDs-cap.):no signal detected.

When the reaction was performed more diluted the yield decreased. atteempt to obtain
additional crystals 06 from the diluted reaction mixture by concentrating the mother liquor

and layering with toluene only resulted in the formationsoihstead.

Synthesis of [{CB"Fe({>-Ps)}Au(SGHs)](Sbk) (7)

To a mixture of [(tht)AuCl] (66 mg, 0.21 mmol) and Ag&ifF-mg, 0.20 mmol), & (THT
0.02mL, 0.2 mmol) and GEb (7 mL) were added and the mixture was stirred for 1h. After
filtration from the grey precipitate (AgCl), the yellowish solution iof situ generated
[(tht).Au]Sbk was added to a solution of [EFe({>-P)] (62 mg, 0.085 mmol) in @Ek (2 mL).
After stirring for 15 minutes, the red-brown solution was filteri@to a thin Schlenk tube and
layered with pentane (14 mL). Already after two days, greenish-brownafodsrystallized and
red oil drops formed at the bottom of the Schlenk. After completeugifin, the sticky crystals
were taken from the Schlenk wall with a spatula and quickly dippeda Schlenk tube with

toluene. The crystals were washed with toluene (3 x 5 mL), per{faré mL) and dried.

Analytical Data of:

Yield:20mg (16 ... u,}19%)

HNMR CDCh, rt): W €% %oues A 1X]EBEWY (Bithoora), 3.53 (M, 4 HCH(2,5),
(tht)coora), 3.80 (s, 10 H, GHCP"Fe({>-P)]coora), 5.32 (s, CETh), 6.26 (d, 10 Hlw= 7.5Hz o

CHuy, [CP"Fe({>-P)]coord), 6.83 (pst, 10 Hn = 7.7Hz M-CHyy, [CFFe({>-Ps)]coora), 6.97 (t, 5
H,33n = 7.4Hz p-CHuy, [CPFe({>-P)]coora), 7.32 (CDE)L

SIPLH}NMR CRCh, r.t.): W €% %o U A “i26-)66 Hz QFFe({>-Ps)]coord).

19F£H} NMR CDCb): no signal detected.

Positive ion ESI-MS (GEh): m/z =1649.1274(CFFeR).Au]’, 1011.0800 [(CPFeR)Au(tht)]",

531.2687 [CHO]", 373.0359 [(tht)Au]".
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Negative ion ESI-MS (&Eb): m/z =234.8954[Sbk] .
Elemental AnalysisCalculated (%) for(@oHssFeR)Au(SeHs)|Sbk (1247g/mol): C 42.37, H
3.47,N 0, .57 found (%): @2.52 H3.45 N 0, 2.59

Analytical Data of the mother liquor:
3IPLH} NMR (GDs-cap.): W € %o %o U A [CRPeE-P)td).
19F£H} NMR (GDs-cap.):no signal detected.

Improved synthesis of [AuU(GENX TEF

Au powder (0.16 g, 0.81 mmol) and NOTEF (0.60 g, 0.60 mmol, 0.75 eq.) wehedisn
CHCN (15 mL) in a double Schlenk tube equipped withfat@nd a pressure relief valve. After
stirring in the dark for six weeks, the solution was filteredhe other Schlenk tube side and

dried.

Analytical Data ofAu(CHCN)]TEF
Yield:575mg (0.461 mol, 77%)

The applied excess of Au powder as well as the enhanced redotiencompared to the
reported procedur€® were crucial for the isolation of pure [Au(&HN)]TEF, since the

separation of unreacted NOTEF was unsuccessful due to similailisplub

Synthesis of [{Cp*Feff-Ps)}Aul.(TEF) (8a)

[(tht)AuCl] (93 mg, 0.14 mmol), [(PPAUCI] (143 mg, 0.14 mmol) and [Cp*Fe)]
(100 mg, 0.14 mmol) were dissolved in,CKH(20 mL). A solution of TITEF (677 mg, 0.26 mmol)
in CHCLE (20 mL) was slowly added and the mixture was stirred for 15 nmsndtbe brown
solution was concentrated and decanted from an oily residue. The solu@snlayered with
hexane and stored aB0 °C after complete diffusion. After three days yellow-brown needfes

8ahad crystallized.

Analytical Data o8b:
Yield:38 mg (25 .mol, 9%)

Attempts to reproduce the formation da by reaction of [Cp*F&f-Ps)] with [AU(CHCN) TEF
(>1 eq.) only led to a) oil in case the reaction was perforbnelhyering using GBN as solvent
for the Au salt or b) to rapid precipitation in case the reats were stirred in Ci€b. The

precipitate was characterized exemplarily for the analogeastion with [CpFe({>-Ps)] (8b).
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Synthesis of [{CHe({>-Ps)}Aul.(TEF) (8b)

[CpFe({>-Ps)] (13 mg, 0.036nmol) and [Au(CECN)TEF (108 mg, 0.08@mol) were
dissolved in CIKL (8 mL) and stirred for 10 minutes. After filtration into a thin Soklé&ube the
orange solution was layered with pentane (8 mL). Already after oneyg#lpw-orange rods of
8b had crystallized. After complete diffusion, the mother liquor wlasanted and the crystals
were washed with toluene (3 x 10 mL), transferred to a new Schidrg washed again with

toluene (1 x 5 mL), pentane (3 x 5 mL) and dried.

Analytical Data o8b:

Yield:44 mg @2 .mol, 61%)

Positive ion ESI-MS (GEN):m/z =916.8392 [(CHeR).Aul, 597.9296 [(CiFeR)Au(CHCN)].
Negative ion ESMS (CHCN) m/z =966.9058 [TEF]

Elemental AnalysisCalculated (%) for {(E:,FeRAUAIO,CgFs6) - CHCN- 5CHCL (1990g/mol):
C20.52 H1.52 NO0.70, found (%): @0.30 H1.03 NO.76

Unfortunately, most reproductions led to rapid precipitation8if in the reaction mixture.

[CpFe({>-Ps)] (14 mg, 0.03nmol) and [Au(CECNYTEF (104 mgp.080mmol) were
dissolved in C¥L (5 mL) and stirred for one day, while precipitation was already olesk
immediately. The orange suspension was filtered ovej &itGand the precipitate was washed
with CHCb (3 x 5 mL) and dried.

Analytical Data o8b (precipitated):

Yield:55mg @6 .moal, 93%)

SIPAHINMR CRCN: W €% %o U A [CRPEl{>P)Ed4). Signal almost below noise floor.
1FAH}NMR CRCN: W € %o %78.6 (NOC(G), -74.8 (s, TEF

H NMR (pyridine-g): W € %o %o U+ (B 33X 7.6Hz 3 H, [CHFe({>-P)]iee), 1.30 (s, 6 H,
[CpFe(>-P)liee), 1.33 (s, 6 H, [CBe({>-P)lree), 1.84 (9,21 = 7.6Hz 2 H, [CHFe({®-P)]eo),
2.20 (s, @), 5.67 (s, CiLh), 7.23 (M, &).

31PLH} NMR (pyridine-@): W € %o %o U+ A [CRHFX(5-P5)hdd).

FEH} NMR (pyridne-ds): W € %o %o6.9 (NOC(G)), -76.7 (s, TBEF

Elemental AnalysisCalculated (%) fori(Hi;FeRAUAIOGeFss (1524 g/mol): C21.28 H 1.12, N
0; found (%): @1.12 HO.84, N 0.

Synthesis of [{Cp*Feff-Ps)},Au](TEF) (9a)
[Cp*Fe>-P5)] (85 mg, GLOmmol) and [Au(CECN)JTEF (110 mg, 0.088 mmol) were
dissolved in CiLL (5 mL) and stirred for one day. After filtration into a thin Schlenkettie

orange solution was layered with pentane (8 mL). Already afterdaye brown rods ofa had
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crystallized. After complete diffusion, the crystals were talkem the Schlenk wall with a
spatula and quickly dipped into a Schlenk tube with@H pentane (1:1). The crystals were

washed with pentane (3 x 5 mL) and dried.

Analytical Data o®a:

Yield:30mg (L6 .mol, 32%)

IH NMR (CECh): wWippm] = 0.88 (t334 = 7.0Hz GiHu), 1.24t1.31 (M, GHuw), 1.67 (s, 15 H,
[Cp*Fe(®-P%)]coora), 2.34 (s, &%), 5.32 (s, CITh), 7.11t7.24 (m, &Hg), 7.32 (s, CD4JI
SIPAHINMR CRCE): W € %o %o Us A i1fiz6R Hz, [CH*Fel-P)]coord).

19FLH} NMR CDChL): W € %o %76.6 (8, TEF-139.3 (s).

Positive ion ESI-MS (@EN):m/z =888.8115 [(Cp*FefpAul".

Negative ion ESI-MS (&@EN):m/z =966.9085 [TEF]

Elemental Analysis:Calculated (%) for {§hsFeR)>AuAlQGCsFss -0.3 GHi> (1878g/mol): C
23.99 H1.80 N 0; found (%): 24.25 H1.54, N traces.

Analytical Data of the mother liquor:
SIPAHINMR (GDs-cap): W € %o %o Uues A EEX S Hz, [Cp*Fel-Ps)]coord).
9FLH} NMR (@Ds-cap): W € %o%74.8 (HOC(G), -75.5 (s, TBEF

Synthesis of [{CH~e({>-Ps)}Au](TEF) (9b)

[CpFe({>-P)] (27 mg, 075mmol) and [Au(CECN)}TEF (98 mg, <0.079 mmitd) were
dissolved in CHbL (5 mL) and stirred for five minutes. After filtration into a thichf&nk tube
the orange-red solution was layered with pentane (10 mL). After tliaes, brown rods ddb
had crystallized. After complete diffusion, the crystals weketafrom the Schlenk wall with a
spatula and quickly dipped into a Schlenk tube with@H pentane (1:1). The crystals were

washed with pentane (3 x 5 mL) and dried.

Analytical Data o9b:

Yield:30 mg (6 .mol, 42%)

'HNMR (CECE): w[ppm] = 0.90 (t3}n = 7.6Hz 3 H, [CpFe({®-P)]coora), 1.67 (S, 6 H,
[CPpFe(-P)]coora), 1.69 (s, 6H, [CBe({>P)looa), 2.19 (q, %hw = 7.6Hz 2H,
[CpFe({>-P)]coord), 2.34 (S, &), 5.32 (s, CITL), 7.12t 7.24 (M, &), 7.32 (s, CDGI
SIPAHINMR CDCh): W €% %o Us A i1fiX35 Ha [CFe({5-P)]coor).

19FEH}NMR CDCh): W € %o %76.6 (8, TEF -139.3 (5).

Positive ion ESI-MS (@EL / CHCN):m/z =916.8410 [(CHeR)-Aul".

Negative ion ESI-MS (&L / CHCN):m/z =966.9082[TEF]
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Elemental AnalysisCalculated (%) for {(H:/FeR)2(AuAIQGerse) (1884 g/mol): C24.23 H1.82,
N O; found (%): @4.73 H1.58 N 0.

Analytical Data of the mother liquor:
P{H}NMR (GDs-cap): W € %o9%h24:9~ k=23 Hz, [CiFe({>-F)]coord).
F{H} NMR (GDe-cap): W € %o %74.8 (NOC(GJ), -75.5 (s, TEF

6.5 Crystallographic Details

Crystals oRa, 2a', 2b, 2b', 3a, 3b, 4-7, 8a, 8b or 9a were taken from a Schlenk flask under a
stream of argon and immediately covered with mineral oil to prevenbdgmosition and a loss
of solvent. The quickly chosen single crystals covered by a protemtiaedf the oil were directly
placed on a magnetic base and into a stream of cold nitrogen witteaentered goniometer
head with a CryoMount® and attached to the goniometer of a diffractemet

The diffraction data foRa, 2a', 2b, 2b', 33, 3b, 4, 5, 7, 8aor 8bwere collected at 90, 100 (for
4) or 123 K (foRb and7) on an Agilent Technologies diffractometer equipped with a F#@&D
detector and a SuperNova CiXu] E}(} pe *}uE pe]vP ~“cranvewlliis Z i X1

The data foBawere measured on an Agilent Technologies Gemini diffractometeppqgdi
with RubyCCD detector and a microfocus @dource using 0.§~ « ve S HKii

X-ray diffraction experiments f@ and9a were measured at 14 and 23 K, respectively, at
DESY PETRA lIl synchrotron (beamlind*P2t)uipped with Huber 3-cycle diffractometer and
MAR165 CCD (in case@for PILATUS CdTe 184&)detectors and an open-flow He LT system
Data collection foré and 9a was performed by 360%0rotation with 0.2° scan width and
exposurele % E (E u § A GAS6076R £2.11 KeV).

Data reduction and absorption correction for all experiments wasfopemed with
CrysAlisPro softwaréd The structures were solved by direct methods WRHELXS or SHELXT
and were refined by full-matrix least-squares method agafffsn anisotropic approximation
using multiprocessor variable memory versionsSHMELXL (192D18)“% All non-hydrogen
atoms with occupancies higher than 0.5 were refined anisotropicalijjeyihe hydrogen atoms
were refined riding on pivot atoms.

In the structures, various types of disorder were encountered; fos SIWFTEFcounter-
anions, solvent molecules, Cp* or €Cpigands, etc. The occupation factors for disordered
positions of atoms were refined with fixed isotropigddimilar to the averagedd for the fully
occupied heavy atoms in the corresponding structure (usually 0.025-0.035&ey hed 0.05 A

for light atoms also with respect to the temperature). The résgloccupancies were fixed and
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the structures were refined in anisotropic approximation. Some minor positbtise solvent
molecules of disordered TE&hions were refined with restraint geometry. The restraintgave
removed at the final stage of the refinement when possilte6, the disorder of € was not
suppressed by extremely low temperatures. The fullerene moleculeeieed in a rigid boy
approximation; the model for the refinement was taken from Camtei@gructural Database
(CSI9) LUGKUTO®? In each of two crystallographically unique positions the modekoivas
generated in two orientations with the best fit to the eleotr density and the respective

molecular occupation factor was refined and fixed in the resuliaige.
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Table 4. Experimental details fda and24.

Crystal data 2a 2a'

Structural formula [(GioHisFeR):Aw](GaCl) [(GioHisFeR):Aw](GaCl),
‘0.5(GHg)-0.15(CHELCh) -1.6GHg-0.4GHsR

Chemical formula Gez.6849.30ALCh 3Fe&GaPis Gizedse.40ALCER.soF&GaPis

M, 1913.54 2047.78

Crystal system, sparTriclinic,PL Orthorhombic,Pbca

group

Temperature (K) 90 90

a,b,c(A) 9.010%3), 23.4813(2),
15.6107(5), 18.4552(2),
23.6681(6) 31.2969(3)

D E {) 72.829(3), 90, 90, 90
86.028(2),
82.643(2)

V(A% 3152.71 (17) 13562.6 (2)

z 2 8

H000) 1831 7898

Dy (Mg m®) 2.016 2.006

Radiation type CuKD CuKD

P(mnt?) 21.90 20.33

Crystal shape and coloL Brown prism Brown plate

Crystal size (mm)

0.06 x 0.04 x 0.03

0.18 x 0.09 x 0.05

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and
observed [> 2\(l)]

SuperNova, Titar
Gaussian

0.460, 0.739
20802, 12216, 8991

SuperNova, Titaid
Gaussian
0.124,0.449

42537, 13503, 10347

reflections

Rnt 0.054 0.029

(sin 7 Qhax (AY) 0.624 0.624

Range oh, k, | h=-10011, h=-20027,
k=-19018, k=-22022,
I=-21029 |=-37038

Refinement

RF>2 (P)],wRP),S

0.040, 0.0910.94

0.031, 0.078, 0.93

No. of reflections 12216 13503

No. of parameters 645 794

No. of restraints 2 0

H-atom treatment H-atom parameter: H-atom parameters constrained
constrained

"Znax " 2min (€ A3) 1.90, 2.69 1.97,1.08

Computer programs fd2a: CrysAlis PR0171.40.18c (Rigaku OD, 20 ELXT2014(Sheldrick, 2015),
SHELXL2014 (Sheldrick, 2014); foRa" CrysAlis PRO 1.171.40.18c (Rigaku OD, 2018), SHELXL2015/3
(Sheldrick, 2014), SHELXL2014/7 (Sheldrick, 2014).
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Table 5. Experimental details f2b and2b'.

Crystal data 2b 2b'

Structural formula [(GioHisFeR):Aw](GaCl), [(GioHisFeR):Aw](Gadl),
-0.5GHz:0.35CHCh -0.5GHz-0.35CHCb

Chemical formula Gee.8355.7ALCh 7F&GaPis  Ges.sdHss.70AULCh 7F&GaPis

M 1972.60 1972.60

Crystal system, spacTriclinic,PL Monoclinic,P2:/c

group

Temperature (K) 123 90

a,b,c(A) 9.0881(3), 9.07128(12),
15.8675(6), 24.2492(3),
23.8644(7) 29.5646(4)

D E(®)J 72.027(3), 90,
86.009(3), 98.2189(12),
81.599(3) 90

V(A% 3237.2 (2) 6436.55 (14)

z 2 4

HO000) 1895 3791

D« (Mg n1®) 2.024 2.036

Radiation type CuKD CuKD

P(mnt?) 22.02 21.63

Crystal shape
Crystal size (mm)

Dark brown plate
0.16 x 0.13 x 0.03

Dark yellow plank
0.12 x 0.05 ©.03

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and

SuperNova, Titaid
Gaussian

0.141, 0.660

20557, 12431, 11250

SuperNova, Titat
Gaussian

0.255, 0.603
21873, 12565, 9816

observed [> 2\(])]

reflections

Rnt 0.022 0.034

(sin T Qhax (AY) 0.624 0.627

Range oh, k, | h=-1106, h=-1108,
k=-19018, k=-17029,
|=-29027 1=-34035

Refinement

RF > 2(P)], wRP), S
No. of reflections

No. of parameters

No. of restraints
H-atom treatment

" Znax ' Zmin (e A3)

0.035, 0.102, 1.10
12431

655

0

H-atom
constrained
1.91, 2.79

0.036, 0.091, 0.99
12565

632

1

parameter: H-atom parameters constrained

2.61,1.87

Computer programs fa2b: CrysAlisPro 1.171.38.46 (Rigaku OD, 2@ELXT-2018/5 (Sheldrick, 2018)
SHELXL2014 (Sheldrick, 2014); foEb': CrysAlis PRQ.171.39.45¢g (Rigaku OD, 2018HELXL2045
(Sheldrick, 20155HELXL2044(Sheldrick, 2014).
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Table 6. Experimental details f8a and3b.

Crystal data 3a 3b

Structural formula [(GioHisFeR)sAw](Sbk): [(GiHhi7FeR).Au](SbE)
Chemical formula CioHsoAF12FesP20Sky GooHssAuksFeP1eSh

M 2249.11 1152.61

Crystal
group
Temperature (K)
a,b,c(A)

system,

D E()J

V(A%

z

H000)

D« (Mg )
Radiation type
P(mnt?)

spa« Triclinic,PL

90
8.2224419),
16.7022(3),
24.6249(6)
88.0033(17),
86.2346(19),
86.6611(17)
3367.13 (13)
2

2144

2.218

CukD

26.00

Crystal shape and coloL Brown plate

Crystal size (mm)

0.16 x 0.07 x 0.03

Monoclinic,P2i/c

90
14.1340(2),
22.6968(3),
11.84522(19)

110.1048 (16)

3568.37 (9)

4

2208

2.145

CuKD

24.56

Brown plate

0.09 x 0.03 x 0.02

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and
observed [> 2\(l)]

SuperNova, Titaid
Gaussian

0.166, 0619

22214, 13072, 10085

SuperNova, Titaid
Gaussian

0.330, 0.689
15403, 7099, 5602

reflections

Rnt 0.043 0.055

(sin T Qhax (XY 0.624 0.624

Range oh, k, | h=-1009, h=-170 14,
k=-13020, k=-23028,
I=-30029 I=-14014

Refinement

RF > 2\(F)], wRF), S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

" Zmax, " min (e Ag)

0.036, 0.0890.93
13072

741

0

H-atom
constrained

3.35, 2.75

parameter: H-atom

0.039, 0.094, 0.97

7099

389

0

parameter:
constrained

2.65, 2.43

Computer programs fada: CrysAlis PRD.171.40.6a (Rigaku OD, 201B{ELXT2014(Sheldrick, 2014),
SHELXL2014 (Sheldrick, 2014); foBb: CrysAlis PRQ.171.40.18c (Rigaku OD, 2018HELXS20/B3
(Sheldrick, 2018 5HELXL204B(Sheldrick, 2018).

]v §]}v W}oCu
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Table 7. Experimental details féand>5.

Crystal data 4 5

Structural formula [(GioHisFeR)Au](SbE) [(GoHisFeR):Aw](Sbk).-2GHs

Chemical formula CGooHsoAuRsFePLoSh CuHs1AlpFoFesPisSh

M 1124.55 2087.46

Crystal system, spaTriclinic,PL Orthorhombic,Pbca

group

Temperature (K) 100 90

a,b,c(A) 14.37678(12), 23.4741(3),
15.90521(16), 17.5218(2),
15.91187(15) 31.4779(3)

D E(®)J 89.5405(8), 90,
72.3082(8), 90,
72.2996(8) 90

V(A% 3288.01 (6) 12947.1 (3)

z 4 8

HO000) 2144 7968

Dy (Mg ) 2.272 2.142

Radiation type CukD CuKD

P(mnt?) 26.64 24.16

Crystal shape and colou Dark brown prism Brown rod

Crystal size (mm)

0.07 x 0.05 x 0.03

0.07 x 0.05 x 0.03

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and

SuperNova, Titait
Gaussian

0.302, 0.576

37137, 13047, 12561

SuperNova, Titait
Gaussian

0.248, 0.620
30038, 12753, 8396

observed [> 2\(])]

reflections

Rnt 0.024 0.033

(sin T Qhax (AY 0.624 0.624

Range oh, k| h=-15017, h=-18028,
k=-19019, k=-21018,
I=-19019 |=-38035

Refinement

RF > 2\(P)], wRF), S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

" Znax " Zmin (e A?’)

0.022, 0.056, 1.09
13047

760

0

H-atom parameters constrained

1.43,1.06

0.036, 0.087, 0.88
12753

789

0

H-atom
constrained
1.50, 1.87

parameter:

Computer programs fo4: CrysAlis PRD171.40.66a (Rigaku OD, 201HELXT204B(Sheldrick, 2018),
SHELXL2044 (Sheldrick, 2014); fob: CrysAlis PRQ.171.40.18c (Rigaku OD, 2018HELXT2045
(Sheldrick, 20135HELXL201A4(Sheldrick, 2014).
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Table 8. Experimental details féand7.

Crystal data 6 7

Structural formula [(GioHhisFeR)3AuU](SbE)-2Go [(GiaHizFeR)AU(SGHs)](Sbik)
-0.625CHC)

Chemical formula GisoHusAuRsFesPisSb Cia.62H42 25AUCH 25FsFERSSD

M, 2911.67 1300.34

Crystal
group
Temperature (K)
a,b,c(A)

system,

H°)

V(A%

Z

HO000)

Dy (Mg )
Radiation type
P(mn?)

Crystal shape
Colour

Crystal size (mm)

spa«Orthorhombic,Pnma

14
27.59546(6),
16.35584(4),
22.32253(5)

Monoclinic,P2:/n

123

17.4517(3),
10.4554(2),
26.1943(5)

90 99.7084 (17)
10075.20 (4) 4711.06 (15)

4 4

5728 2537

1.920 1.833
Synchrotron,O= 0.56076 A CuKD

1.32 15.84

Prism Plate

Black Dak brown
0.3x0.3x0.2 0.15 x 0.09 x 0.07

Data collection

Diffractometer

Absorption correction

Tmin, Tmax

No. of measured,
independent and
observed [> 2\(I)]

P24 beamline, PETRA I,
DESY, Huber
diffractometer, MAR165
CCD

Multi-scan

0.725, 1.000

217843, 17987, 15694

SuperNova, Titait

Gaussian
0.252, 0458
16343, 9122, 7314

reflections

Rnt 0.053 0.034

(sin 7 Qhax (AY 0.746 0.624

Range oh, k, | h=-41041, h=-18021,
k=-24024, k=-1208,
[=-33033 1=-32029

Refinement

RF > 2\(P)],wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment

" Znax " min (e Ag)

0.066, 0.182,1.05
17986

501

24

H-atom
constrained
2.58, 2.82

0.051, 0.142, 1.07
9122

722

2

parameter: H-atom parameters constrained

1.90, 0.78

Computer programs fa: CrysAlis PRD171.41.21a (Rigaku OD, 201SHELXT2048B(Sheldrick, 2018),
SHELXL2048 (Sheldrick, 2018); for: CrysAlis PRQ.171.40.18c (Rigaku OD, 2018HELXT2014
(Sheldrick, 20145HELXL201A4(Sheldrick, 2014).
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Table 9. Experimental details f8a and8b.

Crystal data 8a 8b

Structural formula [(CloHlsFeB)AU](A|QC16F36) [(Q1H17FGB)AU](A|QC16F36)
Chemical formula GeHisAlAuRsFeQPs G7Hi/OsRs6AlAUFER

M 1510.03 1524.05

Crystal
group
Temperature (K)
a, b, c(A)

system,

")

V(&)

Z

HO000)

D« (Mg )
Radiation type
P(mnt?)

spa«Monaoclinig P2i/c

100
10.5454(3),
14.9339(3),
28.9423(9)
92.395(4)
4554.0(2)

4

2880

2.202
CuKD
12.12

Crystal shape and colou yellow needle

Crystal size (mm)

0.45 x 0.04 x 0.02

Monoclinic,P2:/n

90

29.1772 (5),
14.9185 (2),
21.2608 (3)
92.938 (2)
9242.2 (2)
8

5824

2.191
CuKD
11.95
Orange rod
0.36 x 0.05 x 0.04

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and

Gemini R-Ultra, Ruby
multi-scan

0.524, 0.785

25688, 7871, 5959

SuperNova, Titaid
Gaussian

0.193, 0.894

33837, 18010, 10513

observed [> 2\(1)]

reflections

Rnt 0.0739 0.043

(sin T Qhnax (AY) 0.597 0.624

Range oh, k| h=-12012, h=-35032,
k=-14017, k=-16018,
[=-34032 |=-25026

Refinement

RF > 2(P)], wRP), S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

"Znax " Zmin (e A?’)

0.067, 0.218, 1.11
7871

819

0

H-atom
constrained
2.87, 2.27

0.050, 0.139, 0.89
18010

1745

45

parameter: H-atom parameters constrained

1.50, 1.56

Computer programs foBa: CrysAlis CCD, Oxford Diffraction Ltd., Version 1.1753ZfysAlis RED,
SHELXS97 (Sheldrick, 1990), SHELXL97 (Sheldrick, 1987 CrigsAlis PR®.171.40.18c (Rigaku OD,
2018),SHELXZ014/5 (Sheldrick, 20143HELXL2048(Sheldrick, 2018).

S]}v W}oCu E-
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Tablel0. Experimental details f@a.

Crystal data 9a
Structural formula [(GioHisFeR):Aw](TER)-0.625(CHCE)
Chemical formula Gr2.6H61.2AbAWLCh 25F72Fe10sP20
M 3764.97
Crystal system, space group  Monoclinic,2/c
Temperature (K) 23
a,b,c(A) 37.5584 (5),
21.24925 (19),
35.8922 (3)
H°) 117.3677 (12)
V(A% 25439.0 (5)
z 8
HO000) 14546
Dy (Mg m®) 1.966
Radiation type Synchrotron,O= 0.56076 A
P(mnt?) 1.71
Crystal shape Rod
Colour Light brown
Crystal size (mm) 0.2x0.1x0.1
Data collection
Diffractometer P24 beamline, PETRA Ill, DESY, Huber diffractometer,
PILATUS CdTe 1M
Absorption correction Multi-scan
Tmin, Tmax 0578, 1000

No. of measured, independent 169600, 28477, 24010
and observedI[> 2\(I)]

reflections
Rt 0.052
(sin T Qhax (AY 0.658
Range oh, k, | h=-49049,
k=-26026,
| =-47 0 47
Refinement
RF > 2\(P)],wRP), S 0.047, 0.147, 1.13
No. of reflections 28477
No. of parameters 2189
No. of restraints 24
H-atom treatment H-atom parameters constrained
' Znax, ' Zmin (€ A%) 1.71, 2.86

Computer programs fda:CrysAlis PR0171.41.21a (Rigaku OD, 20 EHELXT2018(Sheldrick, 2018),
SHELXL2048(Sheldrick, 2018).



iép ot dz (]J]E®S pr }vs Jv]vP }}E& ]Jv S]}v W}oCu E-
}V W}}oC % Z}e% Z}Epne >]P v Ju% 0 A -

6.6  Author Contributions

f The synthesis and characterization of compouBdst 9b (except for crystallin8a) were
performed by Helena Brake

f The synthesis of crystalline compouid was performed by Dr. Christoph Schwarzmaier
and are also part of his diploma thesis (University of Regensb00§.

f X-ray structural analyses @a t 9b were performed by Dr. Eugenia Peresypkina, Dr. Sc.
Alexander V. Virovets and Helena BraRarts of this research were carried out at PETRAIII
at DESY, a member of the Helmholtz Association (HGF), by Dr. ERgersgpkina and Dr.
Sc. Alexander V. Virovets. EP and AV are grateful to the P24ibededam for their
assistance.

f X-ray structural analysis 8awas performed by Dr. Eugenia PeresypkinaSbAlexander
V. Virovets and Dr. Christoph Schwarzmaier

f The X-ray powder diffraction of compouBt was performed by Dr. Christian Klimas (group
of Prof. Dr. Arno Pfitzner)

f The MAS NMR spectra of compouhidiere recorded by Prof. Dr. Werner Kremer

f The manuscript (introduction, results and discussion, experimental, ganclusion;
including figures and schemes) was written by Helena Brake

f dZ + 38]}v Z EC*S 00}PE %0 Z] $ Joo[ W EAEPEE]lY C EX pP v]



ot dz (]J]&®+S pur }vs Jv]JvP }}E ]Jv S]}v W}oCu
}V W}}oC % Z}*% Z}Ene >]P V i06}0u% o0 A

6.7 References

[1] a) S. Chakraborty, G. R. Newko@kem. Soc. Re2018 47, 3991-4016; b) W. Wang, Y .-
X. Wang, H.-B. Yarghem. Soc. Re®016 45, 2656-2693; c)s T. R. Cook, Y.-R. Zheng, P.
J. StangChem. Re\2013 113 734-777.

[2] a) A. Bavykina, N. Kolobov, I. S. Khan, J. A. Bau, A. Ramaszpd,Chem. Re\2020
120, 8468-8353; b) Y.-S. Wei, M. Zhang, R. Zou, @Qh&m. Rex2020, 120, 1208912174

[3] L. E.Kreno, K. Leong, O. K. Farha, M. Allendorf, R. Puyxan I T. Hupgzhem. Rev.
2012 112 1105-1125.

[4 a >X ~X y] U 'X 7I}EpBHgrhU R&vX020] $120U8536-8580; b) A. E.
Thorarinsdottir, T. D. Harri€hem. Re\2020 120, 8716-8789; c) Y.-X. Tan, F. Wang, J.
Zhang,Chem. Soc. Re2018 47, 2130-2144; YK. RissanerChem. Soc. Re2017, 46,
26382648 e) Y. Inokuma, S. Yoshioka, J. Ariyoshi, T. Arai, Y. Hitora, K. Takada,
Matsunaga, K. Rissanen, M. Fujitiature2013 495, 461466.

[5] a)J. M. Lehn, A. Rigault, J. Siegel, J. Harrowfield, B. GHavhtoras Proc. Natl. Acad.
Sci. USA987, 84, 2565-2569; b) J.-M. Lehn, A. Rigaluttgew. Chem. Int. Ed. Ent®88
27, 105-1097; c) H. S. Sahoo, D. K. Chaxadton Trans2010 39, 72237225.

[6] a) M. Ruben, J. Rojo, F. J. Romero-Salguero, L. H. Uppadine, J.;:MngelwnChem. Int.
Ed.2004 43, 3644-3662; b) P. N. W. Baxter, J.-M. Lehn, G. Baum, D. Rehske, Eur.
2000 6, 4510-4517; c) J. Rojo, J.-M. Lehn, G. Baum, D. Fenske, O. WaldmanterP. Ml
Eur. J. Inorg. Chert999 517-522; d) P. N. W. Baxter, J.-M. Lehn, J. Fischer, M.-T. Youinou,
Angew. Chem. Int. Ed. Ent994, 33, 22842287.

[71 @aM.-M. Gan, J.-Q. Liu, L. Zhang, Y.-Y. Wang, F. E. Hahn, Y GheHarRe\2018 118,
9587-9641; b) S. Chakraborty, G. R. Newko@teem. Soc. Re2018 47, 3991-4016; c) L.

Xu, Y.-X. Wang, L.-J. Chen, H.-B. Yzirem. Soc. Re2015 44, 21482167.

[8] a)E.-S. M. El-Sayed, D. Y@irem. Lett2019 49, 2853; b) T. R. Cook, P. J. Stabigem.
Rev.2015 115, 7001-7045.

[91 a) S. Peng, Q. He, G. |. Vargas-Zuiiiga, L. Qin, I. Hwangns.NK.JKHeo, C.-H. Lee, R.
Dutta, J. L. Sessl&€hem. Soc. Re2020, 49, 865907; b) C. E. Housecroft, E. C. Constable,
J. Inorg. Organomet. Polyn2018 28, 414-316V + X '}E ICwel]U :X DX , EE]
Patroniak, A. R. Stefankiewi€hem. Rex2016 116, 14620-14674; d) C. J. Brown, F. D.
Toste, R. G. Bergman, K. N. Raym@imtm. Rex2015 115 3012-3035; €) M. Han, D. M.
Engelhard, G. H. Clev&hem. Soc. Re2014 43, 18481860



io] ot dz (]J]E&®S pr }vs Jv]JvP }}E& ]Jv S]}v W}oCu E-

} v

W}O0C%Z}s% Z}EPs >]P Vv  }u%o0 A& -

[10]

[11]

[12]

[13]

a) Z. Ji, C. Trickett, X. Pei, O. M. YagAm. Chem. S&018 140U ii0i6>i;i)iA. J.
Clough, J. W. Yoo, M. H. Mecklenburg, S. C. Marinds@&m. Chem. So2015 137,
ii6>i71cVX. Huang, P. Sheng, Z. Tu, F. Zhang, J. Wang, H. Geng, ¥a. ZauYCYi, Y.
Sun, W. Xu, D. ZhNat. Commun2015 6, 7408; d) Y. Jiang, B. Li, Y. Wang, D. Liu, X. Song,
X. Chang]. Organomet. Cheri014 759, 3745.

a) S. Welsch, L. J. Gregoriades, M. Sierka, M. Zabel, Aowéts/iM. ScheerAngew.
Chem. Int. EQR007, 46, 9323-9326; b) M. Fleischmann, S. Welsch, H. Krauss, M. Schmidt,
M. Bodensteiner, E. V. Peresypkina, M. Sierka, C. Groger, M. Scheer. Eur. 2014,

20, 37593768.

a) J. Bai, A. V. Virovets, M. Sche&ergew. Chem. Int. EQ002 41, 1737-1740; b) S.
Welsch, C. Groger, M. Sierka, M. Schaagew. Chem. Int. EB011, 50, 1435-1438; c) F.
Dielmann, A. Schindler, S. Scheuermayer, J. Bai, R. Merkle, N.AZabeVirovets, E. V.
Peresypkina, G. Brunklaus, H. Eckert, M. Scli@fem. Eur. 2012 18, 1168-1179; d) F.
Dielmann, C. Heindl, F. Hastreiter, E. V. Peresypkina, Aovetgj R. M. Gschwind, M.
ScheerAngew. Chem. Int. EA014 53, 13605-13608; . Heindl, S. Heinl, D. Ludeker,
G. Brunklaus, W. Kremer, M. Schebrorg. Chim. Acta2014 422, 218223 f) M.
Fleischmann, S. Welsch, E. V. Peresypkina, A. V. Virovets, ., Sttean. Eur. 2015

21, 14332143386 g) C. HeindDissertation (University of Regensbu2giL5 h) C. Heindl,

E. Peresypkina, A. V. Virovets, |. S. Bushmarinov, M. G. MedvedewmBr, BaDittrich,

M. ScheerAngew. Chem. Int. EA017, 56, 1323713243.

a) J. Bai, A. V. Virovets, M. Sch&eienc003 300, 781-783; b) M. Scheer, J. Bai, B. P.
Johnson, R. Merkle, A. V. Virovets, C. E. Arison,J. Inorg. Chera005 4023-4026; c)

M. Scheer, A. Schindler, R. Merkle, B. P. Johnson, M. Linseis, R, @/igteAnson, A. V.
Virovets,J. Am. Chem. S&007, 129, 1338613387 d) M. Scheer, A. Schindler, C. Gréger,
A. V. Virovets, E. V. Peresypkidagew. Chem. Int. EA009, 48, 5046-5049; e) M. Scheer,
A. Schindler, J. Bai, B. P. Johnson, R. Merkle, R. Winter, AAWtsViE. V. Peresypkina,
V. A. Blatov, M. Sierka, H. Eck&hem. Eur. 2010 16, 2092-2107f) A. Schindler, C.
Heindl, G. Balazs, C. Groger, A. V. Virovets, E. V. PereswkigeheerChem. Eur. J.
2012 18, 829-835; g) C. Schwarzmaier, A. Schindler, C. Heindl, S. SwngrerE. V.
Peresypkina, A. V. Virovets, M. Neumeier, R. Gschwind, M. Sélmgeny. Chem. Int. Ed.
2013 52, 10896-10899; h) E. V. Peresypkina, C. Heindl, A. Schindler, MsEoaer, A.

V. Virovets, M. Scheez,. Kristallogr. - Cryst. Mate2014, 229, 735740; i) F. Dielmann,

M. Fleischmann, C. Heindl, E. V. Peresypkina, A. V. Virovets@chwind, M. Scheer,
Chem. Eur. 2015 21, 62086214 j) C. Heindl, E. V. Peresypkina, A. V. Virovets, W.
Kremer, M. Scheed, Am. Chem. S&015 137, 10938-10941; k) S. Heinl, E. Peresypkina,



ot dz (]J]&®+S pur }vs Jv]JvP }}E ]Jv S]}v W}oCu
}V W}}oC % Z}*% Z}E N >]P |V i0}iu% o A

J. Sutter, M. ScheeAngew. Chem. Int. E@015 54, 1343113435 |) E. Peresypkina, C.
Heindl, A. Virovets, H. Brake, E. Madl, M. Sci@eem. Eur. 2018 24, 25032508 m)H.
Brake, E. Peresypkina, C. Heindl, A. V. Virovets, W. Kremer, Mr, &ite@. ScR019,
10, 29402944 n) J. Schiller, E. Peresypkina, A. V. Virovets, M. Sé&regw. Chem. Int.
Ed.2020 59, 1364713650.

[14] a) M. Scheer, L. J. Gregoriades, A. V. Virovets, W. Kideu&er, I. Krossing\ngew.
Chem. Int. EQROO6 45, 5689-5693; b) B. HiltDissertation (University of Regensburg)
2018

[15] E. Peresypkina, M. Bielmeier, A. Virovets, M. Scliddem Sci 2020 11, 90679071.

[16] a)V.J.Catalano, M. A. Malwitz, S. J. Horner, J. Vabtprgz Chem2003 42, 2141-2148;
b) M.-C. Brandys, R. J. PuddephatAm. Chem. Sd001, 123, 4839-4840; ¢) M. J. lrwin,
J. J. Vittal, G. P. A. Yap, R. J. Puddepha&tn. Chem. Sd996 118 13101-13102.

[17] R. Hoy, P. Lonnecke, E. Hey-Hawkiaipn Trans2018 47, 1451514520.

[18] a) L. C. Forfar, T. J. Clark, M. Green, S. M. Mansell, Gsall,fR1 A. Sanguramath, J. M.
Slattery,Chem. Commur2012 48, 1970-1972; b) J. E. Borger, M. S. Bakker, A. W. Ehlers,
M. Lutz, J. Chris Slootweg, K. Lammertsbieem. Commur2016 52, 32843287.

[19] M. Di Vaira, P. Stoppioni, M. PeruzziniChem. Soc., Dalton Trab890, 109113.

[20] M. Scheer, L. J. Gregoriades, M. Zabel, J. Bai, |. Krossing, G. ByuthkkEezkertChem.
Eur. J2008 14, 282295.

[21] a) O. J. Scherer, T. Briuékgew. Chem. Int. Ed. En$@87, 26, 59; b) O. J. Scherer, T.
Bruck, G. Wolmershausethem. Berl988 121, 935938, c) F. Dielmann, R. Merkle, S.
Heinl, M. ScheeZ. Naturforsch. B: J. Chem. 30D9 64, 3-10.

[22] The S content found in the elemental analysis could not be imgulaby the mere
presence of THT. Thus, it is proposed that the precipitate is fornoed &n unknown S
containing reaction product of THT.

[23] Unit cell parameters: monoclinic P, a = 9.1208(&) = 24.187(2}, ¢ = 29.543(3) At =
98.175(7)°; V = 6451.2(9.Anfortunately, the crystal quality was not sufficient for X-ra
structural analysis o2b". However, the unit cell parameters are similar to thoselof
While the structure oRb' contains CECb solvate molecules, this is not possible 2"
obtained in the absence of @Eb. Hence, it is suggested tha" displays a solvatomorph
of 2b".

[24] N. Savjani, S. P. Bew, D. L. Hughes, S. J. Lancaster, M. BoGnganometallic012
31, 25342537.

[25 R.S.Ruoff, D. S. Tse, R. Malhotra, D. C. LaleRitsys. Cherfi993 97, 33793383.



io] ot dz (]J]E&®S pr }vs Jv]JvP }}E& ]Jv S]}v W}oCu E-
}JV W}0C % Z}e% Z}Epe >]P v JUu% 0 A e

[26] T. A. Engesser, C. Friedmann, A. Martens, D. Kratzef/&inbwski, |. Krossing;hem.
Eur. J2016 22, 15085-15094.

[27] Unit cell parameters: monoclinic C@7A, bC A, cC 10U € ii6 £ \256806.

[28] B. Cordero, V. Gomez, A. E. Platero-Prats, M. Reves, J. Eahdve@remades, F.
Barragan, S. Alvare2alton Trans2008 28322838.

[29] H. Schmidbaur, H. G. Raubenheimer, L. DoBkegChem. Soc. Re2014 43, 345380.

[30] A.BondiJ. Phys. Chert964 68, 441451.

[31] The tilting angle is measured between thepfane of the 1,3-coordinating [Gpe({>-Ps)]
ligand complex and thesPlane within the {PAw} rings of the {Cp& =-B5)LAW unit.

[32] The outef-plane (oop) angles here are determined by the angle between the Aand
and the plane drawn through the coordinating P atom and the two neighbariras
within the R cycle.

[33] P. Pyykkoe, M. Atsunhem. Eur. 2009 15, 12770412779.

[34] 1*:H NMR (CEN): wWppm] = 1.36 ().

1% 'H NMR (CEZk + CRCN): wppm] = 0.70 (t), 1.39 (s), 1.41 (s), 1.91 (m;GDD+LY.

[35] I. KrossingChem. Eur. 2001, 7, 490-502.

[36] Stirring of [AU(CHCN)Y TEF in CiL results in a pale pink solution after one hour, while
after one day the color had intensified and a®Awirror had formed.

[37] 1*:'H NMR (CECL): wWppm] = 143 (s).

1% H NMR (CEZh): wppm] = 0.75 (8= 7.6 Hz, 3 HCHCH), 1.43 (s, 6 HGH), 1.45
(s, 6 H,CH), 1.94 (q3hn= 7.6 Hz, 2 H, HECH).

[38] K. H. Robin, D. B. Edwin, M. C. d. M. Sonia, G. Robin, G.RRiezréppl. Chen2001, 73,
17951818.

[39] S. Enthaler, M. Weidauetatal. Lett2011, 141, 833838.

[40] O. J. Scherer, H. Sitzmann, G. Wolmershadsé@rganomet. Cherh984 268, C9tC12.

[41] O. J. Scherer, C. Blath, G. Wolmershéausérganomet. Cherh990, 387, C21-C24.

[42] The [Au(CECN)TEF applied was synthesized by stirring only for three weeks insfead
six and contained some impurities as shown by elemental analysis. Hercapplied
molar amount is overestimated and presumably falls below 1 eq.

[43] https://photon-
science.desy.de/facilities/petra_iii/lbeamlines/p24_chemical_talyjsgraphy/eh2/index
_eng.html

[44] CrysAlisPR@ifferent version®2006-2020, Rigaku Oxford Diffraction.

[45] G. M. SheldrickActa Cryst2015 C71 3-8; G. M. Sheldriclcta Cryst2015 A71, 3-8.

[46] C.R.Groom, I.J. Bruno, M. P. Lightfoot and S. C. cadCryst2016 B72 1714179.



ot dZz (]S ur }vs Jv]JvP }}E& ]Jv S§]}v W}loCu
}V W}}oC % Z}*% Z}E N >]P |V i0}u% o A

[477 X K[E ]JoU X t]Joe}vU :X DX t +§ EU &X :BXowlowmbbeX X <X ,
Chem. Int. EQR002 41, 3796.






ot /} Jv S]}v G(alsr }u% o A « ~ A WaJh

7 lodination of cycb-EB-Complees (E=P, As)

H. Brake, E. Peresypkina, A. V. Virovets, M. Piesch, W. Kreienjermann, C. Klimas, M.
ScheerAngew. Chem. Int. EB02Q 59, 1624116246.(view online)

Abstract

In a high-yield one¥%o}8 *Cv3Z «]JeU 3Z E IB)UM F(Fel)IRE B))With b
resulted in the selective formation of [Cp*ME* salts 8, 4). The products comprise
unprecedented alkis tripodal triphosphino-cyclotriphosphine ligands. The iodination of
€ %o Z @As)] (6) gave, in addition to [Fe(GEN})]?* salts of the rare [A&]? (in7) and [Asl14)*

(in 8) anions, the first di-cationic Fe-As triple decker complex [(©p4F. >tA&)]|[Aslg] (9). In
JVSE «3U 3Z ]} ]v §]PAg)| (10) thidmbtredult in the full cleavage of the M-As
bonds. Instead, a number of dinuclear complexes were obtained: [(§p*REAS)][Assls]os
(12) represents the first RAs triple decker complex, thus completing the series of
monocationic complexes [(&M).~ .>%E)]" (M = Fe, Ru; E = P, As). [(CpiRsl] (12)
crystallizes as a racemic mixture of both enantiomers, whilpiRu)As:l4] (13) crystallizes as a
symmetric and an asymmetric isomer and features a unique tetrash@Asl} arsinidene units

as a middle deck.
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7.1 Introduction

As a step in the synthesis of organophosphorus compounds, the chlorinatiomite w
phosphorus (B still is an industrially relevant process, in whichsRCIPG are formed and
subsequently derivatized to give the desired products that act famgpte, as additives in
fertilizers, detergents and foodl. Very recently, the detailed mechanism of the complete
iodination of R to four equivalents of Rlvas postulated based on DFT analyses, describing each
step as a concerted reaction rather than a redox reacioBefore, Tattershall and Kendall had
studied halogenations of white phosphorus thoroughly by perforrifRgNMR investigations on
the reaction mixture$® In those reactions of#Rvith Bi or b, besides larger amounts of Pahd
P>X4, also BBr; and PX; (X = Br, 1X)) are formed (Scheme 1a). In general, whil& Butterfly
compounds were detected only for X = Cl, Br, ths; Bage compound was rather formed for
X = 1. However, the products were merely detected spectroscdpieald a synthetic access was
not given. Moreover, iodine is not only known to accelerate the transftionaof white
phosphorus to red phosphorus, but also to contribute to the transfdiomeof red phosphorus
to its black allotropé* In both the formation of the f; cage and the allotropic transformations

of phosphorus, besides the cleavage, also the recombination of fAdéhds must take place.

Scheme 1Selected examples of iodination reactions as a route to novgppokphorus frameworks.
Hence, the question arises if novel polyphosphorus frameworks caralsgnthesized by

reactions of polyphosphorus complexes withNievertheless, such investigations are rare and

limited to P, complexes. WhilesZ @&  §]} vi-P{comp{ex with4 gives four equivalents of
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Pk, one of which stays coordinated to the metal cenfésZ &  §]}v 3R)ATEH{TEF
= A{OC(CJ:}s) with b at -78°C affords the binary phosphorus-rich catighhJRB), which reacts
further above -40°C to givesl? (O as the first subvalent binary P-X cation (Schemé®ihy).
2012, Stoppioni et al. reported on the synthesis of a bridgutéy Butterfly ligand comple©
from a bridging P complex by reaction with; land adventitious water. Further hydrolysis
afforded a bridging #s ligand inE, releasing phosphorous acid (Scheme 1c). Both the P
butterfly and the linear B ligand had until then been unprecedentEThese examples clearly
show the potential of iodinating s/and its complexes for the synthesis of unprecedented
polyphosphorus moieties. Thus, the question arises as to what irtitegasew products may be
expected when polypnictogen complexes other tharc®mplexes are iodinated. Surprisingly,
such investigations have been left untouched so far.

Herein, we report on the iodination of theycloE }u%. 0 &£ « €-B)JAM = fe, Ru; E
= P, As) to establish iodination reactions as a general method yprgotogen chemistry to

obtain unprecedented E-I-containing cage compounds and ligands.

7.2 Results and Discussion

Layering a Ci€b «}ops]lv }( €-Pg]¥ &1)with three equivalents of;ldissolved in
CHCN afforded small black needles of [Cp*$@P (3-]) and [Cp*Fefs](1)os(lz)os (3-13)
(Scheme 2). Upon drying &fl; or mixtures thereof Jlwas evaporated out of the crystals leaving
pure 3-l1in 79% vyield. Applying an excess;@®lequiv.) affords Rlin addition to crystallin@-1s.
Analogously, the layering reak}v }( € %c-BJ ] with three equivalents ot Iresulted in
[Cp*RuRle]l (4) as metallic black needles in 84% yield (Scheme 2).

Scheme 2. Reactiorls( € %o 2-&)HM = Fe1), Ru )) with b.

The fate of the respective {Cp*M} fragments could not be clatifeven though [FeCpl*
was detected in the ESI-MS spectrum of the mother liquor of thetia with M = Fe.
&UESZ EUu}E U 8Z JvE E %3]}V }( 3Z , % ZDVS(FE © W&~ {C
(1 or 2) to form the triple decker cations [(Cp*My . >TF)]" is conceivable. In fact, in the
3IpEH}NMR spectrum of the mother liquor of the reaction with M = Feigaad at 18.6ppm

v}isSZ
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was detected, comprising a chemical shift similar to thadtber known [(CEFe) ~ . > P)]*
salts ([Cp*Fe)~ . STP)][BR]Y Wo=u23.0 %0 %o UV € %:B)FeCpt][PH™Y We=wl5.8ppm).
Alternatively, 3-1 can be synthesized more easily by stirring both starting matepieds
dissolved in C#€b and CHCN, where the [Cp*Fek]" salts 8) precipitated immediately as an
insoluble black microcrystalline powder. After drying, its compositionpamidy were confirme

by elemental analysis and X-ray powder diffraction, respectivajuré1).

Figure 1. Experimental (top) X-ray powder diffraction pattern dcécimitated [Cp*FeRe]l (3-I) in
comparison to the diffraction pattern (bottom) simulated frometkingle-crystal X-ray data &fl.

The molecular structures @-I, 3-; and 4 (Figure 2) each reveal a tripodatcloPs(Pb)s
ligand coordinating to the {Cp*M} fragment thus capping the threegRbups, with the resulting
MPs; core resembling the nortricyclane structure of>PZ Interestingly, a related
cycloPs(PBw)s ligand was reported by Fritz et al., acting as a bridging litiandrds two Ni
centers'¥ However, in contrast t8 and4, the phosphino-substituents ioycloPs(PBL)s are
not arranged alkis thus impeding the formation of mononuclear complexes. Moreover, Fenske
reported on the cluster [(Cp*Fe)~{Ps)Fe}R] comprising an altis arrangedcycloPs(P)} core
but with capping Cp*Fe unit§? Therefore, compound$8 and 4 represent unprecedented

examples of free metallo-nortricyclane derivatives.

Figure 2. Molecular structures with shortened P--:| contatts) [Cp*FeRe]l (3-1); b) [Cp*RuBle]l (4); ¢)
[Cp*FeRls](1o.s(ls)os (3-13). A.d.p. ellipsoids at 50% probability level and H atomstedhifor clarity.
Crystal packing in d) [Cp*Fdl (3-1) and e) [Cp*Feds](1)o.5(13)os (3-I3) drawn in the ball-and-sticks model
with view along the crystallographicaxis.
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The P-P bond lengths &, 3- and4 each are in the range of P-P single bonds (2.2214),
with the endocyclic bonds (2.160(8)t 2.234(9) A) being somewhat shorter than the exocyclic
ones (2.245(4R t 2.281(7) A). The exocyclic P-P bond3 amd4 are also longer than the P-
bonds between the basal and the equatorial P atoms ins@nmetric PRs-nortricyclan
structures (2.1709(4} 2.229(1) Alteabl put comparable to the exocyclic P-P bond lengths in the
cycloP(PBw)s ligand (2.259(1) 2.276(1) A3 While the endocyclic P-P bond lengths 3eir
and4 (2.199(9)t 2.234(9) A) are comparable to the bond lengths between the bas@irfs of
P/R; nortricyclan structures (2.2021(7R.244(11)R¥**d and to the endocyclic P-P bond lengths
of the cycloP(PBuy)s ligand (2.199(1) 2.208(1) A} two of the endocyclic P-P bond lengths
of 3-Iz are shorter (2.160(6), 2.187(7) and 2.210(6) A). Interestingly, iraé structures, close
P---1 contacts between the tounterions and P atoms of the &ycles are found with distances
of 3.395(3) A to 3.666(5) A being smaller than the sum of the van-ders\iéadil (3.78 Al.7
While for3-1 and4 the average distances are especially shor8-igit is slightly longer and the
I counterion interacts with P atoms of twos Rycles compared to one as Bl and 4
(Figure2a-c). Similar P-:-Idistances (3.426(1) A) are also found forPdodo-substituted
N-heterocyclic phosphine (I-NHP), in which the P---I interaatias described as predominantly
ionic*® The significantly shortened-ll specific contacts between thedounterion and two
iodine atoms of the Rlligands of two different [Cp*FeR]* cations (3.3523(9) and 3.535@)
(3-1); 3.336(2) and 3.508(2) A)( cf. sum of the van-der-Waals radii 3.88'" give rise to
different 3D networks foB-1 and4 in the solid state. In a similar way, the [Cp*FH¢Pcations in
3-I; participate int--| specific contacts of 3.545(1) A with terminal atoms of shelinter anion.

Compounds3 and4 are insoluble in all common solvents (pentane, tolueneGBHCHCN
and thf). Moreover3is insoluble in 1,4-dioxane, dme dBuid S@ whereas it is soluble under
decomposition in dmso, DMF, NMP, HMPA @pid 1 detected in the3'P{H}NMR spectra).
Attempts to obtain a soluble [€BeRlg]* salt by a) anion exchange &fl with TITEF and b)
reaction of [CPC& 2P| (CPF'®= G(p-GHs"Bu)) with L only resulted in the formation of
Pk. These facts suggest that the [Cp*FlglPcation might be unstable in solution.

Therefore, solid staté'P{H} NMR magic angle spinning (MAS) spectroscopy was carried out
on 3 and4 (Figure 3). FoB, two signals are detected at chemical shifts of about +75 [@pkn (
groups) and 60 ppm (R cycle) next to rotational sidebands, ((E In the Ru analogué, the
corresponding signals are slightly shifted to higher field (+58 g@an67 ppm). For a sample of
4, the spinning frequency was exemplarily adjusted from 11400 Hz ¢R3gilirto 25000 Hz
(Figure 3e) allowing the clear assignment of signals vs. rotatsatebands. Furthermore, the
crystal packing does not seem to influence tHefH} MAS NMR spectrum. While for a) crystals

of 3-; were isolated and dried to giv&|, in b) powder of3-l was used and in c) crystals3t
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were isolated without significant drying. Nevertheless, the risglspectra do not exhibit any

substantial differences.

Figure 33'P{H} MAS NMR spectra of a) dried crystal8-f; b) powder of3-I; ¢) undried crystals &-k;

d) powder of4, each recorded at 14000 Hz MAS frequency artRéH} MAS NMR spectrum of powder
of 4 recorded at 25000 Hz MAS frequency. Rotational sidebands arescharith * or CEsignals are
highlighted by grey boxes.

In the solid state EI-MS spectrum oB-I and 4, only the respective
pentaphosphametallocene$™ and 2™ as well as," were detected, besides HII", Pt" and
Pals*, thus further confirming the high sensibility of the [Cp*MP cations.

DFT computations of the frontier molecular orbitals3ef (B3LYP/def2-SVP level of theory,
Computational Details, Figuli®) show that the HOMO as well as the LUMO are mainly located
on the Rls ligand. The HOMO displays formally a linear combination of p orlotdlse iodine
substituents, while the LUMO predominantly shows antibonding charactsvdes the P and |

SJue ~(}JEU 00C ¢Z+X dZ E (}E U viibonddbetdmes cérkeivalle. $Z W

So far, subsequent reactions &fl have mostly led to the re-reduction of the [Cp*ERP

§]1}IvU < €57 @& wds detected in thé'P£H} NMR spectra of the reactions with &C
[CoCp], NaCp, LiCp* LiAMH NaBH, KH, RLi (R = M€Bu, 'Bu), [Cpze ELR)].
Cyclovoltammetry measurements in the solid state confirmed the pdisgibf reducing3-1(cf.

Experimental Part, Figu®.
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Halogen exchange reactions & with KF or AgF resulted in disproportionation to give
and the PF anion. Interestingly3-1 is soluble in CIDH but a reaction occurs. The ESI-MS
spectrum of the resulting solution suggests the formation of [Cp&fEe@H)¢]l (5, Scheme 3),
with [Cp*FeR(OCH)sy]* (x=1-3) fragments being detected as well, which could be
side-products or just as well fragmentation productssafcleavage of 1-3 molecules of O

under mass spectrometric conditions.

Scheme 3. Reaction of [Cp*k&R (3-]) with CHOH.

The *P{H}NMR spectrum of the reaction mixture shows two multiplets at 28& pp
and 152 ppm.5 is formed faster (30 minutes instead of overnight stirring) wBeris reacted
with NaCCH in CHOH, and the subsequent extraction with {lleaves a colorless precipitate
(presumably Nal). Unfortunately, this reaction is less selectia raumerous attempts to
crystallizes failed.

After exploring the iodination reactions of the P-containing complethes gquestion arose
as to what would happen when As-containing complexes were used insfdaxl.heavier
ZIu}o}Pu }( % V3 %Z}e%Z ( EAR)J )l shéwksiinilarrédox events in the
cyclic voltammogram, with, however, its reactivity towards KH diféesignificantly? Hence,
similarly to the synthesis &IU $§Z ]} ]Jv §]}v & S]}v }( 8Z (E-+>As) v o}Pu &
(6) was carried out. The obtained single crystals, as productscoh@omitant crystallization
were characterized by X-ray diffraction revealing the struesuof [Fe(CECN}][Assls] (7),
[Fe(CHCN}][Asl14] (8) and [(Cp*Fe)~ ..>A&)][Assls] (9) (Scheme 4).

Scheme X Z 3§]1}v }( €-A%V(@ with b.
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Figure 4. Molecular structuresf a) 9 (including counterion); by and c)8. A.d.p. ellipsoids at 50%
probability level. H atomsral minor positions of disorder omitted for clarity.

While, during the formation of and8, a complete cleavage of the Fe-As bonds must have
taken place9is notably the first example of a di-cationic Fe-As triple deckmplex (Figure 4).
The As-As bond lengths within the 29 VE triple decker di-cati®(Bf380(5A t 2.392(6) A)
range between a normal single (2.42 A) and a double bond (2.8 When compared to the
ulv} 8]}v] SE]%o0 | E }u%rAsfFeCpPHFR (av.. B.828 A) and
[((CPFe) ~ .5WNg)]|[BR]? (av. 2.34 A), the As-As bond®iare slightly elongated. The Fe---Fe
distance in9 (2.795(4) A) is still longer than the sum of the covalent radii (R)&4 but
significantly smaller than in the comparable monocations (3.074{®) 8,125(1) A and
3.1207(9) &), thus indicating some Fe---Fe bonding interactions. This is furtiméirmed by a
Wiberg bond index (WBI) of 0.38. Moreover, ESR spectroscopy was carriedasystais 0f9,
showing an axial signal witly values of 1.98691 (g) and 1.93421 (g(y)), roughly
corresponding to one unpaired electron (Experimental Part, Figure 7

The [Fe(C¥CN}]?* complex cation as well as the ¥ and [Asli14)? anions were already
structurally characterized as salts with other respective coriots?4 Therefore, the
structures of7 and8 will not be discussed hereafter. Remarkably ¢l has so far only been
synthesized by the reduction of Agkither directly or via another Aidide reagent)?*9 so
the reaction according to Scheme 4 represents, for the finseéf a formal oxidation of (Af to
this anion. [Ag14> was previously only synthesized by the reaction of grey As and phthdéonit
at 493 K under a stream ofdapor under much harsher conditioff&]

In order to prevent the cleavage of the arsenic ligand from the aineenter during
iodination,b A « 0+} 00}A 3} & 35ARP @0%ch&meH), with, again, three

concomitant crystallization products.
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Scheme 5. Reaction & %o Z Z-ps)J (10) with k.

Their single crystal X-ray structure analysis revealed the deamudru-As complexes
[(Cp*Ru} ~ .2AE)][Asslslos  (11), [(Cp*RwAsle] (120 and [(Cp*RuAsily] (13-sym)
(Figureba-c). Interestingly, [(Cp*ReAsls] (13) initially crystallized as a symmetric complex
(13-sym) in the monoclinicP2:/n space group with all As-l distances being almost equal
(2.9453(6)A 12.9904(6) *U E *po3]vP ]V*Aés middi€deck With a four-point star
structural motif. This A& unit may be interpreted as a tetramer of iodoarsinidene fragments
{Asl}. So far, only two examples containing a single bridging {Asl} weitdegn reported?®
After two to four weeks, however, the crystals of all previously nwergd phases stored in the
mother liquid had vanished, and instead, another phasE3ddrystallized in the monoclinie2/c

space group, showing a slightly distortedl/ABgand in the solid statel@-asym,Figure 5d).

Figure 5. Molecular structures of a) the catioriL@f b) one enantiomer of2; ¢c)13-symand d)13-asym
A.d.p. ellipsoids at 50% probability level and H atoms emitor clarity.

In 13-asym the | atoms are concordantly shifted more to one As to form eashortened
(dasi = 2.8591(5R t 2.8902(5) A), and an elongated As-1 bond. (& 3.0628(5R t3.0696(5) A)
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as compared td.3-sym Nevertheless, all As-I distances are still close to the kistences in
other As-I-As bridged$? The Ru-Ru distances in both isomers are similar within experimental
error and amount to 2.6594(6) A%sym) and 2.6595(7) AlB-asym), being smaller than the
sum of the covalent radii (2.98)?¥ and close to other reported Ru-Ru bortfs The Ru-As
distances (2.4655(6) t 2.4840(5) A) are in the range of a single bond (2.46'Ajhe As---As
distances, ranging from 2.9411(8) A to 2.9558(8) A, are smaller thansuhe of the
van-der-Waals radii (3.78)7 and the WBIs of 0.21-0.223sym) and 0.20-0.2113-asyn) also
suggest weak As---As interactions. Interestingly, no significanhterimolecular interactions
are found in the solid state and therefore the difference in theisture of the isomers cannot
be traced back to this factoRFT computations were carried out in order to determine which
structure of13is energetically favored, however, the outcome of the geometry ogation is
strongly dependent on the used functional and no clear conclusions can be di&wn
Computational Details).

Compound11 crystallizes as red rods in the triclinic space grét® Being the first
monocationic RWAs triple decker complex reported, it thus completes the seriafs
monocationic complexes [(Gd). ~ . 3XE)]* (M = Fe, Ru; E = P, As). The Ru---Ru distadde in
(3.3378(9) A) is larger than the sum of the covalent radii (8)§2 and similar to the distance
reported for [(Cp*Ruw)~ .5%P)]" (3.352(1) ARY The As-As distances (2.3649}9)t
2.3830(8) A) are in-between a single and a double bond.

Compoundl2 crystallizes as a racemic mixture of both enantiomers immbaoclinic space
groupP2;/c and is found as a minor phase. It comprises two separate bridgamypls {As} and
{Asls}. All As-1 bonds lengths (2.582180)2.6703(9) A) are in accordance with As-I single bonds
(2.54 AY*¥ The As-As bonds lengths range between 2.397(1) A and 2.481(1) A aidoaire
agreement with the expected single bond length (2.42RYhis is also rather true for the Ru-As
bonds (2.375(1A t 2.542(1) A; lit.: 2.46 Ay

7.3 Conclusion

We showed that the iodination of polypnictogen complexes is a powerful frmothe
synthesis of novel types of polypnictogen complexes. The iodinati@myadbAs complexes
resulted in numerous novel complexes. Of these, the first di-catibetAs triple decker was
characterized, revealing further potential in the redox chemistrypalfypnictogen complexes.
Moreover, for the first time, a monocationic RAs triple decker was obtained, thus completing
the series of 30VE triple decker complexes f0p~ U$-E)]" (M = Fe, Ru; E = P, As). Much
more remarkable, it was also possible to structurally charactexae different isomers of a

complex with a unique tetramer of bridging iodoarsinidene ligands. ®daation of the
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homologous cyclePs complexes takes place selectively, leading to unprecedentedisall
triphosphino-cyclotriphosphine complexes in a high-yield one-pot syrghesiuture
investigations will be directed on the halogenation of other polypnictogen dexas, varying
the number of heteroatoms in the ligand, the nature of the metahter, the halogen, and its

source.

7.4  Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques. Solvents wereegudfiied, and

P e %E]IE §} pe C 3 v E %EHI)HAE X2 ERHRE{
€ %0 Z8AS) (6)2Y € %o Z ZpK (10)2 TI[TEFFA [CF°& 2B, KG,B¥ [CoCp],*4
NaCp3® LiCp*® [CP', « EL-B,)]B7 were synthesized following reported proceduresLiAlH,
NaBH, KH, ChLi,"BuLi,'BuLi, KF, AgF and NaQ@ke commercially available and were used
without further purification. Solution NMR spectra were recorded on &IBERR Avance 400.
Chemical shif w @& PJA Vv ]Jv €% %us & ( EE]VP 3} ZELEJooves v
(*H NMR spectra), 85% phosphoric aciPfH} NMR spectra) or CEE°F{H}NMR spectra).
MAS NMR spectra were acquired on a Bruker Avance 300 spectrometer Z u] o0 <Z](S* w
are given in [ppm] referring to an external standard of M@ ('P{H} MAS NMR spectra)
ESI-MS spectra were recorded on a ThermoQuest Finnigan MAT TSQ 7800/4$édnd FD-MS
spectra were recorded on a Finnigan MAT 95 mass spectrometeneital analyses were
performed on a Vario EL Il apparatus. ESR spectroscopy was carriecaddiri8cope MS400
device with a frequency of 9.44 GHz.

Synthesis of [Cp*FeR]I (3-1) by layering

elopsd]lv }( €-Pp A&77rhg, 0.22 mmol) in 50 mL LH was layered first with a
mixture of CHCH/CHCN (2:1, 10 mL), then with a solution o190 mg, 0.749 mmol) in @EN.
After one day already grey-black solid precipitated, while black needl&d; crystallized only
after a few days. After complete diffusion, the mother liquor wiasanted together with the
crystals of3-l;, which were then again washed with £ (20 mL). The precipitate was washed

with CHCE (20 mL) as well. Both solids were dried and analyzed separately.
Analytical data 08-I:

Yield:107mg (84.6...u}oU 809« @GR.auJoddid9e %}A EX



Tid o6t /} Jv 8]1}v G(alar }u%o A » ~ A WU e

Elemental analysiscalculated (%) for [gHisFeRIs](1)o.5(lz)o.5 (3-k): C 8.63, H 1.09; calculated (%)
for [GoHisFeRlg]l (3-1): C 9.49, H 1.19; found (%) for crystals: C 9.67, H 1.06; foynfdr(%
powder: C 9.87, H 1.14.

3PAH} MAS NMR2 W € %0 %58.8 @(Pb)s), 74.8 (R(P12)s).

Synthesis of [Cp*FaR](1)o.5(l3)o.5 (3-13)

Jous]lv }( €My A&77rhg, 0.22 mmol) in 50 mL £ was layered first with a
mixture of CHCH/CHCN (2:1, 10 mL), then with a solution £{258 mg, 1.02 mmol) in GEN.
After complete diffusion, the mother liquor and the black crystdl8-1; were decanted from
the grey-black precipitate at the bottom of the Schlenk tube. The alystere then washed
with CHCN (3 x 20 mL) and €3 (3 x 20 mL) and dried only marginally until pourable.

Analytical data 08-1:
Yield:52mg (37...u}oU 119X

Elemental AnalysisCalculated (%) for [gHisFeRls](1)o.s(ls)os |5CHCE |0.1CHCN: C 10.03, H
1.40, N 0.08; Found (%): C 10.08, H 1.18, N in traces.

3IPEH} MAS NMR38 W € %o %60.4 B(Pb)s), 74.3 (RPL)s).

Z  &]}v }( € %RJ1&1)wfth 9eq. 4

Jousd]lv }( €-PY21&164ng, 29... u} @15 mL CkCh was layered first with a
solution of $ (65 mg, 0.26 mmol) in GEN. After one day, black crystals3sf formed. After

complete diffusion, the mother liquor was decanted.

31PfH} NMR (€Ds-cap.):w € %o %oUs Agi0TXT ~W/

Synthesis of [Cp*FeR]l (3-1) by stirring

d} Jous]lv }(®)W{Z &86-fg, 0.52 mmol) in 60 mL L£H a solution of 4
(396 mg, 1.56 mmol) in 90 mL M was added under stirring at r.t. The mixture was stirred for
three days before filtered over a G4 frit. The solid residuewashed with CKCE (10 mL) and
CHCN (10 mL) and dried.

Analytical data foB-I:

Yield:371mg (0.293 mmol, 68%).
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Elemental AnalysisCalculated (%) for {@hsFeRlg]l: C 9.49, H 1.19; found (%): C 9.49, H 1.32.
31pfiH} NMR (€Ds-cap. in dmso):w € %o %d 4.8 (&), 0.2 (s), 2.7 (s), 7.6 (s), 1694).(PI

31pAH} NMR (€Ds-cap. in DMF):w €% %o us A i7i1)XP))EL68.9 &),172.8 @)

31PAH} NMR (€De-cap. in NMP):W €% %o U Agi0T1X0 ~W/

31P{H} NMR (€Ds-cap. in HMPA)W € %o %oue A ifi1XIPHELTR.E &)~ {

EFMS (solid)ym/z = 411.6360 (RT«U idfX0606061 )% 258.7751 (1), 127.8930 (H),
126.8856 (1).

Analytical data for the mother liquor:

SPLHYNMR (CBCL): W € %0 %ol X B ~eoU ifATXBPNE % Z& ~{
FDMS (CHCL/CHCN):no ions detected.

Positive ion ESI-MS (@EL/CHCN):m/z = 326.1695 ([FeGlp).

Negative ion ESI-MS (@B/CH:CN):m/z = 126.9057 ).

Cyclic voltammetry:

Figure 6. Cyclic voltammogram of s@itlapplied onto an Ag electrode, recorded at a scan rate o¥/61
in CHCE referenced against Fc/Fwith ["BwN][PF] as supporting electrolyte.

For the cyclic voltammetry measurements, a suspension of [CpiHeB-I) in CHCbL was
applied onto a Ag electrode and carefully dried. The coveredrelgetwvas carefully set into the
cell filled with a solution of'BwN][PF] (and Fc) in Gi&b. The thus obtained cyclic voltammetry
data of solid [Cp*FeR]l (3-1) in CHCL revealed an irreversible reduction f£1.21V). This
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observation is in line with the experimental results, since the dgaian of the R motif and

(JEu 3]}v }( &P fxis-opserved in the chemical reduction 3 with e.g. [CoGj.

Further redox events detected (EZ53V, 2.64V, 2.12V, 0.208V) are tentatively suggested

to correspond to the subsequent reduction and }¢E] §]}ve }( €-Pp} AR which are

reported to occur at E =2:05V, 1.34V and 0.5% 9 It must be noted that the electrode was

still covered with solids during this measurement. However, the sdjmr of the measured

VAE] 8]}v v E P 8]}V %}8 vE] 0¢ ] cJu]o()EE 8 BRI © E %o} E S

Synthesis of [Cp*RuR]l (4)

lous]lv }( €-PyP7umd, 23... u} o« mk GBCh was layered with a solution of
I2 (24 mg, 95... u} o iz GECN. After complete diffusion the mother liquor was decanted.
The crystals were washed with a mixture ohCHCHCN (2:1, 5 mL), GEN (5 mL) and GEL
(5mL) and dried.

Analytical data o#:

Yield:21mg (16...u}oU 6069+ X

Elemental AnalysisCalculated (%) for [eHisRuRle]l: C 9.17, H 1.15; found (%): C 9.15 H 1.11.
$1PAH} MAS NMR:W € %o %6d.4 @(Pb)s), 58.3 (R(Pl2)s).

EFMS (solid):m/z = 569.4585 (B*), 411.6546 (RY+U i6iX0ND06 <B)]% 2337871
(12", 126.8923 {I).

Positive ion ESI-MS (@EN):no cations detected.

Negative ion ESI-MS (@EN):m/z = 380.7146 £l), 126.9055 ().

Synthesis of [Fe(GIEN}][Assls] (7), [Fe(CECN}][Asal14] (8) and [(Cp*Fe)~ .5 tANs)][Asslg] (9)

Iv §Z EIU  +}op3]3ms)](6E3GHIH 83~ {u } 0 * M GHCL was layered first
with a mixture of CECL/CHCN (2:1, 2 mL), then with a solution ef(50 mg, 0.20 mmol) in
11 mL CECN. After complete diffusion, the mother liquor and the precipitatere decanted.
The crystals were washed with toluene (3 x 5 mL) and pentané (1) and dried. The only
way to get pure7 was to take the crystals from the Schlenk wall with a spatulackly dip them
into a Schlenk tube with toluene, wash them with toluene (3 x 5 mLpeanthne (3 x 5 mL) and
dry them. Pure9 could only be obtained by taking crystals from the Schlenk wall into a

microscope dish with mineral oil and selecting the dark red crystatier the microscope. The
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crystals were then put back into a Schlenk tube, washed with hef2®e 5 mL) and dried.
Unfortunately,9 is insoluble in Ci€k or CHCN, impeding paramagnetiel NMR spectroscopy

and Evans NMR spectroscopy.

Analytical data o¥, 8 and9:

Yield:12 mg (mixture of7 and8); few crystals9).

7:'H NMR (CECN): W € %o %o U* AsGN)FH17(byr).

7: Positive ion ESI-MS (@EN):m/z = 151.0467 ([Fe(GEN}]?").

7: Negative ion ESI-MS (@EN):m/z = 1337.858 (Ak), 934.2045 (Ak), 784.3642 (Ats),
582.5392 (As), 126.9049 ().

7+8: Positive ion ESI-MS (@EL/CH;CN):no cations detected.

7+8: Negative ion ESI-MS (@BL/CHsCN):m/z = 1337.8604 (Ak’), 934.2083 (Ads), 784.366
(Asls), 732.3811 (Ad? or any {Asls},), 380.7144 (), 126.9054 ().

EPR spectroscopy of 9:

Figure 7. Simulated (top, violet) and experimental (bottom, blue) E&grawf9 at 293K.

The experimental EPR spectrum was acquired from cryst@lsvathed with CKCh (to dissolve
residual impurities of7 and 8) and suspended in GEb. It shows an axial signal without
significant hyperfine splitting. Apparently, minor paramagnetic impwitee still present
despite washing the crystals. According to spin computations (cf. CommahtDetails,
Figure 11), the spin density is mainly located at the Fe atosrscé coupling to thé’As atoms
is expected to be negligible small. On the other hafidle (n = 5.8%, | = 0) atféfe (n = 91.8%,

| = 0), the main isotopes of Fe, are NMR inacffyd@hus, the observed signal fits nicely to what
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is expected for the [(Cp*F&s]?* dication of9. Simulation was performed with the program

EasySpiffY Parameters used for fitting: (= 1.98691; g(y) = 1.93421.

Unfortunately, compoundg, 8 and9 could not be further characterized. Compountiand8
have a similar solubilities and colors, impeding separation urider microscope or by
extraction. Compoun@ is insoluble in Gi&€b and CHCN. However, washing the mixture ©f8
and 9 with CHCL did not remove all impurities of and 8 (cf. Figure 7). Crystals ®fcan be
selected as dark red crystals under the microscope, while compotradsl 8 are yellow to

orange in color. However, its insolubility impedes NMR spectroscopynaisd spectrometry.

Synthesis of [(Cp*Ru)~ ..2%As)|[Asslslos (11), [((Cp*RWAssls] (12), [((Cp*RWAwuls] (13-sym
and 13-asym)

Iv §Z EIU *}oud ] PASDL (10, 26 g, 144{. u} o+ mL OLCh was layered
first with a mixture of CKCL/CHCN (2:1, 3 mL), then with a solution {38 mg, 0.150 mmol)
in 12 mL CECN. After complete diffusion, the crystals were taken withpatda from the
Schlenk wall and quickly dipped into a mixture obQHHCH,CN (1:1), washed three further
times with this mixture (5 mL each), washed withsCM (3 x 5 mL) and dried.

Analytical data of.1, 12, 13-symand13-asym

Yield:13mg

H NMR (CDQt W €% %o ue A X8 ARCH).U X80
FDMS (pentane)m/z = 1009.7430 ([(Cp*Rsfs]?).

FDMS (toluene)m/z = 847.6576 ([(Cp*RiAs]*)

Positive ion ESI-MS (@EL/CHsCN):m/z = 847.6545 ([(Cp*RiAs]?).
Negative ion ESI-MS (&@EL/CH;CN):m/z = 126.9054 ).

Unfortunately, compoundd1, 12, 13-sym and 13-asym could not be further characterized.
Crystals ofl1 and13 are not clearly distinguishable by color or shape, impeding Segaration
under the microscope. Attempts to extract pure compounds from the mixiueze made,
however, neither'H NMR spectroscopy nor mass spectrometry are suitable for trabieg t
extractions. Since compoundsd, 12 and 13 only contain Cp* protons, a clear assignment in
'H NMR spectroscopy is not possible. On the other hand, mass spectrashétg/pentane and
toluene extracts was performed. In pentane solution, [(Cp3Rs)* was found, which was not
present in the crystalline mixture and thus must have been formed undess spectrometric

conditions. In toluene solution, [(Cp*RA)x]" was found, whild 1 is not expected to be soluble
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in toluene, so it is assumed to be formed under mass spectrometbiditions as well.
Compoundl2 (black crystals) is distinguishable frdthand13 (red crystals) by color. However,

it was only observed once, presumably since they re-dissolve quickly madtier liquor.

Reaction of [Cp*Fef]l (3-1) with TI[TEF] (TEE AI(OC(GR)+)

[Cp*FeRlg]l 3-l, 14 mg, 11...u}o+s v do€mg&ld.~iuijoe A E Jee}ah v ii
CHCL) and stirred for 29 hours, then treated in the ultrasonic b&h another 3 hours. The
resulting suspension was filtered and washed with another 2 mCICHhe orange filtrate was

concentrated to 7 mL.
3IPAH} NMR (GDs-cap.): W € %o %o U {S,PJ).0 8

19F{H} NMR (@Ds-cap.): W € %o %76.8 (&, TEF

Reaction of [CP¢& =-P5)] with I,

A solution of [CP®& =-B)] (30 mg, 32... u} o« nik GHCh was layered with a solution of
l (25 mg, 99... u} o * i GKECN. The orange-brown solution was filtered from the insoluble

precipitate and concentrated.

SPEH}NMR (CBCh): W €% %o U+ A blk),XB1.8 ¢SJ[CF& 2R)]), 174.7 (s, B).

Reaction of [Cp*Fefps]l (3-1) with K@

[Cp*FeRle)l (3-1, 30 mg, 24...u} o+ ¥ (2&mg, 0.15 mmol, 6 eq.) were dissolved in 10 mL

toluene and stirred overnight. The black suspension was filterggvi®a yellowish filtrate.

SIPAHINMR (GDs-cap.):W €% %oue A iATXIRNE %Z& ~{

Reaction of [Cp*Fedks]l (3-1) with [CoCpl

[Cp*FeRle]l 3-1, 32 mg, 25...u}os v £(39%g, 0.15 mmol, 6 eq.) were dissolved in
10 mL toluene and stirred for three days. The solvent was removedthentesidue dissolved
in 5 mL CECN to give a yellow-green solution after filtration. The solvers veamoved again

and the remaining solid analyzed.
IH NMR (BO): W € %0 %o U Az;GN)] 6.77 ([CoG]).

31P{H} NMR (GDs-cap. in ChCh solution): w €% %ous A iATXIPNE % Z& ~{
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Reaction of [Cp*Fed®s]l (3-1) with NaCp

[Cp*FeRle)l (3-1, 15 mg, 12...u}o*s Vv EmdHE8-.0al) were dissolved in 10 mL thf and
stirred for 17 hours. After removal of the solvent the residue wxrisacted with toluene (3 x

3 mL) to give a yellow solution.

'HNMR (CECb): W €% %oue A iXdi ~eU-F)f), 164§mp2HA &EL-(H-CHOH), 1.91
(m, 2H, ICHOH-GH,OH), 3.24 (33w = 7.0 Hz, 2H, Ke-GHsOH), 3.64 (t334= 6.3 Hz, 2 H,
IGHs-CHOH).

SIPAH}NMR (CBCh): W €% %oue A (ATXIE %2 & ~{

Reaction of [Cp*Fed®s]l (3-1) with LiCp*

[Cp*FeRlg]l 3-, 15mg, 12...u}oe v MAM#eZ8...uloe A E Jee}oil thf]v ii

stirred for 18 hours and treated in the ultrasonic bath for another hours. After removal of

the solvent the residue was extracted with 20 mL.ClHo give a pinkish solution.

IHNMR (CECb): W €% %oue A iX3i ~e<U-F)), 1B5§m%2H8 SEx-CH-CHOH), 1.91
(M, 2H, ICHOH-GH:OH), 3.24 (8344= 7.0 Hz, 2H, KB-GHsOH), 3.66 (br, 2 H, 46:-CGH0H).

SIPAHINMR (CBCh): W €% %o ues A i1 XIPNEsignd &imot below noise floor.

Reaction of [Cp*Fed®]l (3-1) with LiAIH

[Cp*FeRlg]l 3-, 30 mg, 24...u}oe* Vv 46]Jmg,26...u}os A E ]e+}mlAthfgnd ii

stirred for six days. The suspension was concentrated to 1 mL.

3IPAH}NMR (@Ds-Cap.): W €% %ot A iATRF)DE %2 & ~{

Reaction of [Cp*Fed®s]l (3-1) with NaBH

[Cp*FeRlg]l 3-, 30mg, 24...u}oe+ Vv 4Klmg,26...u}os A E Jee}lmAthf]v ii

and stirred overnight to give a red solution over a black precipitéitee suspension was

concentrated to 5 mL.

SIPAH}NMR (GDs-cap.): W €% %oUe A (ATXT)DE % Z & ~{
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Reaction of [Cp*Fed®]l (3-1) with KH

[Cp*FeRle)l (3-1, 30 mg, 24...u} o0+ Vv mg, 6056 mmol) were dissolved in 10 mL thf and

stirred for six days. The suspension was concentrated to 1 mL.

SIPAH}NMR (@Ds-cap.):w €% %ot A i1 XF)PE % Z & ~/{

Reaction of [Cp*Fed®s]l (3-1) with MelLi

[Cp*FeRlg]l 3-, 30mg, 24...u}oes A ¢ ]ee}oriL toluendi and GHi (0.14 mL,
1.0312M solution in EO, 0.14 mmol) was added. The resulting red-brown suspension was

stirred for 20 hours.

3IPAH}INMR (GDs-Cap.): W €% %ol A (ATXIRNE %Z& ~{

Reaction of [Cp*Feds]l (3-1) with"BulLi

[Cp*FeRlg]l 3-1, 30 mg, 24...u}oes A « ]ee} oA toljanefiandBuLi (0.09 mL, 14
solution in hexane, 0.14 mmol) was added. The resulting red-brown suspemssostirred for

20 hours.

3IPAH} NMR (@De-cap.): W €%o %o Ue A (AiXPNE %oZ & ~{

Reaction of [Cp*Fefs]l (3-1) with'BulLi

[Cp*FeRlg]l (3-1, 30 mg, 24...u}oe+ A « ]e+«} oA toldenefandBuli (0.3 mL, 0.47@
solution in pentane, 0.14 mmol) was added. The resulting red-brown sugpenss stirred for

26 hours.

3IPAH} NMR (GDs-cap.): W €% %o U+ A ifiiXiP))Esigna &lmost below noise floor.

Reaction of [Cp*Fefs]l (3-1) with [CP 2 « E4-Py)]

[Cp*FeRlg]l (3-1, 30 mg, 24...u}0°* Vv dE%R)] (40mg, 70...u}o+ A « Jee}loA ]v
10 mL toluene. The greenish suspension was stirred for 21 hours, dilteré concentrated to

5mL.

IH NMR (6D6): W €% %o A i X171 5-Pe), E326s7 36H; [Cizrb]), 5.74 (d*dn= 2.5 Hz,
4H, [CP2Zrb]), 7.36 (t.3in= 2.5 Hz, 2H, [CEZrb)).

SIPAH}NMR (GDs): W € %o %500.4AS, Pe U ifiTX0 ~eG-PgN% Z& ~{
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Reaction of [Cp*Fed®s]l (3-1) with KF

[Cp*FeRle)l (3-1, 30 mg, 24...u}o+ v g, 6:17 mmol) were dissolved in 5 mL;CH
and stirred overnight. After removal of the solvent, the residus dissolved in 1 mL €N and

filtered.
'H NMR (CECN):W €% %o ues A i X3P € %Z& ~{
3PLH}NMR (CBCN): W € %0 %dd3.1APF-U iAiXd ~EPPPZ& ~{

1FLH} NMR (CBCN): W € %0 %6126 (8lt), -71.7 (d, R

Reaction of [Cp*Fedbs]l (3-1) with AgF

[Cp*FeRle)l (3-, 30 mg, 24...u}oes v  B§, 6:17 mmol) were dissolved in 5 ml;CH

The mixture was stirred overnight and filtered to give a yellowtsah.
'H NMR (CEEN):W €% %oues A iX3T-PIN € %Z& ~{
SPEH}NMR (CBCN): W € %0 %dd3.1Asept, RF*U ifiX06 ~EP¥PZ& ~{

FLH}NMR (CBCN): W € %0 % 0.9 (A, PH).

Reaction of [Cp*Fedhs]l (3-1) with CHOH

[Cp*FeRlg]l (3-1, 14 mg, 11...u}os A E ]Je+}oA ;0OHvardl stirred overnight. The

solvent was removed to give an oily, orange residue of [Cpt{B&R)¢]l (5).

'H NMR (CEDD):w €% %o ue A iX &), :68)s)%.Z4 {GEH), 3.6-3.8 (m), 3.96 (m, -OCH
of 5).

3IPAH}NMR (CBOD): w € %o %d 62 (#5), 25.7 (), 171.2 (s), 284 (8),

Positive ion ESI-MS (§BH): m/z (%) = 563.0069 (100, [Cp*REBCH)*), 532.0059 (11,
[Cp*FeR(OCH)sHT), 503.1187 (9, [Cp*FefOCH)H:]*), 473.1078 (6, [Cp*Fef@CH)sHs]*).

Negative ion ESI-MS (@BH):m/z (%) = 126.9071 (100),1380.7147 (0.15).

Reaction of [Cp*Fedk]l (3-1) with NaOCHin CHOH

NaOCH (10 mg, 0.19 mmol) was dissolved in 5 mkGEHand added to solid [Cp*Fsdfl
(3,31 mg, 25...u}oe* pv E *SJEE]JVPX (3§ {Madk salidvqgBd wad céipladteGe C

dissolved to give an orange solution. The solvent was removed, anégttie extracted with
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CHCLE (5 mL in total). The colorless precipitate (Nal) was disposed. Thensalas removed
from the extract to give an oily, orange residue of [Cp*f@EH)¢]l (5).

IH NMR (extract, CITh): W € %o %o U-1.8X(i,)XCp* 06), 2.15 (s, CH), 3.6-4.0 (M, -OGHf 5).

3IPAH} NMR (extract, CEC): W € %o %d64 t\-138 (m5), 11.2 (s), 152.2 (s), 174.8 (s), 181.5
(s), 284 (m5), 289 (d, br).
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7.5 Crystallographic Details

Crystals o83-l, 3-k, 4,7, 8, 9, 11, 12, 13-symand 13-asymwere taken from a Schlenk flask
under a stream of argon and immediately placed in a minerabglévent decomposition. The
quickly chosen single crystals covered by a drop of the oil weretljirglaced into a stream of
cold nitrogen with the pre-centered goniometer head with CryoM&uand attached to the
goniometer of a diffractometer.

The diffraction data foB-ls, 7, 8, 9, 11, 12, 13-symand13-asymwere collected on a Rigaku
Oxford Diffraction diffractometer equipped with a Tif&h€CCD detector and a SuperNova €uK
microfocus sources using narrow @5 ¢ veX dZ J((E& 33-hwerscoligdEdn a
Rigaku Oxford Diffraction diffractometer equipped with an Eos @E€&xrtor and a SuperNova
MoKr microfocus sourcesusing@5 ¢ veX Vv 0CS] o0 <}E%S]}v }EE S3]}v }E u%
12) was applied using CrysAlis softwHfeDue to high absorbing powder of the compounds, an
attempt was made to measure them at DESY PETRA Il light source@Riihé) with shorter
wavelengthd#d The crystals 03-1 were carefully selected, mounted on the magnetic holders,
checked for quality and placed into a Dewar vessel with liquidogetn using standard
cryocrystallography tools. Using standard procedures, they were placed igpecial Dewar
vessel filled with liquid nitrogen among other crystals. A robotic miog/demounting was
used for further manipulations in the P11 beamline hutch. Unfortunagly, 7, 8 and9 proved
to be prone to fast radiolysis. The diffraction data undamaged byatrgiecay in these cases
proved incomplete; therefore, the data obtained in-house were used farciire refinement.
Only the X-ray diffraction data f8rl were collected using one-circle diffractometer and DECTRIS
PILATUS 6M pixel array detector at 83 The data were acquired by 36@rotation with
0.3° scan width and exposure of 1% @E (E u 3 A A.6199R £ keVAand the
beam attenuated to 10%. Data reduction for all data sets wadopmed with CrysAlisPro
softwarel42 Due to partial radiolysis only those frames were taken into intégnatwvhich were
least affected by decomposition of the crystal. Empirical absorptorection using equivalent
reflections was applied.

The structures were solved by direct methods WBRIELX and refined by full-matrix
least-squares method againEt in anisotropic approximation using multi-processor variable
memory versions 0SHELXL (2014-201B) the structure of [(Cp*Fe)s](Asls) (9), the middle
deck of the cationic triple decker complex is disordered by ceonfesymmetry. In the
[Fe(CHCN}J[Axli4 (8) diffuse reflections suggest doubled unit cell parameter(b|[ =
16.1004(3)8). However, the superstructural model iRi/c gives neither reasonable
crystallochemical interpretation (suggesting unreasonable disorder) nor goality factors (R

~ 0.18). Therefore, we surmised that these superstructural refiesti with different
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morphology (both sharp and smeared) most probably have non-Bragg nature and they are
caused by diffuse scattering (Figure 8). This structural effactociginate from the disorder
(most probably negatively correlated) of the disordered partly occupiechiteal {Asi} groups
including atoms As3, I7 and 18. In the presented average structural nivel groups are

related by a 2-fold axis of tHe&2/c space group

Figure 8A view of the diffraction pattern 8. Red signs point out Bragg reflections indexed in the chosen
small unit cell (Table 2). Yellow signs encircle some of thersuhsapposedly non-Bragg reflections.

CIF files with comprehensive information on the details of thealiffon experiments and
full tables of bond lengths and angles ¥, 3-15, 4, 7, 8, 9, 11, 12, 13-symand 13-asymare
deposited in the Cambridge Crystallographic Data Centre under #pmosition codes
CCD@985257t CCD@985266 respectively
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Table 1. Experimental details for compourdds 3-Is and4.
Crystal data 3-1 3-k 4
CCDC Codes CCD@:985266 CCD@:985259 CCD@:985265
Structural formula [Cp*Feth]l [Cp*FetPs]2(13)(1) [Cp*RuBlg)l
Chemical formula GoHisFelbPs GotboFeli6Pr2 GioHislzPsRu
M 1265.19 2784.18 1310.41
Crystal system, spa«Orthorhombic,Pn&; Monoclinic,C2/c Orthorhombic,Pn&2;
group
Temperature (K) 80 90 100
a, b, c(A) 16.79985(9), 34.4141(9), 17.0620(6),
10.17539(5), 10.1665(3), 10.1848(5),
15.42831(7) 16.2059(5) 15.4991(6)
DE JX° 90, 90, 90 90, 94.140(3),90 90, 90, 90
V(A% 2637.39 (2) 5655.2 (3) 2693.34(19)
z 4 4 4
H000) 2248 4920 2320
Dy (Mg m®) 3.186 3.270 3.232
Radiation type Synchrotron, CuKD Mo KD
O=0.6199 A
P(mnt?) 6.32 76.08 8.96
Crystal shape and color Black needle Black needle Metallic black needle

Crystal size (mm) 0.05 x 0.01 x 0.01

0.18 x0.03x 0.01 0.28 x0.01 x 0.01

Data collection

Diffractometer 1-cycle Supernova, Titatt ~ SuperMova, Eos
diffractometer

Absorption correction  Multi-scan Gaussian Gaussian

Tminy Tmax 0.667, 1.000 0.047, 0.575 0.356, 1.000

No. of measurec 50761, 8364, 6805 13384, 5614, 3689 8634, 5308, 3531

independent anc

observed [ E 1B}

reflections

Rnt 0.051 0.070 0.055

~e]v hdo(AY) 0.725 0.623 0.649

Range oh, k| h=-240 24, h=-42031, h=-22009,
k=-14014, k=-12010, k=-1307,
|=-22022 I=-20019 |=-20019

Refinement

RF E 1P, wRP),S
No. of reflections 8364
No. of parameters 223
No. of restraints 1
H-atom treatment

0.035, 0.083, 0.99

constrained

420y 4%in (€ A3) 2.44, 2.80
Twin batch inversion twin;
0.49 (4)

0.066, 0.176, 0.95 0.051, 0.116, 0.89

5614 5308
233 222
0 61

H-atom parameter:H-atom parameter:H-atom parameter:

constrained constrained
3.78, 2.18 1.88,41.74
- 0.04 (6)

Computer programs: P11 beamline software, CrysAlis PRO (Rifald015), SHELXT, SHELXL2014-2018

(Sheldrick, 2018).
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Table 2. Experimental details for compoung8 and9.

Crystal data 7 8 9

CCDC Codes CCD@:985257 CCD@:985262 CCD@:985261

Structural formula [Fe(CHCN}](Asls) [Fe(CHCN}|(Asilis) [(CpFe)As)(Assls)

Chemical formula CioHisAssFebNs CoHisFeNASs14 GoHsoAsiiFels

M 1766.89 2378.45 2221.46

Crystal system, space gro Triclinic,PL Monoclinic,C2/c Triclinic,PL

Temperature (K) 90 90 123

a,b,c(A) 8.24209(17), 27.1423(7), 10.7570(12),
9.5666(2), 8.05281(17), 10.7611(14),
12.2385(3) 24.9066(7) 11.9570(16)

DE J° 88.7874(17), 90, 63.956(13),
81.4347(17), 110.724(3), 73.254(11),
82.0433(18) 90 65.839(11)

V(&) 945.04(3) 5091.7(2) 1124.7 (3)

Z 1 4 1

HO000) 780 4128 989

Dx (Mg n®) 3.105 3.103 3.280

Radiation type CuKD CuKD CuKD

P(mnt?) 60.25 72.05 57.41

Crystal shape and colour Yellow polyhedron Orange plate Dark red

Crystal size (mm) 0.06 x 0.04 x 0.02

0.10 x 0.05 x 0.02

elongated plate
0.14 x 0.09 x 0.0

Data collection

Diffractometer SuperNova, Titait
Absorption correction Gaussian

Tminy Tmax 0.112, 0.468

No. of measurec 23686, 3806, 3619

independent and observe
[I> 2¢(I)] reflections

SuperNova, Titait

Gaussian
0.045, 0.374
14306, 5044, 4227

SuperNova,
Titan™?

Empirical

0.068, 0.167
7308, 4331, 3661

Rt 0.030 0.043 0.038
~e]v h(AY 0.624 0.623 0.623
Range oh, k, | h=-10010, h=-33029, h=-1309,
k=-11011, k=-709, k=-13012,
I=-15015 I=-30030 I=-14012
Refinement
RF E 1P, wRP),S 0.018, 0.042, 1.05 0.083, 0.242, 1.06  0.050, 0.139
1.02
No. Of reflections 3806 5044 4331
No. Of parameters 154 186 213
No. Of restraints 0 0 0
H-atom treatment H-atom parameter:H-atom parameter: H-atom
constrained constrained parameters
constrained

Anar, Sin (€ AO) 0.48, 0.92

4.58, 5.01

2.40, 2.62

Computer programs: CrysAlis PRO 1.171.38.42b (Rigaku C&), 3HELXS2014/7 (Sheldrick, 2014),

SHELXL2018/3 (Sheldrick, 2018).
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Table 3. Experimental details for compourddsand12.

Crystal data 11 12

CCDC Codes CCD@:985263 CCD@:985260

Structural formula [(Cp*RU)AS)2l(Assle)(1) [(Cp*Ru)Assle]

Chemical formula CioHsoASi6lsR U GoHsoAslsRW

M 3159.08 1833.34

Crystal system, space grou Triclinic,PL Monoclinic,P2:/c

Temperature (K) 90 90

a b, c(A) 11.4880(3), 17.8758(3),
12.3989(3), 12.51878(19),
15.1541(4) 17.3531(3)

DE JX° 66.141(2), 90,9
69.808(3), 8.6149(16),
66.057(3) 90

V(&) 1761.38(10) 3839.51(11)

Z 1 4

HO000) 1428 3280

D« (Mg m®) 2.978 3.172

Radiation type CuKD CuKD

P(mm™) 42.88 52.02

Crystal shape and colour Red rod Black plate

Crystal size (mm)

0.07 x 0.02 x 0.01

0.16 x 0.06 x 0.02

Data collection

Diffractometer

SuperNova, Titait

SuperNova, Titait

Absorption correction Gaussian Multi-scan

Tmin, Tmax 0.268, 0.780 0.208, 1.000

No. of measured 13650, 6941, 5635 15097, 7488, 6453

independent and observed

> 2¢(I)] reflections

Rt 0.031 0.046

~e]v hdo(AY) 0.623 0.624

Range of, k, | h=-14013, h=-21022,
k=-15015, k=-1509,
[=-18018 I=-19021

Refinement

RF E TF],wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment

4%nax, 4%nin (e Ag)

0.027, 0.058, 0.94
6941

317

0

H-atom parameters constrained

1.35,1.15

0.039, 0.102, 1.02
7488

335

12

H-atom parameter:

constrained
2.16, 2.12

Computer programs: CrysAlis PRO 1.171.38.42b (Rigaku O&), 3HELXS2014/7 (Sheldrick, 2014),

SHELXL2018/3 (Sheldrick, 2018).
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Table 4. Experimental details for compourddssymand13-asym

Crystal data 13-sym 13-asym

CCDC Codes CCD@:985258 CCD@:985264

Structural formula [(Cp*RujAsil4] [(Cp*RulAsils]

Chemical formula GooHsoAsiliR W GooHsoAsilsR W

M 1279.86 1279.86

Crystal system, space grou Monoclinic,P2:/n Monoclinic,2/c

Temperature (K) 90 90

a,b,c(A) 9.1063(2), 14.42612(18),
15.3410(3), 11.41304(16),
10.9574(2) 17.5300(3)

DE J° 90, 90,
106.869(2), 94.1351(13),
90 90

V(&) 1464.88(5) 2878.73(7)

Z 2 4

HO000) 1164 2328

Dy (Mg m®) 2.902 2.953

Radiation type CuKD CuKD

P(mnt?) 46.54 47.37

Crystal shape and colour
Crystal size (mm)

Dark red prism
0.07 x 0.04 x 0.03

Dark red plate
0.05 x 0.04 x 0.03

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of

SuperNova, Titait
Gaussian
0.161, 0.406

measurec 9561, 2928, 2469

independent and observed

> 2¢(1)] reflections

SuperNova, Titatt
Gaussian

0.222, 0.445
5451, 2820, 2542

Rint 0.039 0.019

~e]v h(AY 0.624 0.623

Range oh, k, | h=-11010, h=-17011,
k=-13018, k=-12014,
I=-12013 [=-21021

Refinement

RFP E 1P, wRP),S 0.021, 0.045, 0.92 0.021, 0.051, 0.98

No. of reflections 2928 2820

No. of parameters 141 141

No. of restraints 0 0

H-atom treatment H-atom parameters constrained H-atom parameter:

constrained
A2na, Anin (€ AO) 0.64, 0.66 0.73,1.08

Computer programs: CrysAlis PRO 1.171.38.42b (Rigaku C&), 3HELXS2014/7 (Sheldrick, 2014),

SHELXL2018/3 (Sheldrick, 2018).
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7.6  Computational Details

Gaussian 09 progrdfd was used throughout. Density functional theory (DFT) in form of
| [+ & Z@Erameter hybrid functioncal B3L¥Pwith def2-SVP all electron basis ¥ét,
BP8&Y ~ | [« £ ZVP v W E A 60 }EaGthodef3MzVPuall dégtvoro

basis set or wB97X13 with def2-TZVP all electron basis set was employed. Solviéatssewere
accounted by using continuous polarizable continuum model (C¥®NVhe dielectric constant

of water (1= 78.3553) has been used in the calculations of the caBpti® dielectric constant

of thf (1= 7.4257) has been used in the calculation$3fB3LYP_D, 13 B3LYP_F, 13 BP86_B,
13 _BP86_D, 13_wB97XD dhd 13 wB97XD_Dand the dielectric constant of hexanel€
1.8819) was used for the calculationsk8 B3LYP_C, 13 B3LYP_E, 13 BP86_A, 13 BP86_C,
13 wB97XD_Aand 13 wB97XD_CThe Natural Bond Orbital (NBO) analysis has been
performed with the NBOG6 prograf The dispersion correction GD3BJ was applied (except for
3,13 _B3LYP_AL3 B3LYP_B, 13 wB97XD_MeB The figures for the supporting information

concerning the DFT calculations were created with Cheméfaft.

Geometry optimization were started from atomic coordinatesl8fsym obtained from X-
ray diffractions for 13 B3LYP_A 13 B3LYP,C13 B3LYP D, 13 BP86_A, 13 BP86 B,
13_wB97XD_A, 13_wB97XD_Beometry optimization were started from atomic coordinates
of 13-asym obtained from X-ray diffractions fol3 B3LYP_B, 13 B3LYPI18B B3LYP_F,
13 _BP86_C, 13_BP86_D, 13_wB97XD_C, 13 wB97XD_D

The initial target of the DFT calculations concerning comfgg 3-sym and13-asym) was
to determine which isomer is energetically favored. The outcome of tloengéry optimization
is strongly dependent on the used functional (B3LYP, BP86, wB97XD}h&hilee of the
empirical dispersion correction GD3BJ, solvent effects (SCRBpsisdset (def2-SVP or def2-
TZVP) play only a minor role in the obtained geometries. The kind obthens used within
CPM has only an influence on the energy but not on the geometry. Theroatof the geometry
optimizations is independent whether the geometry optimization igteth from the atomic
coordinates ofL3-symor 13-asym(cf. Tables 72:0). Using B3LYP or wB97XD delivers geometries
similar to 13-asym (obtained from X-ray diffraction data), while the short As-l contacts
shorter than those irl3-asymand the long As-I contacts are longer than thosg&3rasym (cf.
Tables 7, 8 and 10). When BP86 is used a symmetric geometry 8&dhdigand analog to
13-sym is obtained (cf. Table 9). Finally, no clear answer can be giverhidomer is
energetically favored. Possibly, the different geometriesl8fasym and 13-sym are due to

different packing in the solid state (cf. Figune 9
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Figure 9. Crystal packing inl&symand b)13-asymdrawn in the ball-and-sticks model with view along

the crystallographia axis.

Table 5. Total energies for all optimized geometrigs B3LYP/def2-SVP without SCRF and GD3BJ, b)
B3LYP/def2-SVP including SCRF and GD3BJ, c) BP86/def&Ilidig SCRF and GD3BJ, d) wB97XD

including SCRF.

total energy [Ha]

O 00900000 0 o oo 99O

3 [Cp*Fe(Re)]*
9 [(Cp*Fe)As)*
13 B3LYP_A
13 B3LYP_B
13 B3LYP_C
13 B3LYP_D
13 B3LYP_E
13 B3LYP_F
13 BP86_A
13 BP86_B
13 BP86_C
13 BP86_D
13 wB97XD_A
13 wB97XD_B
13 wB97XD_C
13 wB97XD_D

-5487.80369448
-14484.7160854
-11103.6304934
-11103.6304472
-11103.9040607
-11103.9102778
-11103.9039161
-11103.9101377
-11107.2904620
-11107.2960443
-11107.2903013
-11107.2958880
-11105.5026631
-11105.5096565
-11105.5025180
-11105.5096038
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FigurelO. Frontier molecular orbitals & (B3LYP/def2-SVP level of theory).
Fe 0.801516
Fe 0.841370
As -0.048839
As -0.048851
As -0.049063
As -0.049045
As -0.048851

Figurel1l. Isosurface of the spin density in the cationf
(B3LYP/def2-SVP level of theory, cut off value of 0.@#6,
and spin densities of the heavy atoms (right).
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Table 6. Data obtained from X-ray diffraction experiments.

symmetric Ads ligand in13-sym asymmetric Agds ligand inl3-asym
13-sym 13-asym
d (Ru-Ru) / A 2.6594(6) 2.6595(7)
d (As-1) (longer) / A 2.9894(7) 3.0696(5)
2.9904(6) 3.0628(5)
d (As-1) (shorter) / A 2.9586(6) 2.8902(5)
2.9453(6) 2.8591(5)

Table 7 Data obtained from DFT calculations (B3LYP/def2-SVP withoutad@RFD3BJ)3 B3LYP_A
(left) and13_B3LYP_Bight).

13_B3LYP_A 13_B3LYP_B
d (Ru-Ru) / A 2.69894 2.69911
d (As-I) (longer) / A 3.248282 3.247751
3.241686 3.254124
d (As-1) (shorter) / A 2.873059 2.873088

2.875961 2.872743
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Table 8.Data obtained from DFT calculations (B3LYP/def2-SVP with SCRF émektrieand empirical
dispersion correction GD3BJ).

13_B3LYP_C 13 B3LYP_D

13 B3LYP_E 13_B3LYP_F

13 B3LYP_C 13 B3LYP_D 13 B3LYP E 13 B3LYP F

d (Ru-Ru) / A 2.66104 2.66112 2.66131 2.66136

d (As-l) (longer) /A 3.15259 3.152236 3.150703 3.147131
3.156362 3.148237 3.14457 3.140321

d (As-l) (shorter) /A 2.88767 2.90962 2.889368 2.913478

2.885617 2.912893 2.892325 2.913478
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Table 9.Data obtained from DFT calculations (BP86/def2-TZVP with S&®RRdand thf) and empirical

dispersion correction GD3BJ).
13 BP86_A

13_BP86_C

13_BP86_A
d (Ru-Ru) / A 2.66214
d (As-1) (longer) /A 2.971152
2.974017
d (As-l) (shorter) /A 2.969904
2.965067

13 BP86_B

2.66240
2.984654
2.980301
2.975938
2.977554

13_BP86_B

13_BP86_D

13 BP86_C 13 BP86_D

2.66329 2.66336

2.977619 2.986072
2.97422 2.982651
2.962776 2.972429
2.964589 2.975177
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Tablel0. Data obtained from DFT calculations (wB97XD/def2-TZVP with S&BRRe(land thf)).
13 _wB97XD_A 13 wB97XD_B

13 wB97XD_C 13_wB97XD_D

13_ wB97XD_A 13 wB97XD_B 13 wB97XD_C 13 wB97XD_D

d (Ru-Ru) / A 2.67665 2.67608 2.67599 2.67594

d (As-l) (longer) /A 3.309681 3.31189 3.308402 3.289201
3.292889 3.296104 3.273438 3.306993

d (As-1) (shorter) / A 2.74036 2.756518 2.743713 2.759678

2.743844 2.7602 2.743438 2.761447
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Tablell. Optimized geometry of 3. XYZ coordinates in angstroms. BRfZFEVP level of theory

000000______'U'U'U'U'Uﬁ;gl

Tablel2. Optimized geometry . XYZ coordinates in

;I.;IIII(')IIIOIIIOIII()IIIOOO(‘)(‘)(‘)?;I

> >
[

5.864947000
3.785562000
2.448101000
2.875735000
5.840994000
4.010473000
4.594025000

7.082236000
6.439236000
4.022132000
2.480730000
3.214576000
5.433382000

6.688340000
6.688339000
7.539943000

8.036874000

7.483560000

6.167794000

-1.446961000
-3.216683000
-3.216395000
-3.217158000
-3.217963000
-3.218064000
-3.375885000
-2.946614000
-4.452737000
-2.932669000
-3.374896000
-2.937749000
-2.939068000
-4.451672000
-3.376231000
-2.940095000
-4.453118000
-2.939718000
-3.377845000
-2.936561000
-2.946819000
-4.454797000
-3.378353000
-2.934603000
-2.950435000
-4.455383000
1.438975000
-0.002052000
-0.001787000

4.858787000
5.251785000
5.725269000
3.576738000
5.393156000
6.039112000

7.6650170
4.580805
6.286008
5.7888659
5.508870
7.900845

3.100347000 168683000

4.072960000
7.691155000
8.551831000
5.717598000
1.866160000
1.082971000
5.616697000
4.186867000
3.741916000
4.898367000
6.065286000
6.491276000

0.000294000
0.271154000
-1.051193000
-0.921866000
0.480374000
1.217675000
0.601706000
1.579292000
0.648439000
-0.158946000
-2.328556000
-3.189896000
-2.274859000
-2.539556000
-2.042074000
-2.983624000
-2.226437000
-1.809879000
1.066104000
2.068845000
0.429421000
1.167849000
2.699286000
3.088605000
3.249566000
2.941590000
0.000161000
-2.027719000
-0.345832000

3.76XEB8
4.6BEL2
7.8 1
9.888EL5
8.8TWRY 7
5.918/16
9.5400240
9.5490830
8.4695680
7.795849000
8.4389290
10.6362850

-0.0002980
1.1928420
0.6200660
-0.8088510
-1.1280540
0.1096730
2.6482790
2.9@B0
2.88RED8
3.3@WEBS
1.3900150
0.86®079
2.3900079
1.518460
-1.7800710
-1.4ZRWB5
-1.948¥®8
-2.76H8D9
-2.4990420
-2.5TBAB2
-3.27THB22
-2.718%52
0.2486410
1.170m82
-0.604608000
0.278m 1
-0.0009760

IIITIOIIIOIIIOIIIOIIT

As
As
As

c
c
c
c
c
c
H
H
H
c
H
H
H
c
H
H
H
c
H
H
H
c
H
H
H

5.855380000
6.988691000
5.337078000
6.151166000
5.166256000
6.841719000
6.067964000
8.033328000
8.252814000
7.327986000
8.973091000
9.132182000
9.067392000
9.164910000

7.482087000
6.652209000
6.032866000
3.339178000
3.680710000
3.400059000
2.282107000
2.346135000
2.138299000
1.587468000
2.216971000
4.906723000
5.759109000
3.981374000

10.095724000  4.992750000
7.923656000 7.478498000
8.356863000  7.628523000

8.702217000
7.104707000

7.728001000
8.198556000

10.28WB7
11.350012
11.1868P3
10.6584120
11.0@&mB82
11.5IREV3
10.378875000
8.2590850
7.208865
8.6’V 9
8.8DERAO0
6.7700960
6.08RIB6
6.18@ED9
7.3100#B3

8.212301000

7.2T8Rb1
8.954R57
8.3401B82

angstroms. B3LYP/def2-SVP level of.theory

-0.000193000
-0.003441000
-0.000538000
3.209223000
3.209636000
3.208606000
3.207861000
3.208250000
3.392611000
2.961319000
4.474093000
2.971479000
3.393278000
2.976121000
2.958087000
4.474752000
3.389645000
2.951994000
4.470642000
2.972776000
3.386997000
2.973691000
2.944059000
4.467528000
3.389040000
2.973993000
2.949472000
4.469974000

Tablel13. Optimized geometry ofl3 B3LYP_AXYZ coordinates
theory.

|
|
Ru
As
As

IIIOIIIOIIIOIIIOIIIOOOOOO

3.753774000
1.570117000
0.258688000
0.965489000
1.843784000
-0.118186000
-0.562806000
0.579109000
1.729835000
1.296816000
-0.938920000
-1.985253000
-0.929940000
-0.541285000
-1.925260000
-2.148441000
-1.979845000
-2.715021000
0.606206000
1.454065000
0.704941000
-0.310250000
3.153420000
3.791070000
3.558773000
3.249956000
2.191154000
1.711228000
2.455317000
3.125260000

1.692320000
-2.395189000

-0.965267000

1.418645000
-0.418051000

0.5Bmb4

-3.02B852
0.906866
1.248662
-0.990183

-3.152798000 578204000

-2.269439000
-1.529173000
-1.951223000
-2.956938000
-4.234195000
-3.928716000
-5.129185000
-4.528385000
-2.284602000
-1.342789000
-3.099237000
-2.458307000
-0.661756000

0.036137000
-1.295154000
-0.066176000
-1.593053000
-1.659660000

-2.287200000

-0.572463000
-3.810570000
-4.108799000
-4.729514000
-3.294478000

2.6288510
3.0985630
2.3308650
1.3984710
0.9450140
0.8@mr4
1.59XED8
-0.0388BB4
3.2490770
3.760m2
3.998ED8
2.5@RIm2
4.3198200
4.30mRr78
5.21R¥BO
4.4D%ED0
2.6309380
1.74B7b6
3.392691000
3.028M5
0.5548660
-0.38BXL2
1.1@RI59
0.298RP1

|
|
Ru
As

IIIOIIIOIIIOIIIOIIIOOOOOO%

-3.753774000
-1.570117000
-0.258688000
-0.965489000
-1.843784000
0.118186000
0.562806000
-0.579109000
-1.729835000
-1.296816000
0.938920000
1.985253000
0.929940000
0.541285000
1.925260000
2.148441000
1.979845000
2.715021000
-0.606206000
-1.454065000
-0.704941000

0.310250000 0.066176000

-3.153420000
-3.791070000
-3.558773000
-3.249956000
-2.191154000
-1.711228000
-2.455317000
-3.125260000

1.814633000
1.468273000
-0.906506000
-0.285517000
1.043396000
0.929429000
-0.469682000
-1.220653000

-0.95RR1 2
1.430019
1.830075

-1.1890090

-0.6380520
0.7960720
1.1308390

-0.0968440

-0.63221600@.634353000

-1.608970000
-0.690551000
0.125966000
2.310212000
3.186193000
2.255954000
2.496573000
2.058619000

-2.89XBB8
-2.85X1®2
-3.3@m1
-1.4140190
-0.82RNB6
-2.420RB6
-1.54T8D5
1.7600540

2.999011000 399816000

2.239091000

1.837229000
-1.038320000
-2.051721000
-0.404819000
-1.109996000
-2.701974000
-3.106619000
-3.249230000

-2.929753000

in angstroms. B3LYP/def2-SVP level of

-1.692320000
2.395189000
0.965267000
-1.418645000
0.418051000
3.152798000
2.269439000
1.529173000
1.951223000
2.956938000
4.234195000
3.928716000
5.129185000
4.528385000
2.284602000
1.342789000
3.099237000
2.458307000
0.661756000
-0.036137000
1.295154000

1.593053000
1.659660000
2.287200000
0.572463000
3.810570000
4.108799000
4.729514000
3.294478000

1.90uEn2
2.75RIB2
2.5080780
2.59REP7
3.28061
2. 720813
-0.21P6810
-1.1481041
0.63m@i1
-0.215782000

-0.5%0@54
3.028852
-0.9UERE6
-1.248852
0.9900B3
-1.578P040
-2.6288510
-3.0985630
-2.33D8650
-1.3994710
-0.9450140
-0.8@WIV4
-1.592898000
0.03BE84
-3.2490770
-3.760E2
-3.99RED8
-2.508NM2
-4.3198200
-4. 30XV 8
-5.218980

-4.424690000

-2.6348380
-1.748¥56
-3.39RBD1
-3.02BX®5
-0.5548660
0.38801.2
-1.1GR59
-0.29BR21
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Table14. Optimized geometry 013 _B3LYP_BXYZ coordinates in angstroms. B3LYP/def2-SVP level of
theory.

Ru  -0.111404000 0.680889000  1.19@869 H 3.521242000 -1.545589000 -2.1400Ru 0.111404000
As  -1.538141000 -1.320659000  0.6IREB2 0.680889000  -1.159859000
S 1.448174000 -1.272480000  0.8T@4R3 As 1.538141000  1.320659000 -0.6D8EB2
-4.146771000 -0.391514000  -0.143322 As  -1.448174000  1.272480000 -0.8T@MR3

0.248809000 -3.528567000  2.19BHB3
-0.249235000  2.682697000  2.2364640
0.892979000  1.980944000  2.7600500
0.420216000  0.784690000  3.4186250
-1.012059000  0.742716000  3.28PB580
-1.429213000  1.918543000  2.5600240
-0.232941000  4.069202000  1.6708470
0.700418000  4.284250000  1.133715000
-0.329533000  4.804666000  2.48REB1
-1.057095000  4.238648000  0.9@GHEB2
2.290705000  2.512185000  2.8489070
3.041090000  1.712173000  2.798m41
2.429255000  3.046444000  3.8@DED1
2.507906000  3.218332000  2.03WEL2
1.243733000 -0.135631000  4.2608280
0.864974000 -1.166536000  4.23WEV7
1.215399000 0.209444000  5.311186000
2.295292000 -0.153174000  3.94FM17
-1.917989000 -0.236990000  3.96858300
-2.894241000 -0.306822000  3.4@XWBS5
-2.094392000  0.086837000  5.0@ERBS
-1.478887000 -1.243574000  3.99WHB9
-2.845461000  2.375079000  2.3888660
-2.938177000  3.127922000  1.5¥%BBO
-3.201885000  2.832672000  3.37WEBY
-3.521242000  1.54558900@.141071000

4.146771000  0.391514000  0.148®P2
-0.248809000  3.528567000 -2.19BXB3
0.249235000 -2.682697000  -2.2364640
-0.892979000 -1.980944000 -2.76 W00
-0.420216000 -0.784690003.413625000
1.012059000 -0.742716000 -3.28P6580
1.429213000 -1.918543000 -2.5600240
0.232941000 -4.069202000 -1.6708470
-0.700418000 -4.284250000 -1.13BXA5
0.329533000 -4.804666000 -2.48BBB1
1.057095000 -4.238648000  -0.96GHHB2
-2.290705000 -2.512185000 -2.844@070
-3.041090000 -1.712173000  -2.79BmBt1
-2.429255000  -3.04644400(8.801891000
-2.507906000 -3.218332000  -2.03MEH2
-1.243733000  0.135631000 -4.2608280
-0.864974000  1.166536000 -4.23WHY7
-1.215399000 -0.209444000 -5.310B6
-2.295292000  0.153174000 -3.94%MN7
1.917989000  0.236990000 -3.9658300
2.894241000  0.306822000  -3.4@UIBS
2.094392000 -0.086837000  -5.0BEBS
1.478887000  1.243574000  -3.99WEB9
2.845461000 -2.375079000 -2.389566000
2.938177000 -3.127922000 -1.59BEBO
3.201885000 -2.832672000 -3.3ZWEBY
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Table15. Optimized geometry 013 B3LYP_.XYZ coordinates in angstroms. B3LYP/def2-SVP level of
theory.

[ 3.331568000  2.010222000  1.348M13 | -3.331568000 -2.010222000  -1.343@13
[ 2.282324000 -1.885128000 -2.8530®1 [ -2.282324000  1.885128000  2.85HW®1
Ru 0.240584000 -0.967053000  0.8808O7 Ru  -0.240584000  0.967053000 -0.88ED7

As 0.233744000  1.450434000  1.5D0168
2.063792000  0.114565000 -0.42®189
-0.187706000 -3.069034000  1.57108980
-0.551437000 -2.173700000  2.6392390
0.637305000 -1.489931000  3.0708510
1.736966000 -1.962246000  2.274P530
1.228272000 -2.933821000  1.3400290
-1.083163000 -4.088289000  0.9490640

-2.109562000 -3.716420000  0.84EKP8
-1.107918000  -4.993950000  1.57WXV5S
-0.734454000 -4.378410000 -0.049E51
-1.888481000 -2.093393000  3.3008070
-2.107064000 -1.073257000  3.64MEV9
-1.906571000 -2.759413000  4.18B916
-2.693395000 -2.405071000  2.6ZMEB4
0.744123000 -0.577731000  4.2499640
1.564692000  0.141837000  4.1Z8@M5
0.944139000 -1.171504000  5.1%RED4
-0.184036000 -0.01404600@.410297000

>
[

-0.233744000 -1.450434000 -1.50008
-2.063792000 -0.114565000  0.4Z&(B9
0.187706000 3.069034000  -1.571398000
0.551437000  2.173700000 -2.6392390
-0.637305000  1.489931000 -3.0708510
-1.736966000  1.962246000 -2.2742530
-1.228272000  2.933821000 -1.34D0290
1.083163000  4.088289000 -0.9490640
2109562000  3.716420000 -0.84EEP8
1.107918000  4.993950000 -1.5T@X¥5
0.734454000  4.378410000  0.04@EH1
1.888481000  2.09339300@3.300507000
2.107064000  1.073257000 -3.64IMRY9
1.906571000  2.759413000 -4.18WmB6
2.693395000  2.405071000 -2.6ZXHB4
-0.744123000  0.577731000 -4.2498640
-1.564692000-0.141837000  -4.128945000
-0.944139000  1.171504000 -5.198ED4
0.184036000  0.014046000 -4.410HD7

1]
7]
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3.176086000 -1.643149000  2.5088480 -3.176086000  1.643149000 -2.508®480
3.779069000 -1.798189000  1.6@€EYO -3.779069000  1.798189000 -1.6M@LEY0
3.574256000 -2.300528000  3.3@mEN5 -3.574256000  2.300528000  -3.3(m®N5
3.315064000 -0.602537000  2.82BN8 -3.315064000  0.602537000  -2.8Z0MBH8
2.059061000-3.788449000  0.442039000 -2.059061000  3.788449000 -0.4420390
1.480944000 -4.165246000 -0.41WEYO -1.480944000  4.165246000  0.41WRYO
2.442755000 -4.656038000  1.0UEHBS -2.442755000  4.656038000 -1.0(HEBS
2.918131000 -3.239313000  0.0IKHL6 -2.918131000  3.239313000 -0.03EHL6

Table16. Optimized geometry 013 B3LYP_DXYZ coordinates

theory.
| 3.329418000 2.023380000 1.36019 | -3.329418000 -2.023380000 -1.362@19
| 2.304445000 -1.882654000 -2.858XB5 | -2.304445000 1.882654000 2.898%55
Ru 0.240452000 -0.967128000 0.88DE09 Ru  -0.240452000 0.967128000 -0.881609000
As 0.237665000 1.448064000 1.500048 As -0.237665000 -1.448064000 -1.510018
As 2.059836000 0.111627000.429345000 As -2.059836000 -0.111627000 0.420815
C -0.188513000 -3.069545000 1.5788110 C 0.188513000 3.069545000 -1.5788110
C -0.550903000 -2.173806000 2.6400720 C 0.550903000 2.17380600@.640972000
C 0.638329000 -1.490146000 3.070R050 C -0.638329000 1.490146000 -3.07DBO50
C 1.737112000 -1.963118000 2.2786560 C -1.737112000 1.963118000 -2.2786560
C 1.227111000 -2.935166000 1.34P8140 C -1.227111000 2.935166000 -1.34P8140
C -1.083865000 -4.090834000 0.9568930 C 1.083865000 4.090834000 -0.9562930
H -2.111550000 -3.721245000 0.838X56 H 2.111550000 3.721245000 -0.856266000
H -1.102723000 -4.993712000 1.589954 H 1.102723000 4.993712000 -1.58@¥54
H -0.736861000 -4.38368800M.042817000 H 0.736861000 4.383688000 0.04®%17
C -1.885109000 -2.097620000 3.3068200 C 1.885109000 2.097620000 -3.306@200
H -2.101817000 -1.080175000 3.6988bH4 H 2.101817000 1.080175000 -3.65EHB4
H -1.896301000 -2.769253000 4.189799 H 1.896301000 2.769253000 -4.181199
H -2.692513000 -2.407628000 2.630m8 H 2.692513000 2.407628000 -2.630M8
C 0.746381000 -0.581751000 4.25PP810 C -0.746381000 0.581751000 -4.2522810

in angstroms. B3LYP/def2-SVP level of



Tablel7. Optimized geometry 013 B3LYP_.EXYZ coordinates in angstroms. B3LYP/def2-SVP level of

theory.
Ru -0.111054000
As  -1.533878000
1.440450000
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Table18. Optimized geometry 013 B3LYP_.FEXYZ coordinates in angstroms. B3LYP/def2-SVP level of

-4.101376000
0.116256000
-0.252595000
0.892820000
0.427922000
-1.003059000
-1.427047000
-0.238939000
0.679173000
-0.301976000
-1.083368000
2.289625000
3.028946000
2.438173000
2.501314000
1.262392000
0.870650000
1.263506000
2.303120000
-1.898610000
-2.867572000
-2.085421000
-1.443212000
-2.841599000
-2.937014000
-3.201182000
-3.505316000

theory.

Ru
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Table19. Optimized geometry 013 _BP86_AXYZ

-0.111376000
-1.521857000
1.447685000
-4.112266000
0.114697000
-0.253198000
0.892254000
0.427083000
-1.003989000
-1.427620000
-0.240430000

0.682502000 4.206491000

-0.312122000
-1.082273000
2.287947000
3.027480000
2.429844000
2.500747000
1.259799000
0.868443000
1.254013000
2.302310000
-1.899694000
-2.868004000
-2.087566000

-1.442251000-1.284651000

-2.841317000
-2.939132000
-3.190848000
-3.508928000

theory.

3.246934000
2.296864000
0.240869000
0.334301000
2.039783000
-0.191818000
-0.556221000
0.632849000
1.735236000
1.225776000

0.669333000  1.1406682
-1.315558000  0.610818
-1.269360000  0.8DO4B7

-0.287777000  -0.22B0B4
-3.484266000  2.18WK20
2.651344000  2.1900160
1.956040000  2.7188790
0.758586000  3.3650430
0.711220000  3.2398810
1.884224000  2.5199900
4.016230000  1.5860100
4.197859000  1.01REP8
4.777084000  2.38WHH6
4.166867000  0.9@EED6
2.479467000  2.7688490
1.669411000  2.73®EBS
3.051195000  3.69RMB7
3.147374000  1.9TR@75
-0.179858000  4.1748910
-1.204681000  4.13@IP3
0.145676000  5.22@MB5
-0.198822000  3.8ZRINV2
-0.292364000  3.8908310
-0.359877000  3.37TEEL1
0.001867000  4.93MEB7
-1.291376000  3.8BO044
2.318874000  2.3280210
3.020526000  1.4ZEHBO

2.826295003.235681000
1.468769000  2.17HEBO

0.669108000  1.140€813
-1.321680000  0.6TREB3
-1.259108000  0.86BINL6

-0.287168000  -0.22BBY6
-3.495128000  2.18RW#1
2.651720000  2.1920320
1.955779000  2.7186440
0.758413000  3.36858990
0.712046000  3.2406360
1.885146000  2.5200060
4.018425000  1.5928820
1.030233000
4.772729000  2.3PMED1
4.169300000  0.9@ER%2
2.480481000 2.766R420
1.670641000  2.74REV3
3.054798000  3.69MEB2
3.147324000  1.92m@11
-0.178102000  4.1708490
-1.202890000  4.13@Ri2

0.149865006.231171000

-0.194368000  3.834IB3

-0.286915000  3.8968950
-0.359080000  3.3%EEY4
0.018652000  4.94WRIO0

3.912780000

2.323090000  2.3300760
3.022048000  1.49m5
2.836112000  3.24RBb8
1.473557000  2.140068

2.013206000  1.36GHEEAN3
-1.829901000  -2.790@a7
-0.968042000  0.88MP64
1.445427000  1.488065
0.041762000 -0.5@u@B8
-3.072069000  1.5688420
-2.174546000  2.637R890
-1.483131000  3.0650690

-1.952772000 263509000
-2.931155000  1.33R0290

Ru 0.111054000 -0.669333000 -1.140882
As 1.533878000  1.315558000 -0.6100618
As  -1.440450000  1.269360000 -0.84B7

| 4.101376000 0.287777000  0.225084000

| -0.116256000  3.484266000 -2.1800Q20

C 0.252595000 -2.651344000 -2.190D160
C -0.892820000 -1.956040000 -2.718®790
C -0.427922000 -0.758586000  -3.368M430
C 1.003059000 -0.711220000 -3.2393B100
C 1.427047000 -1.884224000 -2.5198900
C 0.238939000 -4.016230000 -1.586D100
H -0.679173000 -4.197859000 -1.01BR?8
H 0.301976000 -4.777084000 -2.38RHH6
H 1.083368000 -4.166867000 -0.9(HED6
C -2.289625000 -2.479467000 -2.7688490
H -3.028946000 -1.669411000 -2.73BEBS
H -2.438173000 -3.051195000 -3.69BAB7
H -2.501314000 -3.147374000 -1.918975000
C -1.262392000  0.179858000 -4.1748910
H -0.870650000  1.204681000 -4.13HWR3

H -1.263506000 -0.145676000 -5.228AH5
H -2.303120000  0.198822000 -3.8ZHNY2
C 1.898610000  0.292364000 -3.8908310
H 2.867572000  0.359877000 -3.3TEEN1

H 2.085421000 -0.001867000  -4.93XBB7

H 1443212000  1.291376000 -3.8B0M4

C  2.841599000 -2.318874000 -2.324021000
H 2.937014000 -3.020526000 -1.48BXBO

H 3.201182000 -2.826295000 -3.23BBB1

H 3.505316000 -1.468769000 -2.1ZXEBO

Ru 0.111376000 -0.669108000

-1.144813000

|
|
Ru
As
As

[eXeEeNeNe]

coordinates

-3.246934000

-2.296864000
-0.240869000
-0.334301000

-2.013206000

1.829901000
0.968042000
-1.445427000

-2.039783000 -0.041762000
0.191818000  3.072069000
0.556221000  2.174546000

-0.632849000
-1.735236000
-1.225776000

1.483131000
1.952772000
2.931155000

As 1521857000  1.321680000 -0.6THEB3
As  -1.447685000  1.259108000 -0.8GRNL6

| 4.112266000  0.287168000  0.2Z8BD6

| -0.114697000  3.495128000 -2.18B%31

C 0.253198000 -2.651720000 -2.1920320
C -0.892254000 -1.955779000 -2.7188440
C -0.427083000 -0.758413000 -3.3698090
C 1.003989000 -0.712046000  -3.2406360
C  1.427620000 -1.885146000 -2.521706000
C 0.240430000 -4.018425000 -1.5928820
H -0.682502000 -4.206491000  -1.03WHB3
H 0.312122000 -4.772729000 -2.3BMWH1
H 1.082273000 -4.169300000  -0.9GH®®2
C -2.287947000 -2.480481000 -2.766@420
H -3.027480000 -1.670641000 -2.74BBY3
H -2.429844000 -3.054798000  -3.69KBB2
H -2.500747000 -3.147324000 -1.9Zm¥11
C -1.259799000 0.178102000  -4.177549000
H -0.868443000  1.202890000  -4.133H12
H -1.254013000  -0.149865000  -5.23M¥1
H -2.302310000  0.194368000 -3.83WH3
C 1.899694000  0.286915000 -3.896@950
H 2.868004000  0.359080000  -3.38EHV4
H 2.087566000 -0.018652000 -4.94WE10
H 1.442251000  1.284651000 -3.91¥KBO
C 2.841317000 -2.323090000 -2.3300760
H 2.939132000 -3.022048000  -1.49mW10t5
H 3.190848000 -2.836112000 -3.24RBH8
H 3.508928000 -1.473557000  -2.14XWH8

-1.365543
2. 79XBA7
-0.88MXB4
-1.A88W65
0.5@EB8
-1.5680420
-2.637289000
-3.0690690
-2.2686090
-1.3320290

ot /} 1v S]}v G(altsr }u%o A « ~ A WU
H 1.569671000  0.135151000  4.13HMO3 H -1.569671000 -0.135151000 -4.13WWM3
H 0.944038000 -1.181195000 5.190184 H -0.944038000 1.181195000 -5.157484000
H -0.181241000 -0.018111000  4.4BO(B9 H 0.181241000 0.018111000 -4.4DOTB9
C 3.176318000 -1.647289000  2.5088090 C -3.176318000  1.647289000 -2.508B090
H 3.778736000 -1.798756000  1.6MERY1 H -3.778736000  1.798756000 -1.6(BE¥1
H 3.571249000 -2.311652000  3.29KRB7 H -3.571249000  2.311652000 -3.29BXB7
H 3.315494000 -0.609818000  2.83WEEB2 H -3.315494000 0.609818000 -2.83BHB2
(03 2.056369000 -3.793836000  0.4459770 C -2.056369000  3.793836000 -0.4489770
H 1.479592000 -4.166525000 -0.4(0HEY8 H -1.479592000  4.166525000  0.4@EEY8
H 2.428241000 -4.664008000  1.0IRID2 H -2.428241000  4.664008000 -1.0XRim2
H 2.923469000 -3.251021000 0.04mB1 H -2.923469000 3.251021000 -0.049181000

in angstroms. BP86/def2-TZVP level of
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1.088217000  4.086783000  -0.9450020
2.108207000  3.702829000 -0.8TTED4
1.135494000  4.984031000 -1.5®6EB2
0.725710000  4.392245000  0.04REB7
1.894261000  2.090740000 -3.2920810
2.106449000 1.070880000 -3.639051000
1.922353000  2.762139000  -4.1GEED3
2.696186000  2.392061000 -2.6@ERLS
-0.732570000  0.558087000 -4.23R0770
-1.556571000 -0.156514000 -4.108ED1
-0.920713000  1.139283000 -5.15M(5b8
0.195681000 -0.010488000 -4.3THEDO
-3.171524000  1.620260000 -2.4885D760
-3.764312000  1.757642000 -1.57EL1
-3.587396000  2.279999000  -3.2GHEY9
-3.301534000  0.580988000 -2.81mML7
-2.051796000  3.778915000 -0.4241320
-1.479003000  4.122128000  0.44B50
-2.411022000  4.667291000 -0.9TBHB6
-2.925845000  3.235767000  -0.080b4

-1.088217000 -4.086783000  0.94510020
-2.108207000 -3.702829000  0.81XHB4
-1.135494000 -4.984031000  1.5®MB2
-0.725710000  -4.392245000 -0.04RBH7
-1.894261000 -2.090740000  3.2920810
-2.106449000 -1.070880000  3.63WWb1
-1.922353000 -2.762139000  4.1@HED3
-2.696186000 -2.392061000  2.6@ERLS
0.732570000 -0.558087000  4.232777000
1.556571000  0.156514000 4.1@@ED1
0.920713000 -1.139283000  5.1%M0b8
-0.195681000  0.010488000  4.3TEEDO
3.171524000 -1.620260000  2.48850760
3.764312000 -1.757642000  1.57T®EL1
3.587396000 -2.279999000  3.2GEEV9
3.301534000 -0.580988000  2.8IRML7
2.051796000 -3.778915000  0.4240320
1.479003000 -4.122128000 -0.44®150
2411022000 -4.667291000  0.9TMB6
2.925845000 -3.235767000  0.0400b4

Table20. Optimized geometry 013 BP86 BXYZ coordinates in angstroms. BP86/def2-TZVP level of
theory.
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| 3.248778000  2.022502000  1.37TBARS | -3.248778000 -2.022502000 -1.37@125
| 2.311212000 -1.830704000 -2.7930B | -2.311212000  1.830704000  2.799¥B1
Ru 0.240891000  -0.968092000 0.8 Ru  -0.240891000  0.968092000 -0.8&MELS
As 0.331689000  1.443272000  1.48 As  -0.331689000 -1.443272000 -1.484BB2
As 2.037130000  0.043546000 -0.4898U65 As  -2.037130000 -0.043546000  0.49WIb5
-0.191758000  -3.072457000 57QR49000 0.191758000  3.072457000 -1.57@R490
-0.555456000 -2.174363000  2.6386810 0.555456000  2.174363000 -2.6386810
0.633992000 -1.483267000  3.0650240 -0.633992000  1.483267000 -3.0651240
1.735815000 -1.953744000  2.2640230 -1.735815000  1.953744000 -2.2640230
1.225651000 -2.932375000  1.3388380 -1.225651000  2.932375000 -1.3388380
-1.087820000 -4.089191000  0.95D6950 1.087820000  4.089191000 -0.95D6950
-2.109632000 -3.708033000  0.83mmil 2.109632000  3.708033000 -0.83mmil
-1.127715000 -4.984709000  1.59@}B2 1.127715000  4.984709000 -1.59®B2
-0.728258000 -4.395481000 -0.03BBB1 0.728258000  4.395481000  0.03REB1
-1.891129000 -2.094396000  3.297R610 1.891129000  2.094396000 -3.297@610
-2.101021000 -1.077333000  3.65MHlL3 2.101021000  1.077333000 -3.6%RHL3
-1.913646000 -2.771995000  4.1@8XVS 1.913646000  2.771995000 -4.1@8X¥5
-2.695358000 -2.392770000  2.61EWV1 2.695358000  2.392770000 -2.6IRIV1
0.735192000 -0.562619000  4.2360180 -0.735192000  0.562619000 -4.2360180
1.560342000  0.151009000  4.1TEEA8 -1.560342000 -0.151009000  -4.11BBA8
0.923558000 -1.149825000  5.1%MIB5 -0.923558000  1.149825000  -5.15WB5
-0.193131000  0.004441000  4.38WED4 0.193131000-0.004441000  -4.382694000
3.172081000 -1.624895000  2.4882510 -3.172081000  1.624895000 -2.488@510
3.765782000 -1.761190000  1.5TEER2 -3.765782000  1.761190000 -1.5THER2
3.583038000 -2.290013000  3.265683000 -3.583038000  2.290013000 -3.24GHEB3
3.302534000 -0.588175000  2.8ZRAR6 -3.302534000  0.588175000 -2.82BA26
2.051085000 -3.783880000  0.4298730 -2.051085000  3.783880000 -0.4298730
1.478829000 -4.127899000  -0.44WED3 -1.478829000  4.127899000  0.44WBD3
2.403299000 -4.671599000  0.9&WEBO -2.403299000  4.671599000  -0.98WHBO
2.929867000 -3.245102000  0.0%4E¥8 -2.929867000  3.245102000 -0.09m%8
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Table21. Optimized geometry ofl3 _BP86_CXYZ coordinates in angstroms. BP86/def2-TZVP level of
theory.

Ru  -0.113125000  0.669766000  1.148882 Ru 0.113125000 -0.669766000  -1.14KEB2
As  -1.477205000 -1.350189000  0.63mEb1 As 1.477205000  1.350189000 -0.630E61
As 1.483077000 -1.219031000  0.8488650 As  -1.483077000  1.219031000 -0.84®EBO0

4.042101000  0.173793000  0.30¥B4
0.017002000  3.439502000 -2.148123000
0.260664000 -2.651005000 -2.1820140
-0.892302000 -1.955971000 -2.7044R50
-0.430814000 -0.754370000 -3.354@170
1.004045000 -0.706706000  -3.2388240
1.434297000 -1.881036000 -2.5200290
0.258848000 -4.009415000 -1.56D¥230
-0.675631000 -4.209714000 -1.0Z9¥14
0.373398000 -4.775021000 -2.35BWH1
1.079723000 -4.129994000 -0.843Hb6
-2.289277000  -2.475002000 -2.7310810
-3.025170000 -1.662243000 -2.68RED7
-2.456401000 -3.041257000 -3.66WM3
-2.487395000 -3.145230000.885251000
-1.270283000  0.195839000 -4.14P830
-0.884478000  1.221984000 -4.07HEN2
-1.267595000 -0.100708000  -5.2@OXB7
-2.310745000  0.197515000 -3.79BEL7
1.895565000  0.299782000  -3.8861250
2.855368000  0.383051000  -3.3GMHD7
2.101484000 -0.002157000 -4.9ZKB24
1.427735000  1.292904000 -3.9@EED1
2.847900000 -2.313185000 -2.328D170
2.946261000 -3.004562000 -1.481834000
3.201998000 -2.831504000 -3.23MWBB6
3.513761000 -1.461309000 -2.14XAP6

-4.042101000 -0.173793000  -0.300834
-0.017002000  -3.439502000  2.14B123
-0.260664000  2.651005000  2.18P0140
0.892302000  1.955971000 704225000
0.430814000  0.754370000  3.3509170
-1.004045000  0.706706000  3.2388240
-1.434297000  1.881036000  2.5200290
-0.258848000  4.009415000  1.5600230
0.675631000  4.209714000  1.0Z@@E14
-0.373398000  4.775021000  2.3%8WB1
-1.079723000  4.129994000  0.84WHH6
2.289277000  2.475002000  2.7300810
3.025170000  1.662243000 2.68®WO7
2.456401000  3.041257000  3.6GRMD3
2.487395000  3.145230000  1.88ERB1
1.270283000 -0.195839000  4.1424830
0.884478000 -1.221984000  4.0TEHH2
1.267595000 0.100708000  5.204787000
2.310745000 -0.197515000  3.79BEL7
-1.895565000 -0.299782000  3.8861250
-2.855368000 -0.383051000  3.3@MED7
-2.101484000  0.002157000  4.97MRR4
-1.427735000 -1.292904000  3.9@EED1
-2.847900000  2.313185000  2.3280170
-2.946261000  3.004562000  1.48I8B4
-3.201998000  2.831504000  3.23MBB6
-3.513761000  1.461309000  2.14M0126
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Table22. Optimized geometry 013_BP86_DXYZ coordinates

theory.
Ru -0.113058000
As  -1.472003000
As 1.484180000
-4.052383000
-0.007169000

-0.260421000
0.892116000
0.430116000

-1.004688000

-1.434264000

-0.258324000
0.679312000

-0.377301000

-1.078279000
2.288037000
3.023828000
2.447272000

1.267603000
0.881762000
1.258948000
2.309605000
-1.896462000
-2.856598000
-2.101231000
-1.427790000
-2.847068000
-2.947601000
-3.192652000
-3.515576000

IIIOIIIOIIIOIIIOIIIOOOOOO ™ —

0.669640000
-1.350847000
-1.214730000

-0.182179000

-3.448386000
2.651563000
1.955894000
0.754380000

0.707386000
1.881979000
4.011757000
4.216063000
4.771229000
4.134533000
2.476025000
1.662959000
3.046106000

2.489176000 3.143828000

-0.193173000
-1.219261000
0.107653000
-0.193766000
-0.294834000
-0.380656000
0.016181000
-1.287101000

1.1484009
0.6ZRRP4
0.8406876
-0.293018
2.153075
2.1886010
2.70810260
3.3588070
3.239565000
2.5200740
1.5748890
1.04REB8
2.36MHB1
0.8%EHB8
2.7389710
2.708R7 1
3.6@8W05

1.889032000

4.1408600
4.082@P3
5.20RIH2
3.8@REDS
3.89PP880
3.368156
4.930013
3.9201B89

2.31669600@.333082000

3.005736000
2.839561000
1.464920000

1.488052
3.240075
2.1588D8

Ru
As

»
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0.113058000
1.472003000
-1.484180000
4.052383000
0.007169000
0.260421000
-0.892116000
-0.430116000
1.004688000
1.434264000
0.258324000
-0.679312000
0.377301000
1.078279000
-2.288037000
-3.023828000
-2.447272000
-2.489176000
-1.267603000
-0.881762000
-1.258948000
-2.309605000
1.896462000
2.856598000
2.101231000
1.427790000
2.847068000
2.947601000
3.192652000
3.515576000

in angstroms. BP86/def2-TZVP level of

-0.669640000  -1.14FMB9
1.350847000 -0.638ER4
1.214730000  -0.8464V6

0.182179000  0.298mW18
3.448386000 -2.15HWYS5
-2.65156300@.183601000
-1.955894000 -2.7091R260
-0.754380000 -3.3588070
-0.707386000  -3.2396650
-1.881979000 -2.5200740
-4.011757000 -1.5748890
-4.216063000 -1.04EEB8
-4.771229000 -2.36XBB1
-4.134533000 -0.83BHB8

-2.476025000 -2.738@710

-1.662959000 -2.7GBRY1

-3.046106000  -3.66EIDS

-3.143828000  -1.88WWB2
0.193173000 -4.14D6600
1.219261000 -4.08XX23

-0.107653000  -5.2(HN®2
0.193766000 -3.80BEDS

0.294834000 -3.8928880

0.380656000  -3.3GRIB6

-0.016181000 -4.93m3
1.287101000  -3.97100B9
-2.316696000 -2.3380820

-3.005736000  -1.48BH52
-2.839561000 -3.24WY¥5
-1.464920000 -2.13BED8

Table23. Optimized geometry af3_wB97XD_AXYZ coordinates in angstroms. wB97XD/def2-TZVP level

of theory.

3.665278000
1.675534000
0.248114000
0.440792000
2.012463000
-0.155229000
-0.563210000
0.590512000
1.711291000
1.252227000
-1.004250000
-2.032041000
-1.007420000
-0.627664000
-1.911909000
-2.142113000
-1.936349000
-2.693492000
0.654574000
1.444692000
0.864076000
-0.284764000
3.133902000
3.761448000
3.510624000
3.244575000
2.125786000
1.589148000
2.494385000
2.985302000

IIIOIIIOIIIOIIIOIIIOOOOOO‘%‘%JCU__

1.703652000
-2.243003000
-0.965371000
1.450761000
-0.035043000
-3.066261000
-2.193535000
-1.492718000
-1.920842000
-2.893312000
-4.111806000
-3.775043000
-5.006256000
-4.389773000

0.74%8p2
-3.0001@75
0.8981UB9
1.490885
-0.580865
1.54D8500
2.6040080
3.0689620
2.2954850
1.3528100
0.9100410
0.790168
1.5381
-0.07T2BB6

-2.157198008.240164000

-1.166372000
-2.864039000
-2.438549000
-0.633777000

0.111856000
-1.262688000
-0.113912000
-1.588418000

3.62HRY 7
4.0TREL1
2.538/D6
4.28069980
4.2100889
5.19p7
4.460Rb5
2.5848820

-1.692376000 701272000

-2.270859000
-0.570083000
-3.737939000
-4.125665000
-4.586125000
-3.182261000

3.3801B6
2.98108%3
0.4904240
-0.3TXBB3
1.0TERY6
0.110B6

|
|
Ru

III()IIIOIII(‘)IIIOIIIO(')(')(')OO‘%%>

-3.665278000
-1.675534000
-0.248114000
-0.440792000
-2.012463000
0.155229000
0.563210000
-0.590512000
-1.711291000
-1.252227000
1.004250000
2.032041000
1.007420000
0.627664000
1.911909000
2.142113000
1.936349000
2.693492000
-0.654574000
-1.444692000
-0.864076000
0.284764000
-3.133902000
-3.761448000
-3.510624000
-3.244575000
-2.125786000
-1.589148000
-2.494385000
-2.985302000

-1.703652000
2.243003000
0.965371000
-1.450761000
0.035043000
3.066261000
2.193535000
1.492718000
1.920842000
2.893312000
4.111806000
3.775043000
5.006256000
4.389773000
2.157198000
1.166372000
2.864039000
2.438549000
0.633777000
-0.111856000
1.262688000
0.113912000
1.588418000
1.692376000
2.270859000
0.570083000
3.737939000
4.125665000
4.586125000
3.182261000

-0.743392
3.00X2Y5
-0.898ABY
-1.400B5
0.58D865
-1.5408500
-2.6040080
-3.0688620
-2.295850
-1.3588100
-0.9100410
-0.790168
-1.538721000
0.0T®EB6
-3.2400640
-3.6 MY 7
-4.0T8ML 1
-2.536RD6
-4.28408980
-4.2 00489
-5.198D7
-4.460255000
-2.5848820
-1.70RY2
-3.35X4B6
-2.9508%3
-0.49080240
0.3TREB3
-1.07TBEY6
-0.11HXB6

Table24. Optimized geometry a3 wB97XD_BXYZ coordinates in angstroms. wB97XD/def2-TZVP level

of theory.

| 3.670861000
| 1.686071000
Ru 0.247921000
As 0.442322000
2.008619000
-0.154936000
-0.563018000
0.590582000
1.711341000
1.252353000
-1.002760000
-2.032231000
-0.999486000
-0.628059000
-1.909586000
-2.140204000
-1.927200000
-2.692418000
0.655920000
1.444317000
0.870978000
-0.285620000

>
[

IIIOIIITIOIIIOOOOOO

1.710964000

-2.245748000
-0.965175000
1.448552000
-0.037162000
-3.067152000

0.75006%63
-3.0003218
0.8928P6
1.49D802
-0.582079
1.5482700

-2.194264000 6045611000

-1.493443000
-1.921670000
-2.894386000
-4.115410000
-3.782186000
-5.007082000
-4.395372000
-2.162965000
-1.174908000
-2.873808000
-2.444912000
-0.639470000
0.108040000
-1.274379000
-0.126436000

3.0690910
2.2960050
1.3588460
0.91910580
0.8@m4
1.540M3
-0.06XK54
3.2488080
3.63WR2
4.0TBE69
2.540018
4.2880690
4.2T8088
5.1800r3
4.4700 3

[N
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-3.670861000
-1.686071000
-0.247921000
-0.442322000
-2.008619000
0.154936000
0.563018000
-0.590582000
-1.711341000
-1.252353000
1.002760000
2.032231000
0.999486000
0.628059000
1.909586000
2.140204000
1.927200000
2.692418000
-0.655920000
-1.444317000
-0.870978000
0.285620000

-1.710964000
2.245748000
0.965175000
-1.448552000
0.037162000
3.067152000
2.194264000
1.493443000
1.921670000
2.894386000
4.115410000
3.782186000
5.007082000
4.395372000
2.162965000
1.174908000
2.873808000

0.582479000
-1.5488700
-2.6046110
-3.0690910
-2.2960050
-1.3588460
-0.9180580
-0.8@OM4
-1.5400013
0.0@0154
-3.2488080
-3.63WP2
-4.0TRE69

2.44491200@.541748000

0.639470000
-0.108040000
1.274379000
0.126436000

-4.2880690
-4.2 (HWB8
-5.15000r3
-4.4T007 3
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C 3.133762000 -1.593052000  2.5808400 C -3.133762000  1.593052000 -2.5878400
H 3.762628000 -1.700354000 1.7@EER5 H -3.762628000 1.700354000 -1.7(HEER5
H 3.504156000 -2.278609000 3.35R9r4 H -3.504156000 2.278609000 -3.35RWr4
H 3.245592000 -0.576258000  2.9%KRP3 H -3.245592000 0.576258000 -2.95BRP3
C 2.126616000 -3.742193000  0.4962320 C -2.126616000  3.742193000 -0.4962320
H 1.587897000 -4.141847000 -0.358BbH4 H -1.587897000  4.141847000  0.3%@BB4
H 2.498164000 -4.582376000 1.088R11 H -2.498164000  4.582376000 -1.08BEL1
H 2.984398000 -3.187114000  O.17mm%7 H -2.984398000  3.187114000 -0.12mm17

Table25. Optimized geometry df3_wB97XD_CXYZ coordinates in angstroms. wB97XD/def2-TZVP level

of theory.
Ru -0.109777000
As  -1.464901000
1.486489000

IIIOIIIOIIIOIIIOIIIOOOOOO__g

-4.057375000

0.561593000
-0.230450000
0.888534000
0.398534000
-1.021825000
-1.413826000
-0.183288000
0.732221000
-0.222046000
-1.019582000
2.286982000
3.011854000
2.416666000
2.521040000
1.209112000
0.755646000
1.283015000
2.219512000

-1.940596000
-2.896892000
-2.129943000
-1.505237000
-2.814439000
-2.887012000
-3.156608000
-3.492308000

0.669556000
-1.355893000
-1.210819000

-0.660944000

-3.439929000
2.634925000
1.922508000
0.742901000
0.719758000
1.892210000
4.009624000
4.178426000
4.740379000
4.199232000
2.426648000
1.615908000
2.956474000
3.115837000
-0.171805000
-1.157193000
0.254131000
-0.294555000

-0.258840000
-0.315771000
0.052292000
-1.257103000
2.361006000
3.065835000
2.865668000
1.534788000

1.198P00
0.63M458
0.84B1B0
0.068BY4
2.148122
2.1868980
2.7199580
3.3580130
3.2102980
2.4900100
1.6106100
1.080#P7
2428013
0.9488D4
2.8006210
2.7TIRB!

4.2100390
4290807
5.2TRM19
3.82Z8MR4
3.867838000
3.35mm1
4.89RBBY
3.8Qmmw7
2.2980660
1.4TZBB7
3.2@Rm0
2.09006

Ru 0.109777000
As 1.464901000
As  -1.486489000
4.057375000
-0.561593000
0.230450000

-0.888534000
-0.398534000
1.021825000
1.413826000
0.183288000
-0.732221000
0.222046000
1.019582000
-2.286982000
-3.011854000
-2.416666000
-2.521040000
-1.209112000
-0.755646000
-1.283015000
-2.219512000
1.940596000
2.896892000
2.129943000
1.505237000
2.814439000
2.887012000
3.156608000
3.492308000

ITIIOIIITIOIIIOIIIOIIIOOOOOO ™ —

-0.669556000  -1.1%ERDO
1.355893000 -0.630E68
1.210819000  -0.848MBO

0.660944000 -0.0GEEY4
3.439929000  -2.14B322
-2.63492500Q.186598000
-1.922508000 -2.719@680
-0.742901000 -3.3580130
-0.719758000  -3.21DP980
-1.892210000 -2.4900100
-4.009624000 -1.6146100
-4.178426000 -1.05WRR7
-4.740379000 -2.4ZHXL3
-4.199232000 -0.94%ED4
-2.426648000 -2.80TER210
-1.615908000 -2.7TARBB6
-2.956474000 -3.75BEB7
-3.115837000  -1.99RED2

0.171805000  -4.2100390
1.157193000 -4.29XRD7

-0.254131000 -5.218019

0.294555000 -3.82EN24

0.258840000 -3.86D8380

0.315771000 -3.35mMD1

-0.052292000 -4.89HEBY
1.257103000  -3.89M00D7
-2.361006000  -2.2980660

-3.065835000  -1.47THEB7
-2.865668000  -3.20BIDO
-1.534788000 -2.090016

Table26. Optimized geometry di3_wB97XD_DXYZ coordinates in angstroms. wB97XD/def2-TZVP level
of theory.

Ru
As

IIIOIIIOIIIOIIIOIIIOOOOOO__g

-0.105359000
-1.368014000
1.572054000
-4.026683000
0.813973000
-0.215890000
0.892216000
0.383526000
-1.036215000
-1.409425000
-0.151878000
0.779069000
-0.209935000
-0.972297000
2.296576000
3.009159000
2.427713000
2.542128000
1.173393000
0.715015000
1.224579000
2.192121000
-1.971355000
-2.922051000
-2.169130000
-1.544538000
-2.804708000
-2.859492000
-3.160500000
-3.479538000

0.667648000
-1.422129000
-1.125782000

-0.843447000

-3.425872000
2.634398000
1.906342000
0.734204000
0.730604000
1.905629000
4.010534000
4.180363000
4.735255000
4.204138000
2.391073000
1.569343000
2.914668000
3.081106000
-0.185454000

-1.169201000
0.239579000
-0.308801000
-0.226602000
-0.285528000
0.112183000
-1.227089000
2.384995000
3.115969000
2.861558000
1.565127000

1.190601
0.69u8Y9
0.796851
0.218173
2.12ma0
2.1882070
2.7206470
3.36R6300
3.2162990
2.49P8470
1.6228810
1.088m5
2.43R8N3
0.938174
2.8188170
2.7890070
3.76BR00
2.0Dam59
4.2208470
4.297996000
5.23RM09
3.8GREB1
3.8788890
3.34|B1016
4.89REP5
3.9013
2.2880770
1.4TRENG
3.2@um5
2.048015

Ru 0.105359000
As 1.368014000
As  -1.572054000

4.026683000

-0.813973000
0.215890000
-0.892216000
-0.383526000
1.036215000
1.409425000
0.151878000
-0.779069000
0.209935000
0.972297000
-2.296576000
-3.009159000
-2.427713000
-2.542128000
-1.173393000
-0.715015000
-1.224579000

-2.192121000
1.971355000
2.922051000
2.169130000
1.544538000
2.804708000
2.859492000
3.160500000
3.479538000

ITITOIIIOIIIOIIIOIIIOOOOOO ™ —

-0.667648000
1.422129000
1.125782000

0.843447000
3.425872000
-2.634398000
-1.906342000
-0.734204000
-0.730604000
-1.905629000
-4.010534000
-4.180363000
-4.735255000
-4.204138000
-2.391073000
-1.569343000
-2.914668000
-3.081106000
0.185454000
1.169201000
-0.239579000
0.308801000
0.226602000
0.285528000
-0.112183000
1.227089000
-2.384995000
-3.115969000
-2.861558000
-1.565127000

-1.190801
-0.6QU819
-0.798961
-0.21®173
-2.120000
-2.188R070
-2. 7248470
-3.3626800
-3.2162990
-2.49P8470
-1.6228810
-1.085ML5
-2.438W13
-0.938XT74
-2.8188170
-2. 78070
-3.76HEDO0
-2.00069
-4.2278470
-4.2979D6
-5.238¥D9
-3.863931000
-3.8788890
-3.340816
-4.89BE25
-3.9D08L3
-2.2880770
-1.4TR®N6
-3.2@mSs
-2.04R81015
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7.7  Author Contributions

f The synthesis and characterization of compouds 3-k, 7, 8, 9, 11, 12, 13-sym and
13-asymwas performed by Helena Brake

f The synthesis of compourtland the synthesis and characterizationSoivas performed
by Helena Brake and Lisa Zimmermann and is also part of her Bathe&is; the
characterization oft was performed by Helena Brake

f The reaction behavior @&-1was investigated by Helena Brake and Lisa Zimmermann and is
also part of her Bachelor thesis

f The reactions of [(YFe({>-P)] with |, and the reaction 08-1 with [CoCp|] was performed
by Helena Brake

f X-ray structure analyses of compour8i 3-k, 4,7, 8,9, 11, 12, 13-symandl13-asymwere
performed by Dr. Eugenia Peresypkina, Dr. Sc. Alexander Virovetdelgha BrakdParts
of this research (project20160654) were carried out at PETRA 1l at DESY, a member of
the Helmholtz Association (HGF), by Dr. Eugenia Peresypkina afd.Dklexander V.
Virovets. EP and AV are grateful to Dr. A. Burkhardt for thetaissisregarding the use of
the beamline P11.

f DFT computations 081, 9, 13-symandl13-asymwere performed by Dr. Martin Piesch

f Solid-state MAS NMR spectroscopy of compoudds3-l; and4 was performed by Prof.
Dr. W. Krerar

f X-ray powder diffraction 08-1 was performed by Dr. Christian Klimas (group of Prof. Dr.
Arno Pfitzner)

f ESR spectroscopy of compouhdias performed by Helena Brake with the aid of Dr. Gabor
Balazs

f The manuscript (introduction, results and discussion, experimental, ganclusion;
including figures and graphical abstract) was written by HeRBxadke
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8 Thesis Treasury

In the following chapter, preliminary results are presented that pevan incentive for
further investigations. For the presented compounds, preliminary structacalels or complete
data of the single-crystal X-ray structural characterizations available and/or other

characterization is still due. However, all obtained data and®ges will be presented.
8.1 Self-Assembly ofjgFe~¥Rs)] (C = Cp*, CPH with CuGaGl

The reactions of pentaphosphaferrocenes with Cugarél mostly unexplored. Merely one
polymer @, cf. Scheme 2) has been obtained by self-assemdly with 2 eq. CuGagcso farl¥
and neither a variation of the pentaphosphaferroceaeof the applied stoichiometeis nor
addition of a template have been investigated

Therefore,1Ywas reacted with CuGa@h a 1:1 stoichiometry (Scheme 1) to give a novel 2D

polymer [{CpFe(.s, FHHHAR)ICY ~-.. 0 « ~11-GAC)], (2Y.

Scheme 1. Self-assemblyldfwith 1 eq. CuGaglo give 2D polyme2!

In contrast, applying a 1:2, 1:4 or 1B*CuGag) stoichiometry did not furnish any crystalline
products. For the 1:4 reaction, the precipitate was re-dissolvedHy€R and the solution was
layered with toluene to give 2D polymef&l%{CuC{CHCN}}-nCHCN and [{*{CuCH],,
which have already been described in chapter 3 (compaaiiand4-CFCHCN and in which
no GaGlunit is present.

Furthermore 1* was reacted with CuGa@h molar ratios of 1:1, 1:4 and 1:6 (Scheme 2). In
a 1:4 ratio, the reported polymeA™ was reproduced. Applying a 1:1 stoichiometry led
reproducibly to the novel 2D polymer [{Cp*F&({>*111Ps)}Cy ~-.. 0 « ~11-GAL)]. (3) besides
amorphous byproducts. In contrast, by applying 6 eq. CuQadlymer 3 was obtained in
addition to the reported polymeA™ as well as another specieg*] with similar unit cell

parameters (0P, a=11.9 A b=125A, c =15.9 A; V = )365thel “based polymeR"! thus
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Scheme 2. Self-assemblyldfwith 1, 4 or 6 eq. of CuGacCl

suggesting an isotypic structure. Noticeably, all obtained products exhilfitCu ratio of 1.2,
independenty of the stoichiometry applied.

Since the Gaglcounterions in the previously discussed structures were found to coomlinat
in a bridging mode, the question arose whether they can also suplpefformation of spherical
assemblies. For instance, self-assembly of[&p=-f)] (18" with CuOTf or AgOTf (OTf =
OsSCE) leads to large spherical products with bridging OTf ligandsieAsrmation of spherical
aggregates froml* is template-driven, the reaction of* with CuGaGlwas additionally
performed in the presence of [FegpGo or Go as potential templates, usirmdichlorobenzene
and toluene as solvents. Thereby, the new 2D polymer
{Cp*Fe(s, PH11R)}ICY ~5. U -GaC) « 2{GaC))], -1.4GHs -0.6 GHi.CL  (4)  crystallized.
Although compound! was the only crystalline product in the reactions with [F§0p Go, the
elemental analysis of the isolated material did not furnish the etqukoesults. In the reaction
with Gy, also three other phases crystallized: the known 2D polyii€mpolymer3 and dimeric

compound [(Cp*Fe)~ . 3tP{)](Gad)); (5, Scheme 3).
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Scheme 3. Self-assemblylgfwith 2 eq. CuGagin the presence of

The 2D polymer [{Cpe(.s, LTHLR)ICW ~-...0 « ~LLGAC)], (29 crystallized as yellow
needles in the orthorhombic space gro®cm(Figurel). It is built up in a similar manner as
[{Cp'& =P5){CuCH (compound4-Cl from chapter 3), with formally every {CulCWith a
threefold coordinated Cu atom exchanged by ..*Gad unit additionally bound to two
terminal Cl atoms. Hence, instead of {CuCl} infinite helic&s! jiv (] v }F6u(CICu(CHGaC)- _
helices are formed, interconnecting the units Bf Thus, 1"is not pentacoordinating but only
tetracoordinating ir2% In contrast to the reported 2D polym&;™ no short Cl---H contacts are
found in between the layers which allows the Et groups of th&ligands to be disordered over
three positions. However, Cl---H contacts of 2.8231{28494(8) A (sum of the van-der-Waals
radii: 285A)? are found between the methyl or methylene protons and the bridgingt@i

within one layer.

Figure 1. Section of the 2D polymeric structure bivith {CpFe} moieties (a), H atoms and minor parts
of disorder omitted for clarif.

X-ray structure analysis 8f crystallizing in the orthorhombic space groBpma reveals a
2D coordination network, again with tetracoordinating unitsléf(Figure 2). AlthougB has a
similar sum formula ag&" (except for the additional Me group) and proposed compogngits
connectivity is different. While the bridging Cl atom2itare decisive for the formation of the

2D layers, in compounglthey only bridge two Cu atoms connected to the sathenoiety.
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Figure 2. Section of the 2D polymeric structure3afith {CpFe} moieties (a) and H atoms omitted for
clarity.

Hence, the 2D network & remains intact when conceptually removing all Cl and Qafts.
Also, since no two sPcomplexes are connected by more than one Cu atom, aGUyPsix-
membered rings are formed. Instead, largerG@RBC} rings are found.

Moreover, the structure of was elucidated by X-ray crystallography (Figure 3). The sum
formula is similar to that of 2D polymek however, again the connectivity is different
(Figure 3a) /ve§ }( Yvao@dipating bridging GaClnits, in4, half of the GaGlunits

JJE Jv § « § EulviooZwUvAZ]o 3Z }53Z E Z o{Uf}ashion § « v
The B rings are 1,2,3,4-coordinated, and the Cu atoms comprise a distogiedhedral
environment coordinated by 2 P atoms and 2 Cl| atoms of the,Gen@b. For half of the Cu

StueU }SZ }}E Jv S]vP o shudgingEGaGldhitsr Thus, eight-membered
CuGaCl, rings are formed. The 1D strands built up frafand Cu atoms exhibit {€w} Six-
membered rings, but describe waved strands (Figure 3b) insteabsfly planar ones as k!

The 2D layers are separated by toluene molecules, which participateort H---Cl contacts of
2.7742(15)t2.8021(12) A (sum of the van-der-Waals radii: 2298 with the terminal Cl atom
}H( Z4-bridging GaGlunit of both adjacent layers (Figure 3c).

Figure 3. a) and b) Section of the 2D polymeric structureweith {Cp*Fe} fragments or H atoms as well

as solvate molecules omitted for clarity. c) H---Cl contactsloéne and the adjacent polymeric layers.
Crystal structure analysis &frevealed a [(Cp*Fe)- ..>%P[)]** cation, which has already

been reported as a ShBalt obtained by the reaction oft* with thianthrenium

hexafluoroantimonate ([GHsS]Sbk) as an oxidizing ageft. Hence, ino-DCB / toluene
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mixtures, either Clor Go might have been reduced while oxidizihty Both structures merely
differ in their structural characteristics, so the structusenot further discussed herein.

Since in all aforementioned reactions, polymers with Cl atoms anegfdy the origin of these
Cl atoms has to be questioned. An obvious explanation might be, th&aC contained
residual CuCl from its synthesis with Ga8hother possibility is the partial hydrolysis of the
GaCf anions, or a Cl abstraction from £€H or GaCl. As the synthesis of all described
compounds was highly unselective and not controllable by stoichiomatmounds2* and3

are even constitutional isomers), a detailed further investigati@s Wwampered.
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82 Self-+¢ u 0C }( € %AZRand[CpMo(CQ)~¥Ps)] with Au Salts

In Chapter 6, the selfee U 0C }( % V3 %Z}*%Z ( E&E})] ((1%), € %Z& ~{
[Cp'& =B)] (1Y and [CE"& =-B)] (18" with Au salts was examined. In the course of these
investigations, molecular products as well as coordination polymers woiet@ned. However,
the formation of spherical products was hampered, presumably due topteéerred planar
coordination environment of Au in combination with the preferred in-planeoordination of
pentaphosphaferrocenesl leading to divergent self-assembly. Hence, when spherical
assemblies are targeted, the application of convergently coordin&idiggand complexes (E =
P, As) should be considered as building blocks insteadl. oThe cyclcAs complex
€ % Z&A$)] G) }u ¢ 3} ulv U <]v E « } 0 C o-cogrdinatien %y EE ir(-plEne
«-coordination, even when coordinated to late transition metal like Cug¥Hvioreover, the
cyclePs complex [CpMo(C@¥¥P)] (V) is known to exhibit an oudf- %0 0 coerdination
mode with P-M bonds bent by approximately 40° with respect toapeloP; planel’! Hence,
the question arose whether spherical assemblies of Au can bendatdly applying or 7 as
convergent building blocks.

dZ & 3§]1}v }( > BRwith{a mixture of [(tht)AuCl] and Ga@h CHCL gave a
red suspension. After filtration and crystallization with toluenbrown crystals of
[{Cp*Fe(s, {¥%%As)LAL](GaC)), - GHs (8) were obtained (Scheme 4, leftflhe reaction
mixture as well as the product seemed to be very light- angdexsitive. The formation of a Au
mirror leads to low yields (few crystals) and the mother liquor tumensely violet in contact
with air. This impeded the isolation of practicable amount88oMoreover, the crystals rapidly
undergo radiolysis when exposed to synchrotron radiation, but fortunatelyayX-

crystallographic characterization was possible usingCuradiation.

Scheme 4. Selfes u 0C }( € BALDRG)Wth [(tht)AuCl] and Gagfleft) or [Au(CECNY TEF (right).
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Moreover, by « §] E E ] v P >-AsH@)8&and {Au(CECN) TEI! in CHCL and layering the
filtrate with pentane, next to the formation of a Aumirror also dark red prisms of
€, %o ZX{P2%A%)LAW](TER) (9) crystallized in the triclinic systefhwith one formula unit
occupying the center of symmetry (Scheme 4, righ&xhibits a similar structure to compound
8 but structural characterization was hampered due to systematioriing and X-ray sensitivity.
Thus, only the atom connectivity could be derivadd was found to be similar to that of
compound8.

The self-assembly of [CpMo(GO¥Ps)] (7) with [(tht).Au]SbE!? yielded orange crystals.
Preliminary data suggest a dimeric structure of [{CpMofCQOF2-Ps)LAukL(Sbk) (10,
Scheme 5), however, again systematic twinning and rapid radiobamisplicated X-ray
crystallographic characterization and only allowed the atom conwi¢¢tio be deduced so far.
CompoundLlOwas also obtained from similar reactions in the presence®fd? with 0-GBioH:»

as potential templates.

Scheme 5. Self-assembly of [CpMo¢GERRs)] (7) with [(tht)2Au]Sbk.

Compound8 crystallizes in the monoclinic space gro@/'c with one formula unit in a
general position. Both units & }} @& Jv § S$Z E}uPZe S A ]|@&-faghipn (Figure 4a
The Au ions are pairwise disordered over a total of five positiobstimeen the two paralleAs
cycles (angle between Aglanes: 0.66°). One orientation of the Adumbbell is occupied by 9%
with a close Au3---Au4 contact of 2.863(8) A, being in the range of alicopbi-Au distances
(2.85 t3.50A).11 Another orientation of the Audumbbell is rotated by 89°, thus being almost
perpendicular, and is occupied 1% with a close AulAW contact of 2.8785(8) A and an
additional disorder of the Au2 position with a minor occupancy of B&regarding this minor
position (Au2A), the Au-As bond lengths range from 2.514(7) A to 2.863(&8hAest of them
being longer than the Au-As bonds in [(PPhu ~As)]TEF (2.5358(6) and 2.5514)2 and
one being even longer than the Au-As bonds in a {fBpsluster (< 2.7094(1A),*3 which are
the only other reported compounds with an Asnit side-on coordinated to AuThe
coordination geometry of the Au centers is best described astifieking the center of the As-

As edges with centroidw-centroid angles > 170°) or distorted square planar (taking each As
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Figure 4Molecular structure of a) the cation &f b) and c) the dimer ih0. d) 2D layers of the dimers in
10 separated by ShFcounterions. A.d.p. ellipsoids at 50% probability lel#eatoms and minor positions
of disorder omitted for clarity.
atom individually) for Aul-4n the latter description, the deviation from the planar environment
is mainly due to the staggered conformation of the twg Args leading to the non-parallel
arrangement of the coordinating As-As bonds. Moreover, thaiAgs are shifted by 0.98. The
As-As bonds are elongated from 2.312(22.319(2) A i to 2.3473(19)t 2.447(2) A i8, an
effect which has already been observed to a lesser extent-fyordination of6 to Cu®®
Preliminary data suggest that 1.0, two cycleP; complexes coordinate in an oof-plane
{?-fashion to one Au atom comprising a distorted square planarr(¢p&il bound P atoms into
account) or linear (taking the centroids of the coordinatindgp®ds) coordination environment
(Figure 4b,c). This is similar to the reported structures of [{M(te}§Ps) LAu]Pk (M = Co, Rh, Ir;
tppme = 1,1,1-tris(diphenylphosphinomethyl)ethate). However, in10, additional short
Hl|] 1 }vs 33Art€the neighboring cation are found, leading to a dimeric structure
through aurophilic interaction8Y In [{M(tppme)(R)}2Au]Pk, these might be prevented by the
steric bulk of the large tppme ligand. While the Adumbbells in8 are formed by ligand-
supported aurophilic interactions, this is not true for compout@] probably as a result of the
smaller cycloPs ligand compared to theeycleAs ligand. Moreover, the dimers id0 are
arranged in 2D layers, which are separated by thes Sigtinterions (Figurédd). Due to tle
provisional nature of the structural model, no further details can be gatehis point and some

residual electron density still has to be assigned.



6t dZ ]+ dE| iP@&C

8.3  Supramolecular Chemistry of Polyphospholyl Salts

Self-assembly of CsfB(trip)2] (trip = 2,4,6-trisopropylphenyl#® with Cul results in the
formation of [{.,{#?%P;Gy(trip).{Cu(CECNY{Cu(CBCN)(.=:l){Cu(.:1)k] |]2CHCN (1)
at -30°C(Scheme 6)

Scheme 6. Self-assembly of GE&jRrip)2] and Cul to give monomeric compouhl.

When1llis recrystallized from concentrated €EN solution at 4 °C, instead the 1D polymer
[( .a, FTE2PGotrip2)2{ CU(CHCN) (.3:1) L{CU(CECN)K{Cu(.2:)k]n [2nCHCN (2) crystallizes
(Scheme 7).

Scheme 7. Recrystallization of the monortigérat 4 °C leading to the 1D polyniE2.

Compound11 crystallizes in the orthorhombic space groBp&: as a racemic twinlts
structure (Figure 5) resembles the structure of a monomer obtainesktfyassembly of Cul and
€ %o Z &P Mesy)] (Mes = 2,4,6-trimethylphenyl), where the Cp*Fe fragmenpli sf and
the triphospholyl ligand self-assembles with €#IThus,11 is built up from one planar (rms:
0.012A) RG ligand, which coordinates with all three P atoms. The isolated d &b
coordinated to a Cu(GBN} unit. The adjacent P atoms are coordinated to a distorted
{Culs(CHCN}} crown motif. Here, the main difference to the monomer obtained with the
P;GMes-ligandis, that only two instead of four GBN ligands are coordinated to the AGu

motif. This most probably is due to the enhanced steric bulk of thestriystituents compared



Figure 5a) Molecular structure of compountll with solvate molecules and H atoms omitted. b) Core
structural motif of11 with solvate molecules, trip residues and G@tdieties of CECN ligands omitted.

to the Mes substituents in the reported compoundlz & (}& U §Z " }88}u_ 4 Stue

coordinated ] v ]*3}ES S S5E Z & o (+Z]}vU AZ]Jo 8% 538}%_ u S}ue

nearly trigonal planar manner (distances CtP--plane: 0.24 and 0.13 A). To avoid steric
repulsion between the coordinated @EN ligands and the trip substituents, the {lccrown in
11is not coordina¢éd symmetricallyby the adjacent P atoms but is tilted so that the {CN
bearing Cu atoms are almost in plane with th€&Rip, ligand (distances Cu-s@® plane: 0.22
and 0.29 A). The other two Cu atoms are located well above time ffthstances Cu-z& plane:
2.00and2.04 «X D}E }A EU 3Z ~ }88}u_ v "8}% _ pn Slue (MEu o}
distances of 2.50 A, thus being within the expected rdi@eimilaty to the reported Mes
analogue. In contrast, however, these,@limers are not arranged parallel to one another, but
§Z ~&}% _ paresonly separated by 2.845(3) A ZJo 3z ~ }88}u_ p Slue
separated by 4.3A.

Compoundl2 crystallizes in the monoclinic space godt?/c. The repeating unit is built up
from two planar (rms: 0.006 Ax® ligands that coordinate to Cu in different modes (Figure 6).
The adjacent P atoms are coordinated edoh \-féshion toCu(2.25A), which connects to

the next phospholyl ligand, thus building adi} six-membered ring. This motif is capped by

Figure 6. a) Repeating unit of 1D polyni@rwith H atoms omitted and b) with trip residues, solvate
molecules and coordinated GEN ligands omitted. ¢) Section of the waved 1D polymetictsire of12.

Hil
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{Cuwl;} four-membered ring) A]3Z ]38« p 3§ Fweordihated py the phospholyl ligands
(2.4717(6) t 2.5324(6)4), and the | atoms additionally coordinating to the Cu atoms of the
six-membered ring. The Cu atoms within thigléFa motif are coordinatively saturated by one
CHCN ligand each, thus exhibiting a distorted pseudo-tetrahedral coatidn environment

~ § Z?-cdordination is thereby regarded as one coordination siféle isolated P atoms of the
SE]% Z}* % Z} o0 C d-copiinated taECif} rings (2.2AR), which connecto the isolated

P atom of the phospholyl ligand in the next repeating unit. Thusel@&u atoms are coordinated
in a trigonal planar geometrfl-CuP angles: 124.71(2)°, 115.790(12)°, 119.41(2)°). The | atoms
are either bridging two (Gl ring) or three (CikbPs; motif) Cu atoms with Cu-I-Cu angles of
64.212(12)° to 71.736(10)°. Moreover, short Cu---Cu contacts are found éetiie Cu atoms

of the {Cul,} units bridging the repeating unitsith a Cu---Cu distance & 7229(6) A being in
the expected rang€” In contrast, the Cu---Cu distance within thelgting capping the uw
motif amounts to 3.0123(7A.

In the 'H NMR spectrum of the monoméd, the expected signals for the trip residue are
observed. Thereby, not only thertho- and para-'Pr groups are distinguishable, but this time
also theortho-CH(EL) protons split into two signals with an integral ratio of 12:12. Thisost
probably due to the unsymmetrical arrangement of the.gwcrown, leading to magnetic
inequivalence of théPr groups above and below the®ligand plane. Additionally, a singlet at
1.95ppm is attributed to the five coordinated @EN ligands idl. Interestingly, crystals dfl
are bright orange, but upon drying decompose to a microcrystalline redatstder. With
addition of CHCN this color shift is reversible and again orange microcrysathiaterial is
obtained. The elemental analysis fits ta@3Hie)(Culs)(CHCN), containing only one instead of

five (coordinated) plus two (uncoordinated) &\ ligands.
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8.4  Early Transition Metal Complexes of Polyphospholyl Ligands

Homogeneous early transition metal catalysts often comprise Cp-lggand are applied in
various reactions such as olefin polymerization and dehydropolymeriz&floithereby,
enhanced electrophilicity of the metal center often comes alonghvéhhanced catalytic
activity®™ /v§ €& +3]VPOCU %Z}*%Z}0oCo Oo]P v« E ]J3ud} 033}E%s 0O]P v «
acceptor properties. Thus, the formal exchange of Cp ligands by phgkspbahds is thought
to be a promising approach towards more active early transition metalyss. Indeed, the
application of monophospholyl ligands W} in Zr complexes has been thoroughly
investigated and brought forth some patented catalyd?s The effect of incorporation of
polyphospholyl ligands into early transition metal catalysts on theifivity has in contrast only
been sparsely investigatétt Hence, the question arose, whether further polyphospholyl
complexes of early transition metals are accessible.

Therefore, polyphospholyl salts were reacted with early transitioetal halides in salt
metathesis reactions. The reactions of Cs[1,2@tRp,] (trip = 1,3,5-trisgpropylphenyl) with
[CrTICH], [VCi(thf)s], [CrCi(thf)s], [Cp*Tid], [CpZrCl], [TiCl(thf);] and [ZrCl, respectively,
each gave (HP:trip»),, the dimerization product of the protonated phosphole ligdfftllts
structure and characterization have already been discussed elsewfehe contrast, target
coordination product € 2{,2,4-BGAd)TiCY] (12) could be detected *P{H}NMR
spectroscopically from the reaction of [TiGkith K(1,2,4-BGAd,) (Ad =adamantyl, Scheme)8

Scheme 8. Reaction of [T4Glith K[RGA].

Unfortunately, the synthesis of th#®r substituted phospholyl ligands often furnishes a
mixture of di- and triphospholyl salts and the selective synthafdise diphospholyl salt has not
been accomplished yét¥ Hence, € ~{,2,4-BRG'Pr)TiCi] (14 v £L3J-BGPr)TICY (15)
were obtained by reaction of a mixture of K(1,&Pr) and K(1,2,44€>'Pr) with [TiCJ]
(Scheme R While13 s stable at room temperature, its less kinetically statiliPe analogud 4
proved to be thermally unstable and decomposed at r.t. Therefore, frommtix¢éure of 14 and
15, only15 could be crystallized so fathe ana } P} ue « E } 3-%eBREPK)Zr{CY] (16) was
detected'H and®'P{H} NMR spectroscopically from the reaction of [r@ith K(1,2,4-BG'Pr)

/ K(1,3-RGPr), while its triphospholyl analogue was not detected at room terapgre
(Scheme 9)
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Scheme 9. Reaction of [MTIM = Ti, Zr) with a mixture of K[RPr] and K[RG'Pr)].

Moreover, the reaction of K(1,2,4®Pr) / K(1,3-BGPr) with [CpZrG] furnished the
v A1 Z Ju%o AES513-BAERBHICH] (17 Vv £ °%24-RGPrR)ZrCl (18
according to'H and3P{H} NMR spectroscopy with both compounds being stable at room

temperature (Scheme 10)

Schemel0. Reactions of [CpZk] with a mixture of K[EG'Prs] and K[BG'Pr).

The half-sandwich triphospholyl compound8 and 14 were detected by*!P{H}NMR
spectroscopy as a triplet at 302.8 or 299.7 ppm and a doublet aD3®&8345.7 ppm with a
coupling constant of about 50 Hz. This is in accordance with the spedf the reported'Bu

v 0} P uS5-¥2%4-RG'Bw)TiCi] exhibiting a triplet at 305.1 and a doublet at 346.8 pi3Hi.
In contrast tol4, the'Bu?'® and Ad analogu#&3 are stable at r.t. Interestingly, thBu derivative
proved up to four times more active in ethylene polymerization with methylatoxane (MAQ
as cocatalyst than it carbon analogue [CpJJiE¥ The proposed Zr analogue df4,
€ 24,2,4-RGPr)ZrC{], was not detected at r.t. Zenneck reported that th8u analogue
€ 2-{,2,4-RG'Bw)ZrC4] was too reactive or unstable to handle and could only be detkcte
spectroscopicall{®®! Therefore, it is not surprising that the less kinetically stzdudi'Pr
analogue could not be obtained.

The half-sandwich diphospholyl compourids(M = Ti) and.6 (M = Zr) are more stable. The
31pLH}NMR spectra show singlets at 254.7 and 225.9 ppm, respectivel{BThealogue of6
resonates at 260.3 ppm and was characteribgdX-ray crystallograph?®® A Ti analogue like
15 has not been reported so far. Thd NMR spectra each show a septet or multiplet for the
adjacent and the isolated HECH), atoms. Surprisingly, the doublets assigned to the Me groups
split into three instead of two signals with an integral ratio of 6.@ince the 4(CH). protons

of the adjacentPr groups seem to be magnetically equivalent, the inequivalence oMie
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protons seems to stem from hindered rotation of the adjac@&mtgroups so that the Me groups
above and below the £5 plane split into two signals.

This effect has already been observed for [Cp{F-&(3-RG'Pr)]*® and also applies to the
diphospholyl sandwich comple’. The'H NMR spectra of the sandwich complet&sand18
additionally exhibit a singlet assigned to the Cp ligand. Intarglst in
[C%0>X%,2,4-BG'Bw)ZrCj], the rotation of the Cp ligand is hindered leading to two singjiets
the 'H NMR spectrur?®! This was not found for the herein reporté@r analoguel8. The
31pLH} NMR spectrum of the sandwich complreveals a triplet at 289.1 ppm and a doublet
at 248.2 ppm with a coupling constant of 51 Hz, again in accordaitbethe reported '‘Bu
analogue (282.5 and 260.2 ppH¥:? The latter could be characterized by X-ray crystal structure
analysis despite its thermal lability/instabili&® The respective diphospholyl compléx
resonates at 215.9 ppm in tHéP{H} NMR spectrum, similarly to tHBu analogue (236.7 ppm)
which was also characterized by means of X-ray crystallogf&phy.

Remarkably, compounth displays the first structurally
characterized Ti diphospholyl complex (Figure 7). It
crystallizes in the triclinic space grow® with two
crystallographically unique molecules in the asymmetric
unit. All P-C (1.7448(12) 1.7794(12) A) and C-
(1.4095(16) t 1.4101(16) A) bond lengths within the
PG ring are in between single and double bor(@C
1.86A, P=C1.69A, CC1.50A, C=@.34A)24 The Ti-Cl

Fi 7Mol | truct 5 with F
gtire Folectiar STUCHIe OB W ond  lengths  (2.2287(4) t  2.2429(4) A) are in

atoms omitted for clarity.
agreement with single bonds (2.25 3.
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8.5 Halogenations of [%o Z &-Fs)

In Chapter U §Z ]} ]v 8]}v }XPg] @5Z&v~{]S* Z A] & }VP %“EJffs € % ZD-
(M =Fe, E = A§) M = Ru, E = P, Agying a number of unprecedented complexes, such as
[Cp*FeBRlg]l, was described. The question arose, which new compounds might be doogne
fluorination, chlorination or bromination reactions.

Stirring € %o Z &P {1*) with Cok, [FNGHs]BR and [FeCgPFR (in the presence of CsF),
E *% S3]A oCU ] v}$ o 8§} vC E 3]}vR)] HA) iA réBdtedAnithy € %0 Z &
3 eg. of XeFin CHCN in a plastic vial, only the formation ofsPE observed by'P{H} and
1F£H} NMR spectroscopy of the mother liquor.

With Fed or GCk, again no reaction with* was observed. In contrast, Cu@acts with
1* under formation of the 90A E3 A % Z E S-P)%Z& ~{
€, %o Z8PYHH{CuCh{CHCN]}(],?¥ wherein Ctiis reduced to CuWhen1* was reacted with
PG, primarily PGland BChL were formed. The control experiment with 8 eq. £@bulted in
almost exclusive formation of RGInd only trace amounts df* were detected in the'P{H}
NMR spectrum, thus indicating that R@ not only formed from Pg€but also froml* in a
comproportionation reaction. Astonishingly, alsovifas detected in the reaction mixtures bf
and PGl Hence*'P{H} NMR spectroscopy of the reaction mixture prepared 8 2C was
carried out at variable temperatures from 183o r.t., proving that Ris indeed formed as an
intermediate between 253 and 273 K.

Moreover, layering a solution df* in CHCE with a solution of WEIin toluene lead to the
crystallization of black crystals of [(Cp*Ke). U-Pio)][W-Cb]> (19a, Scheme 11, |eff?® The
structure of the cation has already been reported as aShK obtained by the oxidation df
with thianthrenium hexafluoroantimonate ([g4S]Sbk).P! In the crystal structure, however,
residual electron density is found, suggesting to co-crysatiiz of 19a with
€ %o Z &PEC][WACh] (19) in a 85:30 ratioUnfortunately, the crystal quality was insufficient

for an appropriate X-ray structure determination.

Schemell. Reactions of* with [WCE] under varying conditions.
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Interestingly 'P{H} NMR spectroscopy of the mother liquor again proved the presencgiof P
the reaction mixture. CompountPb can be purely crystallized whéri is reacted with Wby
stirring in CHCL (Scheme 11, right), but again the quality of the crystals only gave data.
Hence, the structure interpretation of the X-ray datal® and19b have to be regarded with
caution In both reactions the crystals decomposed and thus no product could beddolat
Likewise, [(Cp*Fe)- .. >%Po)][Sbk]2, the SbF analogue 0fl93, is reported to be unstable in
various solvent§’

When 1* is reacted with CuBrin the presence of [(CpMp) .5%Rf], few crystals of
[Cp*FeRBrs]Br 20) are formed (Scheme 12, 1ef80 is the bromine analogue of [Cp*Fsbdf
(chapter 7 compound3-1), which was obtained reproducibly and selectively from the reaction
of 1* and §. In contrast, all attempts to reprodu@® by this method failed and reactions bf
with CuBs also only resulted in the formation &, %o Z8P3QuBr},1?7 next to PByand BBr..

In order to favor oxidation over coordinatiobh* and CuBrwere additionally reacted in pyridine

/ CHCN. Blue prisms of [Cu(bt6)4]Br. - 2CHCNhad crystallized, as shown by preliminary X-
ray diffraction datd?® The reactions of PBor Be with 1* resulted in the sole formation of PBr
and BBr. With 8eq. By, the reaction takes place selectively forming #£81d quantitatively,

since no residudl* is detected in thé*P{H} NMR spectrum of the reaction mixture anymore.

Schemel2. Bromination (left) and mixed bromination / iodination (right) 1f.

In the reaction ofL* with CLClin the presence ah situgenerated [Mn(th](13)2,?% the Cul
}vs JVv]VP % }o Cu @) uliR¥ikfornfed as only crystalline product. X-ray structure
determination of the polymer was repeated, this time at 100 Kdadtof 150 K. In contrast,
when the same reaction was performed with CuBr, crystal€ of %. Z&P3Gul}*d and tiny
black needles of [Cp*FeB..47359l (21) were obtained (Scheme 12, right). Unfortunately, the
isolation of pure2l failed due to the contamination with other insoluble solids, wheref
elemental analysis did not furnish the expected results.

The preliminary X-ray structure data ®®b c pyPP 3 3Z (}@Eu 3]}V SIBCNIE % Z& ~{
cation and a [WCh]™ anion (Figure 8a). In the cation, one P atom of theari is bent out of the
plane and is bound to the Cl atom. The Cl atom is oriented in nide-position of the Pring
motif. Due to the provisional nature of the structural model, no further detaan be given at

this point and some residual electron density still has to beyassi.
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Figure 8. Molecular structure of a) the cation1®fb; b) and c) the cations &0 and 21 with close P---X
contacts to the Br(20) and 1 (21) counterions indicated by grey dashed lines. A.d.p. ellijssat 50%
probability level and H atoms omitted for clarity.

Compound?1 (Figure 8kis isostructural to the irreproducible Br-compou2@ (Figure 8
and the l-analogue [Cp*FeRl (chapter 7, compound-l) and comprises an intermediary
composition. The crystal &1 can be regarded as solid solution of compounds [CpBdRy!
with a maximum Br content of x = 5 since no mixed Br/l occupancy is founddanf the six
bound halide positions and for thedounterion Interestingly, this | atom exhibits a specifiell
contact to the counterion with a distance of 3.3435(12) A (sum of thede-Waals radii:
3.96 A)*2 The mixed sites show Br contents ranging from 17% to 71%. SimilfEy*©eRlsl
(cf. chapter 6) an®1, also the Br analogue exhibits specific contacts, however tig &s
Br---Br contact of 3.4534(18) A (sum of the van-der-Waals-radid A)*3 Moreover, the solid
state structures o0 and21 both reveal short P--:X20: X = Br21: X = I) contacts between the
P; cycles and the counterions with distances of 3.088(3.254(3) A 20, sum of the yaw:
3.65A)%2 and 3.389(3)t 3.564(3) AZ1, sum of the faw: 3.78 A)32
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8.6  Experimental Part

General Remarks

All reactions were performed under an inert atmosphere of dry nitrogerargon with
standard vacuum, Schlenk and glove-box techniques. Solvents and Télpunéed, dried and

P e %E]IE 8} pe C S v E %FR*) anECHX €0y 118 wefe
synthesized following reported procedur&, although the syntheses af* and 1Y were
performed inmeta-diisopropylbenzene with an improved yield of 75% and 56%, respectively.
[(tht).Au]SbE? was synthesized freshly in analogy to the reported metaod addedn situto
the respective syntheses. [Au(@HN} TEF! was synthesized by an improved method based on
the reported one (cf. chapter 6). Cs{Rtrip).]4 and the mixture of KgsPr] / K[RG'PR]3
were synthesized following reported procedures. K}Rd;] was synthesized analogously to the
‘Bu derivativ€® starting from the respective phosphaalkene 8&(Ad)C=P(SiNEY and
KP(SiM82.B1 € %o Z &As)] (6), [CPMo(CQ)X¥P3)] (7) and [(tht)AuClI] were kindly provided
by Dr. M. Piesch, A. Garbagnati and Dr. M. Elsayed Moussa.dBd@Glare commercially
available and were sublimed prior to use. All other chemicals amarcercially available and
used without further purification or were available in-house. SolutNMR spectra were
recorded on a BRUKER Avance 300 or 400 spectrometer. Chemicawsinétgiven in [ppm]
referring to external standards of tetramethylsilanBH(NMR spectra), 85% phosphoric acid
C'P{H}NMR spectra) or CRCPF{H} NMR spectra).

Chapter 8.1
Synthesis of [{Cp& =Y 1-R;)}Cw ~-...0 « ~1-Gh{)]n (29

CuGagGl(22 mg, 0.080 mmol) was dissolved in toluene (5 mL) and layered ontatiasalf
[Cp'& =P)] (14 30 mg, 0.083 mmol) in GAL (6 mL). After three days, yellow needles2f

had crystallized.

Synthesis of€, %o Z 8LYPs)}Clh ~-...0 « ~LLGALC)]. (3)
CuGagGl(40 mg, 015 mmol) was dissolved i@HCE (10 mL) and toluene (1 mL). A solution
of [Cp*& =B)] (1*, 49 mg,0.14mmol) in toluene 10 mL) was layered on top. After five days,

yellow-brown plates 08 had crystallized.

Synthesis of€, %o Z 8*LYPs)}Cle ~-...0 « ~LLGALC)]n (2%)
CuGagGl(82 mg, 030 mmol) was dissolved in @Eb (12 mL) and toluene (1 mL). A solution
of [Cp*& =P)] (1*,17 mg, 0049 mmol) in toluene (10 mL) was layered on top. After five days,

yellow needles o2* had crystallized besides yellow rodsA8f and yellow-green plates &
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Synthesis of €, %o Z & LYR)IC ~3 UH-Gad) » +{GaC))], - 1.4 GHs - 0.6 GH,Ch (4) and
[(Cp*Fe) ~ .2 0)](Gad)), (5)

CuGagGl(80 mg, 029 mmol) was dissolved in toluene (15 mL) and layered onto a solution of
[Cp*& =B)] (1*,50mg, 014 mmol) and & (42 mg, 0.050 mmol) i@HCL (10 mL) and-DCB
(10 mL). After one day already, yellow plated bfd crystallized, in addition to brown plates of

5, yellow rods ofAl! and yellow-brown plates .

Chapter 8.2
Synthesis of [{Cp*Feg, {$?%As)}Al](GaCl), - GHs (8)

[(tht)AuCl] (36 mg, 0.1dmol) and GaGk 21 mg, 0.12mmol) were dissolved in Gi€h (3 mL)
and stirred for 15 minutes€ %o Z &As)] (6, 32 mg, 0.06mmol) wasdissolved in Ci&b (5 mL)
and added under stirring. The red suspension was filtered intaneStilenk tube, concentrated
(to 3mL), and layered with toluene (6 mL). After four days, besides anior, also few red-

brown crystals 08 had formed.

Analytical data 08:

Yield:few crystals

Synthesis of [{Cp*Feg, {¥2%As)LAW](TER)(9)

€ %o Z &As) (6, 12mg, 0.021mmol) and [Au(CECN)]TEF (49ng, 0.039mmol) were
dissolved in CIKL (4 mL) under stirring and the reaction mixtwas immediately filtrated into
a thin Schlenk tube. After layering with pentane (8 nbiesides a Aumirror, also red-brown

prisms 0f9 had formed.

Analytical data 09:

Yield:few crystals

Synthesis of [{CpMo(C&).. {3-P;)}.Au,](Sbk)2 (10)

To a mixture of [(tht)AuCl] (31 m@,097mmol) and AgSkKE36 mg0.10mmol), S@s (THT,
0.01mL,0.2 mmol) and CKCb (3 mL) were added and the mixture was stirred for 30 minutes.
After filtration from the grey precipitate (AgCl), the yellowisblution of in situ generated
[(tht).Au]SbEk was layered with the solution of [CpMo(GG¥-Ps)] (7, 13 mg,0.042mmol) in
toluene (3 mL) in a thin Schlenk tube. Immediately, an orange precigaateed and after one
day, orange prisms dfo0 crystallized. After complete diffusion, the mother liquor wasateged
and the solids were washed with toluene (3 x 10 mL), thereby suggeadd transferred to

another Schlenk tube, washed again with toluene (1 x 5 mL) and pe(@and mL) and dried.

Analytical Data afhe solids 10 + precipitate):
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Yield:20mg
Elemental AnalysisCalculated (%) for {850.MoPs)4(AuSbE). (2105g/mol): C15.97, H0.96,
S 0; found (%): ©4.34 H1.28 S1.35

Chapter 8.3
Synthesis of [{PsCy(trip) 2}(Cusls)(CHCN}] - 2CHCN (11) and
[{PsCa(trip) 2}2(Cusla)(CHCN)]n - 2nCHCN(12)

Cs[RG(trip)2] (81 mg, 0.098 mmol) was dissolved in DME (15 mL) and added to a solution of
Cul (226ng, 1.2 mmol) in GEN (15 mL). After stirring for 24 hours, the solution was
concentrated (to 15 mL) and layered with@t%30 mL). Thereby, a grey precipitate was formed.
After complete diffusion, the mother liquor was decanted, and the ipitatte was dissolved in
CHCN (10 mL). After six weeks 8D-C, orange prisms dfl had formed. The crystals were
washed with small amounts of @EN and dried to give a red microcrystalline powdeanystals
of 11 were re-dissolved in GEIN (1 mL) and the solution was stored at 4 °C. After few months,

yellow blocks ofl2 had crystallized.

Analytical data oL 1.

Yield:7 mg (5... u,}599.

'HNMR (CECN): W € %o %o ues A 31X H 69 HE12H, -CH(K)2), 1.20 (d2hn = 6.8 Hz,
12H, -CH(€k)2), 1.26 (d3Ji = 7.0 HZ12 H, -CH(B)2), 1.95 (s, 15 H, GEN), 2.90 (septhn=
6.9Hz, 2 H, p4[QHs)2), 3.18 (sept3din= 6.9 Hz, 4 Hy-CH(CH),), 7.07 (S, 4 HN-CHyy).

31pfH} NMR (CECN):no signal detected.

Elemental AnalysisCalculated (%) for {8:2His)(Cusla)(CHCN) £390g/mol): C29.38 H3.55
N 1.0Z; found (%): @9.07, H3.55 N 1.00.

Chapter 8.4
Synthesis of F%1,2,4-RGAd,) TiCH] (13)

K[1,2,4-BGAd:] (128 mg, 0.3 mmol) was taken up in toluene (5 mL) and added dropwise to
a solution of [TiG] in toluene 2.7mL, ¢ = 0.22 mol/L, OrBmol) at -78°C While stirring
overnight, the mixture was allowed to warm to room temperature eAfemoval of the solvent,

the solid was washed with pentane (10 mL) and extracted witletod
Analytical data of.3:

3PEH} NMR (€Dg): W € %o %3Q228"(t,2bp= 50 Hz, 1 P), 338.0 fdhp=49 Hz, 2 P). *Signal

almost below noise floor.
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Synthesis of F%1,2,4-RG'Pr)TiC}] (14) and [~%1,3-RG'Pr)TiCl] (15)

A solution of [TiG] in toluene (1.4 mL, ¢ = 0.22 mol/L, 0.3 mmol) was quickly added to a
mixture of K[1,3-FG'Pr] and K[1,2,4-%Pr] (77 mg, 0.3 mmol) in toluene (5 mL) at8°C
After stirring for 7 hours at78 °C the solution was decanted from the precipitate and analyzed
by *'P{H} NMR spectroscopy. The mixture was allowed to warm to r.t. and afteoval of the
solvent, the solid was extracted with pentane (5 mL) and toluémal(). Crystals of5 were

obtained from concentrated pentane solution within one week.
Analytical data of the reaction mixture kept at -78°C:

3IPAHY NMR (€Ds): W € %o 95Be1(8, 2 P15), 299.7* (t, 2bp= 51 Hz, 1 AL4), 345.7 (d2bp=

50 Hz, 2 P14). *Signal almost below noise floor.
Analytical data ol5:

IH NMR (6Ds): W € %o %0190 (& 3} n = 6.8 Hz, 6 H, -QBHs),, 15), 126 (d, 3hin = 6.8 Hz,
6 H, -CHs),, 15), 1.50 (d, 331 = 6.6 Hz, 6 H, -QBHs),, 15), 3.15(m, 2 H, -GI(CH)z, 15), 339
(M, 1 H, -G(CH), 15).

S1PAH} NMR (6Ds): W € %o %5457 (8, 2 P15),

Synthesis of€ *4,3-BG'Pr;)ZrCl] (16)

A mixture of K[1,3-#%Pr] and K[1,2,4-8Pr;] (78 mg, 03 mmol) was taken up in toluene
(3 mL) and added dropwise to a suspension of JZ(Z1 mg, 0.3 mmol) in toluene (3 mL). After
stirring for 2.5 days at room temperature, the mixture was filteedl washed with toluene

(2 mL). After removal of the solvent, the products were dissolvedDa (T mL).
Analytical data ofl.6:

IHNMR (€Ds): W € %o %94 (M, 3}y = 6.8 Hz, 6 H, -QBHs)2), 1.26 (d, 3} = 6.8 Hz,
6 H, -CHO),), 146 (d, 33 = 6.7 Hz, 6 H, isolated CHs),), 307 (m, 2 H, -8(CH),), 3.31
(sept 33 n= 6.8 Hz, 1 H, isolatedHCH).).

31PAH} NMR (€Ds): W € %o %@25:9(8, 2 P).

Synthesis of€ %3-18-BGPr)ZrCY] (17) and€ %3-1.2,4-RG'Pr)ZrCi] (18)

A mixture of K[1,34%'Pr] and K[1,2,4-%5Pr] (14 mg, 0.05 mmol) was taken up in
pentane (6 mL) and added dropwise to a suspension of [GpZEEImg, 0.05 mmoal) in pentane
(2 mL). After stirring for 5 hours at room temperature, the mixtur@s\iiltered and washed with

hexane (4 mL). After removal of the solvent, the products were dissitv@Ds (1 mL).

Analytical data ol7 and18;
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'H NMR (€Ds): W € %0 %d 08 (& 3Jin = 6.8 Hz, 6 H, -QBH)2, 17), 119 (d, 3hn = 6.7 Hz,
6 H, -CKO%),, 17), 1.34 (d,3} 4 = 6.9 Hz,12H, -CHG%),, 18), 1.61 (d,3}n = 6.7 Hz,
6 H, -CKHs)2, 17), 2.79 (septdy = 7.3 Hz, 1 H, HICH),, 17), 3.25 (m, 2 H, #&CH),, 17),4.10

(m, 2H,-GH(CH),, 18), 6.09 (s, 1, -GHs, 18), 6.20 (s, 5 H, 56k, 17).

3PAH} NMR (€Dg): W € %o %1629, 2 P17), 2482 (d,2bp= 51 Hz, 2 A,8), 2891 (t, 2 p=

51Hz, 1 P18).

Chapter 8.5
Z  31}v }( € %RJ&1* ith Xek

€ %o Z &P {1*, 30 mg, 0.087 mmol) was taken up insCN (10 mL), cooled to 4 °C and
added to Xef(44 mg, 0.26 mmol) in a plastic vial in the dark. The mixture wasdsiir the dark
for two days to give a yellow supernatant over a green solid céasted1*.
HNMRCRCN: w €% %oues A iBKI®. ~«U ifi
3PLH} NMR (CECN: W € %o %d43.2Aseptib = 706.4 Hz, 1 P, PF151.8 (s, 5 A*).
Ratiol* : Pk =1:14.
19FLH} NMR CRCN: W € %o %74.¥ (815 = 706.6 Hz, 6 F, PF
IH NMR CDChL): W € %o %o 43(SAL5 K1*).
3PAHL NMR CDChL): W € %o %436 Asept, b= 712.1Hz, 1 P, Rf, 152.2(s, 5 P1*).
Ratiol* : PE =19 : 1.
19FLH} NMR CDChL): W € %o %70.7 (81% = 706.8 Hz, 6 F, PF

Z  5]}v }( € %RH&Lith PCY

€ %o Z &P {1*, 19 mg, 0.055 mmol) and R(28 mg, 0.13 mmol) were dissolved in,Ck
(10 mL) and stirred for 1 hour. After concentrating to 2 mL, NMR spmxipy was performed.
$1pfH} NMR (€Ds-cap): W € %o %5@% (A 4 P,4p, 152.8 (s, 5 A%), 222.3 (s, P§I

Reaction of € %o Z &Ps)]{1*) with [WCH]
€ %o Z &P {1*, 30 mg, 0.087 mmol) was dissolved inCH13 mL) and layered with a
solution of [WGQ] (101 mg, 0.25 mmol) in toluene (13 mL). Thereby, black intergrown crgétals

19 formed besides a brown precipitate.
Analytical data of the mother liquor:

3IpAH} NMR (€Ds-cap): W € %o %B22.4A(s, 4 P, B, 152.7 (s, 5 P1*), 220.1 (s, 1 P, REI

*Signal almost below noise floor.
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AGVEZ o] }( €-PR]&%P){
[WCE] (100 mg, 0.25 mmol) was dissolved in,CH(20 mL) and added to a solution of
€ %o Z &P {(1*, 30 mg, 0.087 mmol) in @Bk (10 mL). Thereby, a brown precipitate was

formed. After two weeks, few crystals d®b had formed.

Synthesis of [Cp*FeBrs]Br (20)

€ %o Z &PY {1*, 30 mg, 0.087 mmol) was dissolved inCH10 mL) and layered with a
solution of [(CpMaY ..{%-Ps)] (7 mg, 0.014nmol) and CuBr(39 mg, 0.1™mol) in a mixture
of CHCN (10 mL) and @€k (3 ml). After complete diffusion, crystals 20 had formed.

Synthesis of [Cp*FeaBr2.47354l (21)

A freshly prepared suspension of [Mn(#jk)21>¥ in THR1 mL) was added to a solution of
CuBr (42 mg, 0.29 mmol) in £LHN (10 mL). The resulting clear red solution was layered onto a
solution of € %o Z &Ps)] {1*, 50 mg, QL4 mmol) in CKCh (10 mL). Within one day, brown-black

EC+3 o+ }( ER)¥UIEY ar{d21 had formed besides a red precipitate. After complete
diffusion, the mother liquor was decanted and the solids were wdski¢gh a mixture of CkCb
/ CHCN (2:1, 3 x 5 mL) and dried. The solids were insoluble evern@NGiieventing further

purification.
Analytical data of the solids:

Yield:12mg
Elemental analysisCalculated (%) for {§HisFeRBr 473531 (1149g/mol): C 10.45, 1.32 H; found
(%): @2.67,H2.77.
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8.7  Crystallographic Details

Crystals of all investigated compounds were taken from a Schlesi dlader a stream of
nitrogen and immediately covered with mineral oil. The quickly chosenesangstals covered
by a thin layer of oil were taken to the pre-centered goniometeadh with suitable CryoMount®
and directly mounted on the goniometer into a stream of cold nitrogen.

The data for2", 3-5, 8, 11, 12, 19b and 20 were collected on a Rigaku Oxford Diffraction

diffractometer equipped with a Tita® § S§}1E v Au% EE}A  p<r u] E}(} pe *}pu
Me]v Pscans of 0.5 or 1° frames depending on the unit cell constahtsd@ita forl5 were

collected on a Bruker APEX- J((E S}u 8§ E <] %o %o Alsz § S1E v
microfocus sealed tube ysrP }u Jv " v 7 O.5Vfrales. The X-ray experiments for

24 3-5, 8 were performed at 90 K, fdkl, 12 19band20 at 123 K, fod5 at 100K.

The data processing and reduction2¥f4, 5, 8,10, 11,12, 19band20 were performed with
CrysAliPROsoftware!*® Numerical absorption correction based on gaussian integration over a
multifaceted crystal model and an empirical absorption correctiangispherical harmonics as
implemented in SCALE3 ABSPACK were applietilfand 12. For 15, data processing and
reduction were performed with Bruker APEX3 and Bruker SAINT softwarenalti-scan
absorption correction &s applied using SADABS progrid.

The single crystals df0 and 21 were carefully selected, mounted on a magnetic holder,
checked for quality, and placed into a Dewar vessel in liquitbgen using standard
cryocrystallography tools. Then they were transported to DESY PETRAHibsgnc Using
standard procedures, they we placed into a Dewar vessel filled with liquid nitrogen among
other crystals. A robotic mounting/demounting was used for further manipaetiin the P11
beamline hutchH?% X-ray diffraction experiment measured using one-circle diffractomatet
DECTRIS PILATUS 6M pixel array detector.@@2B&. The data were acquired by 36Q°
rotation with 0.3° scan width and exposurel8.:s per frame at the wavelengsh, A.68880A
(18keV forl0) and, A iX0iB@0&eV for2l), respectively.

The structures were solved with SHEFX@nd least-square refinements & were carried
out with SHELX#Z Crystal structures df1 and21 were refined as inversion twin€rystals of
10 were systematically twinned according to a twin matrix [0 D0 0, 0 0 1]. The de-twin
procedure in CrysAlis did not give good separation of the diffraction maxand the
preliminary structure refinement was performed using the reflectionsttd major twin
component only. The hydrogen atoms were located in idealized positions efnged
isotropically with a riding model.

CIF files with comprehensive information on the details of theatiffon experiments and

full tables of bond lengths and angles 83 and4 are deposited in Cambridge Crystallographic
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Data Center under the deposition codes CADB8696 CCDR038695and CCDC 2038693

respectively.These data are provided free of charge by The Cambridge CrystalloxE2ga

Centre (https://www.ccdc.cam.ac.uk/ Crystallographic data and details of the diffraction

experiments of compounds t 21 are given in tables 16.

Table 1. Experimental details fd¥and3.

Crystal data 2¢ 3

CCDC codes CCDQ@038696 CCDQ038695

Structural formula (GiHhi7FeR)CuCl(GaG) [(GioHisFeR)CuClGaC)]

Chemical formula CiiHi7CkCuFeGaP CGioHisCECupFeGaPk

M 733.99 719.97

Crystal system, spac«Orthorhombic,Pbcm Orthorhombic,Pnma

group

Temperature (K) 90 90

a,b,c(A) 12.0704 (5), 22.7939(4)
15.9084 (4), 10.9858(3)
12.5439 (3 8.54325(19)

V(A% 2408.68 (13 2139.33 (8)

Z 4 4

H000) 1432 1400

Dy (Mg m®) 2.024 2.235

Radiation type CukD CuKD

P(mnt?) 16.23 18.23

Crystal shape and coloL Yellow needle

Crystal size (mm)

0.17x 0.03 x 0.02

Yellow-brown rhombic plate
0.11 x 0.08 x 0.02

Data collection

Diffractometer

Absorption correction

Tmin, Tmax

No. of measured,
independent and
observed [> 2\(I)]

SuperNova, Titari
Gaussian

0.214, 0.809
7011, 2506, 1927

SuperNova, Titaid
Gaussian

0.328 0.738
5323 2274, 1803

reflections

Rt 0.046 0.034

(sin T Qhax (AY 0.628 0.627

Range oh, k | h=-10014, h=-27028,
k=-19014, k=-13011,
I=-15015 |=-1004

Refinement

RF > 2(P)],wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment

"Zmax, " min (e Ag)

0.039, 0.096, 0.98

0.03#, 0.®0, 0.98

2505 2274

137 123

0 0

H-atom parameter: H-atom parameters constrained
constrained

0.68, 0.60 0.86,-0.85

Computer programs fd2“ CrysAlis PR0171.39.37b (Rigaku OD, 201SHELXT2014(Sheldrick, 2014),
SHELXL2014 (Sheldrick, 2014); foB: CrysAlis PRQ.171.39.37b (Rigaku OD, 2013KELXL2014
(Sheldrick, 20145HELXL2014(Sheldrick, 2014).
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Table 2. Experimental details #Bnd 5.

Crystal data 4 5

CCDC codes CCDQ038693 -

Structural formula [(CioHisFeR)Cu(Gadi)] [(CioHisFeR)2](Gad)),
1.4GHg)-0.6GH4Cb)

Chemical formula Cos.dHos Ch..CuFeGaPs GotboChFeGaPio

M 1113.22 1114.88

Crystal system, spacMonoclinic,C2/c Monoclinic,P2:/n

group

Temperature (K) 90 90

a, b, c(A) 33.4184 (5), 12.7280 (6),
11.63537 (14), 11.5415 (6),
20.3494 (3) 13.0786 (8)

E°) 103.7343 (15) 94.133 (5)

V(A% 7686.32 (19) 1916.25 (17)

z 8 2

H000) 4371 1100

D« (Mg n1®) 1.924 1.932

Radiation type CuKD CuKD

P(mnt?) 13.77 16.80

Crystal shape and coloL Yellow plate Brown plate

Crystal size (mm)

0.22x 016 x 0.03

0.07x 0.03 x 0.02

Data collection

Diffractometer
Absorption correction
Tmin, Tmax

No. of measured,
independent and

SuperNova, Titaid
Gaussian

0.169, 0.832
17828, 7801, 7411

SuperNova, Titat
Gaussian

0.505, 0.752
6618, 3746, 2515

observed [> 2\(])]

reflections

Rnt 0.029 0.064

(sin T Qhax (AY) 0.627 0.628

Range oh, k| h=-35041, h=-15011,
k=-12014, k=-14012,
I=-25017 I=-15015

Refinement

RF > 2(P)], wRP), S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

" Znax ' Zmin (e A3)

0.048, 0.130, 1.03
7801

405

0

H-atom
constrained
2.41,4.29

0.045, 0.107, 0.94
3746

195

0

parameter: H-atom parameters constrained

0.59, 0.57

Computer programs fot: CrysAlis PR0171.39.37b (Rigaku OD, 201ISHELXT2014(Sheldrick, 2014),
SHELXL2044 (Sheldrick, 2014); fob: CrysAlis PRQ@.171.39.37b (Rigaku OD, 2013HELXT2014

(Sheldrick, 20145HELXL

20M(Sheldrick, 2014).
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Table 3. Experimental details ®@and preliminary experimental details fdi0 (* = preliminary data).

Crystal data 8 10 *
Structural formula [(GoHisFASs)Aw](GaC), [{(GHs)Mo(CO)(Ps) LAuU](SbE)
((GHe)
Chemical formula GorHesAsicALLCEFeGa CiaH100sFsPsM02SbAu
M, 2040.44 >742.68
Crystal system, spacMonoclinic,2/c Orthorhombic,Pban
group
Temperature (K) 90 80
a,b,c(A) 34.5179 (9), 19.54839(9)
18.4540 (3), 27.10855(17)
16.3182 (4) 29.3776(2)
") 113.076 (3) 90
V(A% 9562.9 (4) 15568.03(18)
z 8 16
HO000) 7504 >5344
Dy (Mg ) 2.834 >1.267
Radiation type CukKD Synchrotron O=0.68880A
P(mnt?) 29.18 >4.512
Crystal shape and coloL Brown prism brown prism

Crystal size (mm)

0.09 x 0.05 x 0.02

0.20x0.10x0.10

Data collection

Diffractometer

SuperNova, Titat

P11 beamline, PETRA Il
DESY, PILATUS 6M pixel a
detector

Absorption correction  Gaussian multi-scan

Tmin, Tmax 0.189, 0.640 0.796 1.000

No. of measured, 17714, 9243, 6685 10107421240 16623

independent and

observed [> 2\(l)]

reflections

Rt 0.048 0.0986

(sin T Qhnax (AY 0.624 0.762

Range oh, k, | h=-40042, h=250
k=-22016, k=-310 ,
|=-20018 1=-39 0

Refinement

RF > 2\(P)],wRP), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment

" Znax | Zmin (e A:%)

0.057, 0.168, 1.09

0.090Q0.27391.117

9243 21240

511 782

52 0

H-atom parameter: not refined
constrained

2.91,1.65 8.88 5.74

Computer programs fd8: CrysAlis PR0.171.39.45g (Rigaku OD, 201 ELXT204%5(Sheldrick, 2015),
SHELXL2014(Sheldrick, 2014); fdr0: Computer programsCrysAlisPro 1.171.41.21a (Rigaku OD, 2019)
'SHELXL-2018/3 (Sheldrick, 2018)'
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spac« Orthorhombic,Pna2;
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Table 4. Experimental details fbt and12.
Crystal data 11 12
Structural formula [{P3C2(Q5H23)2}C¢|4(CHCN}] [{P3C2(Q5H23)2}CUg|2(CH,CN)]
-2CHCN ‘CHCN
Chemical formula Ci2Hs1CuslaNsPs-2(GHsN) GasHs2CusloN2Ps-CHCN
M 1636.27 1091.18

Monoclinic,C2/c

group

Temperature (K) 123 123
a, b, c(A) 20.8549 (4), 28.5800 (4),
13.3221 (2), 10.52543 (14),
21.5088 (4) 31.5396 (5)
E°) 90 90
106.7896 (15)
90
V(A3 5975.84 (17) 9083.2 (2)
z 4 8
H000) 3176 4336
Dy (Mg m®) 1.819 1.596
Radiation type CukD CuKD
P(mntt) 19.22 13.51

Crystal shape and colou Orange prism
Crystal size (mm) 0.23x 018 x 0.07

Data collection

Yellow truncated prism
0.14x 010 x 0.06

Diffractometer SuperNova, Tital SuperNova, Titaid
Absorption correction  Gaussian Gaussian
Tmin, Tmax 0.550, 0.834 0.218, 0.548

No. of measured,
independent and
observed [> 2\(])]

12569, 5169, 4953 49339, 9072, 8774

reflections

Rt 0.029 0.024

(Sin T Qhax (AY 0.549 0.623

Range oh, k, | h=-9022, h=-350 35,
k=-14013, k=-12012,
|=-23012 |=-37038

Refinement

RF>2\(P)],wRF),S 0.026, 0.062, 1.02 0.021, 0.051, 1.02

No. of reflections 5169 9072

No. of parameters 596 457

No. of restraints 1 0

H-atom treatment H-atom parameter: H-atom parameters constrained
constrained

"Znax " 2min (€ &) 0.89, 0.48 1.26, 0.93

Absolute structure Refined as an inversion twin -

Absolute structure 0.498 (6) -

parameter

Computer programs forll: Computer programs:CrysAlis PR.171.39.8e (Rigaku OD, 2015),

SHELXT208B(Sheldrick, 20185HELXL201B(Sheldrick, 2018); far2: CrysAlis PRD171.39.8e (Rigaku
OD, 2015)SHELXL204B(Sheldrick, 2018).
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Table 5. Experimental details fb% and preliminary experimental details fd9b (* = preliminary data).

Crystal data 15 19b *

Structural formula [(PG(GHy)3) TICH [CioHhsFeRCI[W2Ch]

Chemical formula CioHo1CBP: Ti GioHisFePsChoWz

M, 381.48 8544.95

Crystal system, spa«Triclinic,P$ Monoclinic C2/c

group

Temperature (K) 100 123

a,b,c(A) 8.2370(3) 24.363(2)
14.0216(5) 16.3684(6)
15.6986(6) 17.928(3)

D E(°)J 98.601(2), 90,
105.0720(10) 131.518(17)
90.448(2) 90

V(&) 1728.99(11) 5353.0(17)

Z 4 8

H000) 784.0 3952

Dy (Mg m®) 1.465 2.651

Radiation type Mo KD CuKD

P(mn?) 1.126 32.81

Crystal shape and coloL Red block black block

Crystal size (mm)

0.07x 0.07 x 0.03

0.125x0.093x0.047

Data collection

Diffractometer

Bruker APEX-Il, CCD

SuperNova, Atlas

Absorption correction  Multi-scan gaussian

Tmin, Tmax 0.679, 0.715 0.103 0.380

No. of measured, 26010, 9893, 8819 15773 5335 4907

independent and

observed [> 2\(])]

reflections

Rt 0.0 0.0479

(sin 7 Qhnax (AY) 0.704 0.600

Range oh, k, | h=-11011, h=290
k=-19017, k=-140 ,
|=-19022 [=-210

Refinement

RF > 2\(P)], wRP), S
No. of reflections

No. of parameters
No. of restraints
H-atom treatment

' 2max, l 2min (e A3)

0.026 0.069 1.08
9893

337

0

H-atom
constrained
0.75-0.94

0.0537 0.1286 1.076
5335

298

0

parameter: H-atom parameters constrained

1.835, 2.11

Computer programs fot5: Bruker APEXB/2016.10), Bruker SAINV8.35A,SHELXT-2014/6heldrick
2014), SHELXL-2014/(Bheldrick 2014)or 19b: CrysAlisPro 1.171.39.45g (Rigaku OD, 2(BBELXL-

2018/3 (Sheldrick, 2018).
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Table 6. Experimental details 20 and21.

Crystal data 20 21

Structural formula [CioHhsFeRBrg]Br [CioHisFeRBK 473 591

Chemical formula CoHisBrFeR GioHisBr a7Feh 53Ps

M; 936.26 1149.12

Crystal system, spacOrthorhombic,Pn&; Orthorhombic,Pna&2;

group

Temperature (K) 123 80

a,b,c(A) 16.2829 (3), 16.75252(12)
9.58590 (15), 10.02378(7)
14.8033 (2) 15.26967(11)

V(A3 2310.58 (6) 2564.14(3)

Z 4 4

HO000) 1744 2070

Dy (Mg m?®) 2.691 2.977

Radiation type CukD Synchrotron G=0.6199A

P(mnt?) 23.33 7.124

Crystal shape and colou dark prism

Crystal size (mm)

0.28x 012 x 0.06

Black needle
0.07x 0.02 x 0.02

Data collection

Diffractometer

Absorption correction

Tmin, Tmax

No. of measured,
independent and
observed [> 2\(])]

SuperNova, Titaid

Gaussian
0.058, 0.396
4694, 2995, 2881

P11 beamline, PETRA Il
DESY, pixel array detector
Multi scan

0.56927 1.00000

39394, 6368, 5013

reflections

Rt 0.029 0.059

(sin T Qhnax (AY) 0.623 0.667

Range oh, k, | h=-5019, h=-22022,
k=-11011, k=-13013,
=-10018 |=-20020

Refinement

RF > 2(P)], wRP), S

0.050, 0.132, 1.06

0.034, 0.084, 0.92

No. of reflections 2995 6368

No. of parameters 222 223

No. of restraints 115 1

H-atom treatment H-atom parameter: H-atom parameters constrained
constrained

"Zax " Zmin (€ A9) 1.63, 2.36 2.83-0.83

Absolute structure Classical Flack
preferred over
because s.u. lower.

Absolute structure 0.010 (14) 0.61(3)

parameter/ twin batch

Computer programs for20: CrysAlis PRQ.171.38.41 (Rigaku OD, 2019HHELXTSHELXL2018/3
(Sheldrick, 2018); fdt1: CrysAlis RO1.171.38.46 (Rigaku OD, 20I1SHELXL-2016(6heldrick, 2016).

meth(Refined as a 2-compone
Parson inversion twin
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9 Conclu®n

This work deals with the supramolecular chemistry and halogenatemactions of
pentaphosphaferrocenes. The introduction (chapter 1) outlines fundaaleobncepts of
supramolecular chemistry and focuses on the polymeric assemblies ancktdi spherical
aggregates obtained by polyphosphorus complexes as building blocks. The @mgdqu
research objectives are delineated in chapter 2. The resbligined are presented in the self-

contained chapters 3 7 as well as in the thesis treasury (chapter 8).

The primary objective was the investigation of the coordination behavior of
pentaphosphaferrocenes [Gpe({>-Ps)] towards Cu(l) salts with variation of the Clgand
(Chapter 3), the triple decker template (Chapter 4 and 5) andctheterion of the metal salt
(Chapter 8.1). The second part of this thesis concerns the tarmdfthe supramolecular
chemistry of polyphosphorus complexes to Au (Chapter 6 and ChaptefT®&)coordination
behavior of di- or triphospholyl ligands towards Cu salts and daalysition metals is
investigated in Chapters 8.3 and 8.4. Finally, the iodination of [C§*Rs)| and its heavier
congeners is dealt with in Chapter 7, further halogenation studfigSp*Fe({>-Ps)] are described
in Chapter 8.5.

Self-Assembly of Pentaphosphaferrocenes fEe({>-Ps)] and Cu Salts

Pentaphosphaferrocenes [&pe({>-Ps)] display remarkable building blocks for the
construction of spherical aggregatesa self-assembly with coinage metal salts. The most
thoroughly investigated systems include the derivatives [Cp{FB{] (1*) and [CBFe({>-P)]
(18". Both polyphosphorus complexes are capable of constructing fullereneslkeertex
spheres which can act as hosts for small moleculesl¥;@lso a variety of polymeric assemblies
and a slightly larger 90-vertex sphere is accessible. Unfaelyneboth systems suffer from
disadvantages concerning either limited solubility of the spherical ptsdand unselective self-
assembly 1*) or limited versatility and low-quality crystallizatiot®f). Therefore, the self-
assembly of [Cie({>-Ps)] (1Y with Cu(l) halides was investigated.

Surprisingly, the outcome of the reactions is not only easily controllapléhe reaction
conditions applied, but the products each are also formed selectilrethe presence of GBN,
the two-component reactions of1"Y and CuCl or CuBr give 90-vertex spheres

[CpFe({>-P)|@[{CpFe({®-Ps)hACuX3s{CHCN}q (2, X = CI, Br, Scheme 1). The analogous



Scheme 1Polymeric and spherical assemblies obtained from self-assembNaoid Cu(l) halides.

reaction with Cul exclusively yielded the novel 2D polymer ‘H&@>-Ps)}H{Cul}] (5-). By
avoiding CECN, instead the (8@)-vertex spheres (GBL)m@[{CpFe({>-Ps)h{CuXdon] (3, X =
oW u H iX60U v AaréXattassipleA Cryltals dfare solid solutions of (80)-vertex
spheres with varying CuX contents. The void of these spheres isegdypsolvent molecules.
These spherical aggregates rearrange in the presence ofallization seeds to give 2D
polymers [{CiFe({>-Ps){CuX]] (X = Cl4-Ct X = Br5-Br). Compound4-Cl constitutes the first
example of a polymer in which the pentaphosphaferrocene building béooidrdinated to five
Cu atoms by-coordination through all five P atom lone pairs. This mode has only beervelser
in spherical compounds so far. In the presence of;QDH also a derivative,
[{1%{CuCH{CHCN}}-nCHCN 4-CICHCN, was obtained, in which some of the Cu atoms
additionally coordinate to GJ&N. In contrast, isostructural polymessBr and 5-1 comprise
1,2,3,4-coordinating building blocks b¥ All polymers were characterized B{{H} MAS NMR
spectroscopy, thus complementing an earlier NMR study on pentaphospbeése-based

polymers limited to other coordination modes.
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In order to prevent the rearrangement of spherical assemblegpolymers, P and
0-GByoHi2 were added as templates and as a third component to the asd&mbly process.
Again, (80n)-vertex spheres are formed, this time acting as hosts forréspective template
(Scheme). Interestingly, in the presence of the templates, the outcome of thaction is
independent on the reaction conditions applied. Thus, different ctijse phases of
(PS)m@[{L %12{CuXor] (6-Cland6-Br; 0.68<m<1; 2.8>n>1.4) ar-G:BioH12)m@[{L %12{CuXo-r]
(7-Cl and 7-Br; 0.5<m<1; 2.52>n>1.52) are accessible. The voids of the more or étgs m

deficient spheres are occupied by up to one molecules&f & 0-GBioHi2.

Scheme 2. Host-guest assemblies obtained from self-assembWantl Cu(l) halides in the presence of a
template.

Next to the highly directional self-assembly of th&/ Cu(l) halide system, the obtained
(80m)-vertex spheres also show surprisingly high solubility isfCE&HThis enabled thorough
NMR investigations in solution. Thereby, a transformation of then(8@ertex spheres3 into
90-vertex sphere® could be observed for the first time, by addition of the respeaxtCu(l)
halide dissolved in GEN. Moreover, mixed-halide 90-vertex spheres are accessiblaidy t
approach. Furthermore, post-synthetic addition ofGBioHi> to solutions of3 lead to its
encapsulation as evidenced BB{H} NMR spectroscopy.

In conclusion1Ycombines all advantages bf and18" as a supramolecular building block.
The self-assembly df" results in versatile products spanning polymers, 90-vertex spheres,
(80n)-vertex spheres and guest stabilized (@6vertex spheres. The obtained spherical
assemblies are highly soluble, all products are formed sebdgtithe crystals are of sufficient
quality for X-ray crystallographic characterization and host-gaggtegates are obtainable by

different synthetic routes, thus opening further opportunities to tileemistry.
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A variety of small molecules has already been encapsulated agsgues 80-vertex
spherical assemblies @f. With [CoCg]* as cationic guest.fr As as exceedingly small guests
and G as very large guest, different spherical host moleculed@raed describing prism- or
cube-shaped, ellipsoid-shaped or barrel-like aggregates. It wesesfal interest to apply large,
non-spherical molecules as templates in the self-assembly efith Cu(l) halides. Therefore,
the triple decker complex [(Cp&H ..>%¢A&)] (8) with rather rod-like shape came to mind. In a
previous work, the self-assembly df, 8 and CuX (X = CI, Br) in toluene /s@QX was
investigated. Thereby, encapsulation o8 into a 90-vertex sphere to give
[(CpCr)( ... B-As)|@[{Cp*Fe>-P)h{CuBr}s{CHCN}q (8@9*-Br) was observed for X = Br,
while for X = ClI, the cleavage ®finto [CpCr{>-As)] upon encapsulation into an 80-vertex
sphere to give [CpC{{-As)|@[{Cp*Fe(®>-P5)h{CuCh] (10@11*Cl)) was proposed.

Within the scope of the collaboration with Dr. Claudia Heindl, slei-assembly reaction
was repeated in Gk [/ CHCN, leading to host-guest aggregates
[(CpCrY( ... B-As)|@[{Cp*Fef>-Ps)h1i{CuX}sn] (8@12*, Scheme 3) with an unprecedented
bowl-like host encapsulating the intact triple decker mole@il€he host scaffold can be derived
from the well-known (8(r)-vertex spheres by conceptually removing one [{Cp{F&)HCuXd]
moiety, leaving a truncated, open host shell from whose core th@etrdecker guest may

protrude.

Scheme 3Host-guest aggregates obtained from self-assembly* afith Cu(l) halides an8l

The self-assembly in toluene / €HN was thereupon reinvestigated. The formation of

80 - vs. 90-vertex spheres was found to depend on the concentratitirerahan the halide
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(Scheme 3). While encapsulation8ifito the Cl analogue 90-vertex sphere could not be proven
by X-ray crystallography, the Br analogue 80-vertex sphere
NE %o B @{Cp*Fe-P)hACuBrlone _ 10@11*Br_» A e X }83Z %o E}%o}e
80-A ES £ MBI« A E 3Z}E}uPZoC ZolkE stéte @AB andGsolution
NMR spectroscopy, ESI and El mass spectrometry, EPR spectroscopynamtdinalysis. This
was of special interest since the structure determination frona)Xeata is unfortunately quite
ambiguous in these cases. As a result, three borderline caseddipretation of the X-ray data
are presented.

a) Cleavage 08 and encapsulation into an (89-A E3 /£ +%W@IE -~

b) Encapsulation of inta@ into a disorderedly crystallizing nano-bo®{@12%

¢) Oxidation and encapsulation &f into a disorderedly crystallizing, anionic nano-bowl

(8'@12*)

d IJvP oo § }( 8Z «<p «8]}vi1@@1Tfu%ed$y ¢ 2uvs v }u% E]JVP SZ -
the data obtained fronB@12* (crystallized unambiguously from &k / CHCN), at least the
borderline interpretation b) as sole product could be ruled out.

Compound8@12* were thoroughly characterized, though their limited solubility impeade
spectroscopic investigations in solution. Hert®was applied as a building block instead bf
since it previously proved beneficiater aliain terms of solubility of the spherical products. The
self-assembly of 1Y with CuX (X = CI, Br) an@ indeed gave nano-bowls
[(CpCrX ... B-As)]|@[{CpFe({-P)hi{CuX}sn] (B@12) showing enhanced solubility
(Schemet). By comparison of thtH MAS NMR spectra 8f@12*with the *H NMR spectra of
solutions of8@12" a reliable assignment of the signals to the Cp ligands of encapd@atas
enabled.dZ E GCU 3Z <]Pv o }( §Z % o]P-v «Ip}($Z B3 ZE}SI](S
in solid-state due to the presence gfstacking interactions to the next host-guest assembly,

which is not observed in solution.

Scheme 4. Host-guest aggregates obtained from self-assembWndth Cu(l) halides angl

Within the scope of the dissertation of Dr. Claudia Heindl, ah&fitt approach towards the
novel triple decker [(CpMa) ... T-P)( ... 13-PS)] 13) was given. Therefore, the application of
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this triple decker molecule as diamagnetic template was ingattd. While the analogous
reaction with1* and CuCl/Br in GBL/ CHCN did not provide unambiguous X-ray data due to
disorder, slower crystallization was targeted to overcome this problEhis was achieved on
the one hand by a switch of solvents to GH@HCN, on the other hand by again applyiht
instead of 1*. In both cases, the nano-bowls
[(CpMo)( ... B-p)( ... B-PS)|@EFFe({>P)h{CuX}sq (CP = Cp* 13@12% CP = Cpt
13@12) were obtained (Schents). In contrast to the reactions witlh* and triple deckes8,
applying toluene / C¥CN as solvents this time did not change the outcome of the readiiamn,
13@12*Brwas obtained in a new crystalline phase instead. The reactighslWproved to be
highly dependent on the stoichiometry. Changing from a stoichiometric odtld:15 (*:Cu) to
higher Cu contents, instead of nano-bowils this tié@e (X = Cl) or 90-vertex spheres (X = Br) are
obtained. Unfortunately, the triple deckdr3 or a reaction product thereof is not encapsulated
this time, but solvent molecules dritself act as a guest. For X = Cl, triple dedlginstead
acted as ligand complex towards Cu, resulting in the formatibnhe novel 2D polymer
{(CpMOo)}( .4.FEYLPs)( .5 \PEL-PS)}CUGI 14). Compoundl4 can be directly synthesized from
triple deckerl3 and CuCl as well.

Scheme 5. Host-guest aggregates and polymers obtained from selfalyy ofl* (R = H) ot" (R = Me)
with Cu(l) halides anti3.

Attempts to obtain Cul-containing nano-bowls merely lead to the formatbrthe 3D
%}oCu E E€51%ER, % Z & -R)ICu( -l (15), which was described in the
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dissertation of Dr. Claudia Heindl, and remarkably constitutesfitse 3D polymer based on
pentaphosphaferrocenes.

In the course of these studies, also a variety of novel ctystgdhases of 90-vertex spheres
were investigated. Unluckily, the encapsulation of triple decker corgsl® or 13 could not be
verifiably observed and the majority of 90-vertex spheres rathetshomlecules ol* or 14

The enhanced solubilities @12 and 13@12' compared to thel* based counterparts
8@12*and 13@12*can partly be traced back to fewer or weaker intermoleculéeractions
in the solid state. By comparison of the NMR spectroscopic data ohdahe-bowls8@12*
8@12 13@12*and 13@12 it was proven that the¢H NMR signals of the hosts are partly
shifted upon encapsulation of the paramagnetic triple decker com@ldxurthermore, the Cp
ligands o8 and13 become magnetically inequivalent upon encapsulation into the nano-bowils,

and further splitting of the two signals is caused by the presefcCuX vacancies in the host.
In the self-assembly reactions of pentaphosphaferrocenes and €2li8) another variable

is the nature of the counterion. Not only Cu(l) salts of coordinatingléslhave been used in

these reactions, but also a series of salts of weakly coordinatirans (WCAS).

Scheme 6. Polymers obtained from the self-assembly of 1Yand CuGatl
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Thereby, the Gaglanion is an interesting intermediary case, as it may act coolidigat not.
However, the self-assembly of CuGa®ith pentaphosphaferrocenes is largely unexplored.
Therefore, thecyclePs ligand complexes were reacted with CuGa@lereby varying the Cp
ligand of the pentaphosphaferrocene, applied stoichiometries andpitesence of potential
templates. As a result, a series of novel polymd® { 18) was obtained besides the only
reported polymer A) and the dimer [(Cp*Fe)- .>%Pg)](GaCl). (19, Schemes). The latter
displays the oxidation product df and has already been reported as Sisglt. The polymers
16 t18are 2D coordination networks with coordinating Ga@lits and encompassla: Cu ratio
of 1:2 despite the differing stoichiometric ratios applied in thaattons. Compound8 is a
constitutional isomer to the reported polymer. In contrast to these, compouh@isand 17
comprise coordinating Cl atoms. Unfortunately, the reactions wereligiiselective and could

not be controlled by stoichiometry, so that a further investigation waspered.

Self-Assembly of Polyphosphorus Complexes and Au Salts

The self-assembly of polyphosphorus complexes and coinage metahaaltso far bee
mostly limited to Cu and Ag. Merely two examples have been reported wahpodyphosphorus
complex coordinates to Au, both applying [{CpMo(E0).. :R)] as a Pligand complex. On the
contrary, the coordination of pentaphosphaferrocenes feg({>-P;)] towards Au has been left
untouched so far, despite its multifaceted application as buildirgelblin supramolecular
chemistry. Therefore, synthetic approaches to the first Au aimimg assemblies of
pentaphosphaferrocenes were developed. Thereby, systematic argabf the counterions
(GaCf, Sbk, TER and the Cpligand (Cp*, Cph CF" were carried out.

The GaGl containing product20aand 20b were synthesized starting from [(tht)AuClI] and
Gad as Cl abstractor (Scheriig Variation of the solvent from CBb to o-DFB enabled
isolation of the crystals in up to 86% yield. A series of solvatomaaptspolymorphs was
characterized by X-ray crystallography. Compow@sand20b constitute unprecedented 1D
polymers with 1,2- and 1,3-coordinating Ruilding blocks and trigonally planar coordinated Au

atoms and are thus the first coordination polymers of polyphosphorus ligamplexes and Au

Scheme 7. Polymers obtained from self-assembly* air 1Ywith [(tht)AuCI] and Gagl
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For reactions with SliFas a counterion, [(thgAu]SbE was synthesizeih situfollowing the
reported method from [(tht)AuCl], AgSbénd THT. As products of self-assembly with dimer
2laand a 2D polyme22 revealing a similar sum formula were formed (Sch&ndhus, they
could not be synthesized deliberately e.g. by varying the stoichiometry tiéwlally, a 1D
polymer23 was obtained from crystallization of the mother liquor. Remarkaldypound22
comprises vacancies in the Au positions which are hence not fully ecc(gb.f. < 1) but site
occupancy factors sum up to an integeB.0.f. = 2). When & was added as a potential
template, the cationic assembB4 was obtained with three units df* coordinating to one Au
atom, co-crystallizing with two molecules 0fo0Going tolY the self-assembly takes place
selectively and dimeR1b is formed with a similar structure tdla From reaction withl®",
compound25 is formed in which only one tht ligand is replaced by théigdnd complexin

solution, 25 showed a highly dynamic behavior.

Scheme 8. Monomeric, dimeric and polymeric products obtainea elf-assembly df*, 1Yor 18" with
[(tht)2AU]SbE.
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Moreover, 1D coordination polymef26a and 26b were obtained when reacting* or 14
with 2 eq. AUTEF, which was in hand as isolable [AGICHTEF salt (Schen®). Unfortunately,
crystallization was often hampered due to rapid precipitation fautthe reaction with1", the
precipitate was successfully identified as target poly@@&s. Analogous reactions with less than
1 eq. AUTEF resulted in the formation of monomeric prod@@@and 27b, in which two P

ligand complexes coordinate to one Au atom.

Scheme 9Monomers and polymers obtained from self-assemblg*obr 1Y with [Au(CHCN)}| TEF.

The molecular products and partially disaggregated polymeric assendfli¢, 1Yand 15"
and Au salts exhibit highly dynamic behavior in solution. Moreover, all ptediomprise Au
centers with an either linear or planar coordination environment, thmpeding the formation

of spherical aggregates in combination with planab®&ilding blocks

Therefore, instead of Higand complexeg, also the self-assembly of [CpMo(d@-Ps)]
and [Cp*Fe(®>-As)] with Au salts was investigate@he As ligand complex [Cp*Fé{-As)] is
known to coordinate through its-system rather than by the lone pairs of the As atoms. Indeed,
this out-of-plane coordination was also observed in the reaction products of [C{*Pef)]
with AuGaGland AUTEF. In both cases, dim@&gnd29) with A, dumbbells in between two
As ligand complexes were obtained (Schehid.

Schemel0. Dimers obtained from self++ u 0C }( € %A¥)Rwith{Au salts.
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In contrast, the reaction of [CpMo(CGOY{Ps)] with [(tht).Au]SbE furnished crystals of
dimer [{CpMo(CQJ ., {3%-P5)LAuk(Sbk) (30) with a different structural motif (Schentel).
Here, two R ligand complexes coordinate in gfAmode to one Au atom and dimerization is

provoked by unsupported Au---Au contacts.

Schemel 1. Dimer obtained from self-assembly of [CpMo(CE)Ps)] and [(ththAu]Sbk.

In conclusion, [CpMo(C®)3-Ps)] and [Cp*Fe(>-As;)] both coordinate to Au in an outf-plane

fashion as aimed for. Nevertheless, the formation of sphericaleggges was not observed.

Coordination Behavior of Di- and Triphospholyl Ligands

Apart from all-phosphorussfigands as in [Cp*FELRs)] (1*), also triphospholyl ligands may
coordinate through their P lone pairs and thus act as building blocksupmamolecular
chemistry. Hence, the Csalt of the 1,2,4-triphospholyl ligands[Btrip2]” was reacted with Cul
(Scheme 12). Thereby, the monomeric coordination product
[{ ., {+?2PGitrip2{Cu(CECNYH{Cu(CBCN) (=) R{Cu(.sD)}] |2CHCN 81) was obtained,
comprising an asymmetric @u Z E}Av[ u}s]( u 38} $Z 5 E] pol }( 8z
Interestingly, recrystallization from GEN yielded a waved 1D coordination polymer
[( .4, {1 %PGotrip2)2{ CU(CHCN) (.3:1) L{CU(CHECN)}{Cu(.2:1)k]n [2nCHCN 82).

Schemel2. Monomer and polymer obtained from self-assembly of Cs[AF24trip2] with Cul.

Besides the use as supramolecular building blocks in combination witageometal salts
also the coordination behavior of phospholyl ligands towards early tiansinetals was

investigated. Thereby, the salt metathesis reactions of®&®] (R =Pr, Ad) and KpPsR;] (R =
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'Pr) salts with [Ti@l [ZrCl] and [CpZrG], respectively, yielded a number of novel
polyphospholyl complexes spanning>{,2,4-BG'Pr)TiCi] (33« U 5€;3{RGPr)TiC}] (34),
€ 24 3-BGPr)ZrCY] (35), €*{,2,4-RGAL)TICY (36U €°>-%3RGPr)ZrCl] (37) and
€ %3-1,2,4-BG'Pr)ZrCi] (38, Schemd 3). While the triphospholyl comple33 proved to be
unstable at room temperature, the diphospholyl analog84 was not. Remarkably, with

complex34, a diphospholyl Ti complex was structurally characterized foritsetime.

Schemel 3. Salt metathesis reactiong polyphospholyl salts and early transition metal halides.

Halogenation Reactions afycloE-Complexes

The reactions of Pand its complexes with have been shown to furnish interesting new
polyphosphorus compounds through P-P bond cleavage and recombination steps, Wignice
this work, the iodination of polyphosphorus complexes other than cBmplexes was
investigated. The reactions of [Cp*He)] (1*) and its Ru analogue [Cp*Req{Ps)] with L gave
unprecedented Rs complexes [Cp*M]" (39a M = Fe;39b: M = Ru) as salts (Schem#4,
top). For M = Fe, also the mixed/II" salt was structurally characterized. Thes Rgand within
these complexes represents the first el triphosphino-cyclotriphosphine. The analogous
reaction with the As complex [Cp*Fef-As)] resulted in the concomitant crystallization of
three compounds: [(Cp*Fe) .>WAG)][Assls] (408, [Fe(CBCN)][Assls] (40b) and
[FE(CHCN}|[Axl14] (40c Scheme 14, bottom left). The cation of compountDa
[(Cp*Fe) ~ .5%A&)])?, is the first dicationic Fe-As triple decker complex and reveame
Fe--Fe bonding interactions as well as paramagnetic behavior. Sinces#iuiton led to the
cleavage of most Fe-As bonds, the iodination of the Ru analogue [CPp¥#&i was also

studied. Thereby, four concomitantly crystallizing products were obtained:
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Schemel4. lodination reactions ofycloB- }u%0 /A& « €5-BJAM = Fe, Ru; E = P, As).

[(Cp*Ru) ~ . 3%AG)[Asslslos (41a), [(Cp*RwAsls] (41b), [(Cp*RwAsils] (41lc and 41d,
Scheme 14, bottom right). Remarkably, with compouiid the series of monocationic triple
decker complexes [(Cl). ~ .>%XE)]* (M = Fe, Ru; E = P, As) was completed. CompéLind
was found to crystallize as a racemic mixture of both enantionmetsle [(Cp*RwAsl4]
crystallized as two structural isomers either with a symmeitc or an unsymmetri¢41d)
Asils middle deck. This middle deck can be interpreted as a uniquanter of {Asl} arsinidene
units. Thus, it could be shown that iodination @fcloE complexes leads to unprecedented
polypnictogen scaffolds.

Encouraged by these results, also chlorination and bromination reactbris® were
investigated. Interestingly,4sRvas found to be set free as an intermediate during reactioris* of
with PG and [W(]. While the main product of the reaction with B&I PG| different crystalline
products of the reaction with [Weg}lwere formed depending on the reaction conditions. Thus,
e]sz & € YRCBHIWCH (42) crystalized or a  co-crystallization  of
[(Cp*Fe) ~ . 3%P[)][W2Ch]- (43) and42took place (SchemEs). Moreover, the Br44) or mixed
Br/l (45) analogues of compoun@9a were obtained by reaction ofi* with CuBs and
[(CpMo)( ... %-P5)] or CuBr and [Mn(th§)(l3)..



Schemél 5. Further halogenation reactions of [Cg* 2-B5)] (1%).
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10.1 Alphabetic List of Abbreviations

A

°C
1D
2D
3D
Ad
a.d.p.
av.
Bn
bp

br (NMR)
"Bu
‘Bu
COSsY
Cp
cp'
Cp"
cg
Cp*
c'e
Cpgn
Cpt
Cpt
Ccv

d (NMR)

o-DCB
o-DFB

VPeSE} uU i9m 1]|fi
degree Celsius
one-dimensional
two-dimensional
three-dimensional
adamantyl, -GHis
atomic displacement parameter
average
benzyl,GHGHs
boiling point
broad
n-butyl
tert-butyl

correlation spectroscopy
cyclopentadienyl 55
1,34di-tert-butylcyclopentadienyl, ££5'Bw,

1,2,4-tristert-butylcyclopentadienyl, EL'Bus

ltert-butyl-3,4-dimethylcyclopentadienyl sbMe'Bue

pentamethylcyclopentadienyls\des

pentakis-4butylphenylcyclopentadienyl,s@-"BuGHa)s

pentabenzylcyclopentadienyls(CHPh)
ethyltetramethylcyclopentadienyl sklesEt
substituted cyclopentadienyl ligand
cyclic voltammetry
distance or day(s)

doublet
chemical shift
ortho-dichlorobenzene

ortho-difluorobenzene
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DFT density functional theory

m-DIB 1,3iisgpropylbenzene

DME 1,2-dimethoxyethane

DMF dimethylformamide

dmso dimethylsulfoxide

DNA deoxyribonucleic acid

dppp bis(diphenylphosphino)propane

E heavier element of the 15th group, E = P, As, Sb, Bi
e electron

El MS electron impact mass spectrometry

en ethylendiamine

EPR electron paramagnetic resonance

ESI MS electron spray ionization mass spectrometry
Et ethyl

FAL falanate, FA{QE.o(GFs)}s

FD MS field desorption ionization mass spectrometry
h hour(s)

HMPA hexamethylphosphoramide

HOMO highest occupied molecular orbital

Hz Hertz

J(NMR) coupling constant

L ligand (specified in text)

O wavelength

LUMO lowest unoccupied molecular orbital

m (NMR) multiplet

M metal

m/z mass to charge ratio

MAS magic angle spinning

max. maximum

Me methyl

Mes mesityl, 2,4,6-trimethylphenyl

MIM mechanically interlocked material



MO

MOF
MOP
NMP
NMR

1/2

OTf

rms

r.t.

s (NMR)
SBB
SBU
SCC
sept (NMR)
s.o.f.

t (NMR)
TEF
THF
THT

trip

vdwW

VE

VT
WCA

molecular orbital
metal-organic framework
metal-organic polyheaoin
N-methyl-Zyrrolidone
nuclear magnetic resonance
half width
triflate, CESQ
phenyl
polyphosphorus
polyoxometallate
parts per million
iso-propyl
quartett
organic substituent
root mean square
room temperature
singlet
supramolecular building block
secondary building unit
supramolecular coordination cage
septet
site occupancy factor
triplet
teflonate, A{OC(GR}4
tetrahydrofurane,s8:0
tetrahydrothiophene, 3%
2,4,6-tritso-propylphenyl
van-der-Waals
valence electrons
various temperatures
weakly coordinating anion

any halide, X = Cl, Br, |
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