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Preface

Some of the presented results have already been published during the preparation of
this work (vide supra). The relevant content is reprinted with permission of the respective
scientific publisher. The corresponding citation and the respective license numbers are
given at the beginning of the particular chapters.

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

To ensure a uniform design of this work, all chapters are subdivided into ‘Introduction’,
‘Results and Discussion’, ‘Conclusion’, ‘References’, and ‘Supporting Information’.
Furthermore, all chapters have the same text settings and the compound numeration
begins anew. Due to different requirements of the journals and different article types, the
presentation of figures for single crystal X-ray structures or the ‘Supporting Information’
may differ. In addition, a general introduction is given at the beginning and a

comprehensive conclusion of all chapters is presented at the end of this thesis.
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1. Introduction

1.1 Weakly coordinating anions

“Non-coordinating anions: Fact or Fiction?” — This question as easy as it sounds is
the topic of several discussions in the scientific community.®23 In the following
paragraphs some basic concepts and famous examples of suitable candidates,
especially the aluminates which are of great importance for this work will be introduced.
Additionally, selected examples of interesting cations which could be stabilized with the
help of these anions will be presented.

While some years ago chemists talked about ‘non-coordinating anions’ when halide
anions were exchanged for small complex anions like [CF3SO3], [BF4]~, [CIO4]~ or [MFe]~
(M =P, As, Sb), it has been shown that these anions can in fact very often coordinate to
unsaturated Lewis acidic centers. Therefore, today the term ‘Weakly Coordinating Anion’
(WCA) is commonly used in the literature. This class of anions is not only found in
fundamental research but has also found its way to applications in polymerization
reactions, catalysis and electrochemistry just to mention a few.!

The perfect ‘non-coordinating anion’ would exhibit no cation-anion interaction. This is
physically impossible, since opposite charges attract each other and the resulting force is

expressed by the Coulomb equation (1).

1 q1qz 1 zyzp-e?

F = = (1)

4mey T2 4mey T2

g1, 02 = point charges, zi1, zz = ionic charges, e = elementary charge, r = distance between charges,
&o = dielectric constant.

The force is dependent on the ionic charges (z: and z;) and it decreases with
increasing distance between the charges (r). This means in order to get the best WCA,
the negative charge should be small (usually —1) and delocalized over as many atoms as
possible. Therefore, the size of the anion is usually large, which increases the distance
between the charges, thus minimizing the Coulomb force. Another concept for WCAs is
the exclusion of any Lewis basic groups on the exterior of the anion. (The anion is only
as weakly coordinating as its most basic site.)® This is often realized by fluorination. The
small and hard fluorine atom is regarded as a very weak Lewis base and its electron

shell can’t be polarized easily.
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Scheme 1. Representation of the WCA classes of carborates (A),
[BArF] anions (B) and teflate-based anions (C).

The first group of anions which will be introduced are borates. The anion [BPh]
which is formally obtained by exchanging the F atoms of [BF4]~ with phenyl groups
represents a well-known anion. However, fluorination or substitution of the Ph groups
results in more stable and better performing WCAs. This group of anions is referred to in
the chemist’s jargon as the [BArf] anions (see Scheme 1 B). Among these, the most
prominent representatives are [B(CsFs)s]~ and [B{3,5-(CF3)2Ce¢Hs}4]. Several salts of
these anions are commercially available and they are widely used. The second group of
WCAs is derived from the anion closo-[CB11Hi2]~ (A). The carborates® are weakly
coordinating and synthetic procedures are known for partially and fully
halogenated derivatives. Although their chemical stability and weakly coordinating nature
seem promising their applications are quite limited due to their multi-step syntheses. The
third group of large WCAs that is mentioned here consists of the teflate-based anions
which can be regarded as derived from the hexafluorometallates in which the F atoms
are substituted by (-OTeFs) groups [M(OTeFs)s]” (C). These anions are known for
M = As, Sb, Bi, Nb. Although it was demonstrated that these anions can stabilize
electrophilic cations like [AsX4]* and [SbX4]* (X = ClI, Br),[" they are not commonly used.

The aluminates [TEF] and [FAI]

The frequent application of the weakly coordinating aluminate anion [A{OC(CF3)s}a]™
(= [TEF]) has been especially promoted by Krossing et al. during the last years.®
The anions [TEF] and [FAI] are easily prepared as their Li* salts starting from Li[AlH4]
and four equivalents of the appropriate fluorinated alcohol RFOH (RF = C(CFs3)s,
CoF10(C6Fs)).B%19 The large [TEF] anion (57 atoms) contains four identical
perfluoro-tert-butoxy groups bound to the central Al atom. The larger [FAI] anion
(86 atoms) contains three bulky alkoxy groups each with an aliphatic and an aromatic
six-membered ring. The fourth coordination site of Al is saturated by a fluoride anion

which is cleaved from the last equivalent of RFOH during the synthesis.
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Monovalent M* salts of [TEF] can be prepared by metathesis reactions
(Ag*,[® Cu*, 1111213 T|* 141 1n*125)) starting from LIi[TEF] or by oxidation of the neat metal by
Ag[TEF] (In*,'® Ga*™). For [FAI], only the Li* and the Ag®" salts have been

prepared so far.l*0

FsC ©
)<CF3
o CF;
FsC
SJ<CF3 ll "R _CFs R |°
~ -~
Fi¢” 0 \\0 cF, 0
N /
FsC CFs O—ng
[TEF] = [A{OC(CF3)3}al [FAI] = [FA{OCgF 1o(CsFs)tal

Scheme 2. Representation of the WCAs [TEF] and [FAI].

The [TEF] anion exhibits a very uniform fluorinated surface and is considered to be
very weakly coordinating and chemically robust. In some exceptional cases it shows
coordination via the O atoms of its tert-butoxy groups or decomposition.#1819 |n most
cases, the [FAI] anion can also be considered as weakly coordinating. However, single
crystal X-ray diffraction analysis revealed, that the [FAI] anion can adopt two different
conformations in the solid state, related to each other by rotation around a C-O single-
bond (see Scheme 3). In its weakly coordinating conformation, the Ph" groups are
shielding the Al-F bond of the [FAI] anion. In contrast, the Cy" groups (-CsF10) can be
arranged in a way that the Al-F bond is exposed and the [FAI] anion was shown to
coordinate to Ag*.'% In addition, the [FAI] anion can be reactive and the Al bound F atom

can be substituted (shown for CI-).%

weakly coordinating coordinating

Scheme 3. lllustration of the weakly coordinating and the coordinating
conformation of the [FAI] anion. All fluorine atoms except the coordinating
one are omitted for clarity.
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Using the [TEF] anion, a variety of reactive electrophilic cations could be stabilized in
solution and structurally characterized in the solid state, like the trigonal planar [Cl3]*.[2!]
In addition, the [TEF] anion also enabled the isolation of the binary phosphorus halide
cations [PX4]*, [P2Xs]" and [PsX2]* (X = Br, 1),?4 the insertion of [NO]* into a P-P bond of
P4 to form [P4NO]*?% as well as the subsequent isolation of the first homopolyatomic
phosphorus cation [Pg]*.?4 The latter could only be stabilized by [TEF] so far, since it
readily reacts with more basic WCAs like [SbFe]~ under fluoride abstraction to form PFs.
The stability of the [TEF] anion can be explained by its super weak basicity and the
exclusive presence of very strong C-F bonds on its exterior.

The weakly coordinating nature of the [TEF] anion also enabled the coordination of
ligands exhibiting very low basicity to Cu*™ and Ag* like Sg,?51%131 P, 112681 and As,,?™l as
well as unsubstituted C,H4*? and C;H,,¥ just to mention a few. Following this approach,
several metastable molecules and coordination of unusual Lewis bases could be
observed in the coordination sphere of monovalent metal cations demonstrated by the
characterization of the complexes [Ag(Ass):]*,?  [Agz(cyclo-Ses)(OS0)4)? 2
[Agz(cyclo-Se2)]?*,%  [Cuz(cyclo-Sei)? %  and [Ag{Fe(CO)s}.]*.BY Recently, the
exceptional coordination behavior of the main group cations In* and Ga* could be
investigated under weakly coordinating conditions with the aid of the [TEF] anion. While
reactions with the bulky phosphane P'Bus lead to carbene analogues complexes
[M(P'Bus)2]*, N-heterocyclic carbenes (NHC) exhibit an unusual tilted coordination in the
complexes [M(NHC),]* (M = Ga, In).[¢32 Recently, it was demonstrated that Ga* shows
disproportionation while In* forms the tri- and tetranuclear clusters [Ins(bipy)s]** and
[In4(bipy)e]** stabilized by metal-metal bonds when reacted with bipy (= 2,2’-bipyridine).
The latter complex exhibits a rhombic structure of four In* cations containing the shortest
In-In' bond described in the literature.®® The previously published reactivity of

monocations towards E, ligand complexes will be described in the following chapter.

Single crystal X-ray diffraction analysis of compounds containing the anion [TEF]

Due to its weakly coordinating nature, the anion [TEF] shows a high tendency to be
disordered. Therefore, the structural characterization by single crystal X-ray diffraction
analysis of its compounds is often challenging. The CFs- as well as whole (CF3)sCO-
groups frequently exhibit rotational disorder by rotation of C—O or C—C bonds. In some
cases even a positional disorder of the whole anion can be observed. During the
refinement of these solid state structures it is common that a series of least-square
restraints has to be applied. Very recently, a new program called DSR (disordered

structure refinement) was developed which performs semi-automatic modeling of
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disordered structures.4 Although it was not used during this work, this will significantly

simplify future structural analyses.

1.2 En ligand complexes — selected examples and their

reactivity

The term E, ligand complexes used throughout this work describes organometallic
complexes containing a limited number n (n = 2, 3, 5, 6) of substituent-free pnictogen
atoms E (E = P, As, Sb, Bi) which are only bonded to other pnictogen atoms or transition
metals.[3>36:37.38.39] |n 1981, Nobel Laureate Roald Hoffmann described that the isolobal
analogy is building bridges between inorganic and organic chemistry.? It implies that
numerous organometallic or inorganic compounds can be related to analogues organic
molecules. In this context, the isolation of the «cyclo-Es complexes
[(Cp*MO0)2(l,n%:n%-E6)] (1) and the cyclo-Es complexes [Cp*Fe(n®-Es)] (E = P, As) by
Scherer et al. during the 1980s can be viewed as a milestone in
inorganic chemistry.[*1424344 The complexes Al, A2, B1 and B2 represent the
all-phosphorus and the all-arsenic analogues of benzene and the cyclopentadienide
anion stabilized in the coordination sphere of transition metal complexes illustrated in
Scheme 4. In the same manner one can explain the relation of the tetrahedrane
complexes D1, D2 and C1-C4 (E = P, As, Sb, Bi) to white phosphorus by exchanging
one or two atoms of the group 15 element P by the isolobal 15 VE complex fragment
[CPM(CO);] (M = Mo, Cr). For the heavier congeners C2-C4, the remaining two P atoms

of C1 are also formally substituted by the heavier group 15 elements As, Sb or Bi.

= . P T

Fe "V —Mo Mo—
/E< >E\ EVE ° /\ // Neo o /\\
E E yd P | s
~= ,@ s <17

E = P(C1), As(C2)
E = P(A1), As(A2)  E = P(B1), As(B2) Sb(C3), Bi(C4) M = Mo(D1), Cr(D2)

Scheme 4. Representation of selected En ligand complexes.

The cyclo-Es complexes Al and A2

While numerous complexes containing cyclo-Es ligands (E = P, As, Sb) have been
described in the literaturel#546:47:4849.505152] the current work is focusing on the ferrocene
analogues sandwich complexes of Fe.5 These complexes [Cp*Fe(n®-Es)] which are

obtained from thermolytic reactionst'42 of [Cp*Fe(CO),], with P4 or As, will be referred



6] 1. Introduction

to as pentaphosphaferrocene (E = P(A1l)) and pentaarsaferrocene (E = As(A2))

throughout this work.

Reactivity of pentaphosphaferrocene vs. pentaarsaferrocene

Although the chemistry of the cyclo-Ps complex Al has been intensely studied during
the last decades, a direct comparison of its reactivity towards the As analog A2 is limited
to three examples. It was shown that both cyclo-Es ligands can act in a bridging
n°:n°-coordination mode resulting in the formation of the 30 VE (valence electron)
triple-decker complexes [Cp*Fe(u,n®:n°-Es)M(CO)s] (M = Cr, Mo) when reacted with
[M(CO)3(MeCN)s] (see Scheme 5 right).5¥ Both cyclo-Es complexes also show similar
n?-coordination by an E-E bond towards the 16VE complex fragments
[Cp*M(CO)] (M = Ir, Rh) (see Scheme 5 left).[!

. =

Fe

E— ,% f
/E"""E"'E ‘[Cp™™M(CO) Fe [M(CO)3(MeCN);3] E--.,EVE
/ EJ nE “M"
"‘E’
M\C-“:: y C/ | \C N
=0 E = P(A1), As(A2) O/ |(|:\ \o
0]

E=P,M=1Ir E=P,M=Cr, Mo
E =As,M=Rh E = As, M =Cr, Mo

Scheme 5. Similar reactivity of the cyclo-Es complexes Al and A2 towards 16 VE and
12 VE complex fragments.

However, when Al and A2 are reacted with Cu' halides, their coordination behavior
differs significantly. During the last decade, Al has been shown to yield an abundance of
one- and two-dimensional coordination polymers.®8571 Additionally, from these reactions
sphericall®85960616263 and capsule-like® supramolecules can be isolated, resembling
the topology of fullerenes with five-membered cyclo-Ps ligands and six-membered
CuzP4 rings illustrated in Scheme 6. The use of Cp ligands with higher steric demand like
Cp®B" (=CsBns)®® and CpB'® (=Cs(4-"Bu-CsHa)s)1®! gave access to even lager and well
soluble related supramolecules.67:686%701 For similar reactions of [Cp*Fe(n®-Ass)] (A2)
with Cu' halides, only the formation of one-dimensional coordination polymers was
observed so far (see Scheme 6). For all Cu' complexes o coordination of Al via the lone
pairs of the P atoms is preferred, while A2 prefers a mdonation via As-As bonds.
Very recently, the reaction of Al with the planar trinuclear macrocycle
[Cu{3,5-(CFs3).Pz}]s (Pz = pyrazolate, [N-.C3H-3,5(CF3).]") was reported, yielding a new
coordination compound in which the cyclo-Ps ligand is bridging two of the three

Cu centers in a n?:n?-coordination mode."" This 1 coordination results in a folding of the
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initially planar Cus macrocycle of 89° across the Cu-Cu axis of the coordinated
Cu atoms. It was shown that the cyclo-Ps ligand simultaneously acts as an electron
donor, as well as an electron acceptor towards Cu in this complex. The electron acceptor
properties of the cyclo-Ps complex Al have been demonstrated extensively by reactions

with anionic nucleophiles.l?

"inorganic fullerenes"

X X X -1 ; . . .
et five-membered rings six-membered rings
-—hS \> \él :
Ai ."'As-f _____ Cu\ \CIU/L_ ) /P\ \ . '
B = Fe v .
/P—g\ —_—
P = P

Cu : .
= N 7 b (¢
R T T 4 \'LI\S P—p R Spe F~p7 Sp-R
72,00, 7 e / SO | P
A7 \ 'As _ 7
- % \X \x , Al "P P‘“ P,P\ /P\R

X =Cl, Br, L =MeCN [(:JU]

A= RN ] 1 1D Dolymers\ 2D polymers

3y :
As m— A P P .
~ ~ H
A = | [ «" i o
~ YU A m— s cl
/| | l | - Ag ‘As = Fe /F‘—P\ Ve /P—P\ P-__P/ \P__p\
| | | 1 -~ A As Cu Cu [Cu) [Cu]—P, | [ P-1-
~ | AS / \ Ny e S’ N\ Pep’
Cu Cu As - As P—R P—R P~ s TP
"’"As / Cl / \ [Cu]
N A2 P P P__ P :
N !
As“ Nwps n F ' "
L Asmmmps | [Cu] = CuX, X =Cl, Br, |

Scheme 6. Reactivity of A1 and A2 towards Cu' halides.

Reactivity of A1 and A2 towards monovalent metal cations

Reactions of A1l and coinage metal cations with small anions like halides, [BF.]~ or
[PFe]- often lead to precipitation of the poorly soluble products,™ which limits
further characterization. Previous results demonstrated, that reacting Al with Ag[TEF]
instead, leads to a well soluble compound which forms a one-dimensional coordination
polymer (see Scheme 7 1V) exhibiting a bridging 1,2,3-n%n'-coordination mode of the
cyclo-Ps ligand in the solid state.¥ Very recently, the reactivity of Al towards ‘naked’
Cu* could be investigated.™ Although the reaction yields a one-dimensional
coordination polymer as well, the connectivity inside the chains differs significantly from
its Ag" analog. While three complexes Al are bridging two Cu* cations in
a 1,2-n%:n*-coordination mode to form a paddle-wheel unit, these units are further
interconnected by one additional complex Al in a bridging 1,3-n':n*-mode
(see Scheme 7 lll). For this compound the exchange of the anion [TEF] for [FAI] does
not significantly change the arrangement in the solid state, but this way a satisfactory
single crystal X-ray diffraction analysis can be performed. Although being polymeric in
nature, these compounds are very well soluble, even in weakly donating solvents like
CHCl, and were characterized in solution. In case of [Cp®'®Fe(n°-Ps)] and Ag[TEF] a
one-dimensional coordination polymer with bridging o-1,3-coordination mode of

the cyclo-Ps ligand is observed in the solid state.[%® Preliminary investigations showed



8| 1. Introduction

that introduction of organic linker molecules to these dynamic coordination compounds
also give access to organometallic-organic hybrid materials containing the cyclo-Ps
complex A1.'8771 Recently, it was also demonstrated that reactions of [CpB"Fe(n°-Ps)]
and Ag* salts containing the small anions [BF]- or [CF;SOs]~ also lead to spherical

supramolecules comparable to their Cu' halide congeners.["®

/ ) E
<, ek
,/ PN M[TEF] e TI[FAI EE, E’E‘
44— r = . E
- E‘\ "_-’E"",-'M/ I \ / ‘F—e— " r'TI ------- II_JI
\ E—E - E—E EL:Cj,E I EE
E’E',' [TEF], E £ N [FAI]
B ‘E_;_EE n E = P(A1), As(A2) \E—E
[M(u,n°:n"-L)3] [ TEF], [TEF] = [A{OC(CF3)3}a]" [TI(n®-L)3]IFAI
L=A1,M=T,In.Ga  CUlTEF] i [FAI=FA{OCEF o(CoFslal 1y AGITEF] L=A1, A2
L=A2, M=TlIn
_ P - _ _
-~ \
P P
\ AN
. P
I:,'__‘F’ _.-'P\-P, "
- \\ C”\‘ T ' D
P/P F’/P [TEFlz, 'T—~P< (TEF,
__-P P p"
- P P p/ _in L ™~ P - _in
[Cug(u,n":n"-A1)3(u.n":n"-A1)][TEF],, [Ag(u.n?:n'-A1),|[TEF],

Scheme 7. Reactivity of the cyclo-Es complexes Al and A2 towards the monovalent cations Ag*, Cu*, TI*,
In* and Ga*.

By using the WCA [TEF], the coordination chemistry of E, ligand complexes could
successfully be extended to the monovalent group 13 cations TI*, In* and Ga*.l’8!
Reactions of TI* and In® with A1 and A2 lead to the formation of isostructural
one-dimensional coordination polymers exhibiting a unique bridging n°:n*-coordination
mode of the cyclo-Es complexes with very weak o interactions (see Scheme 7 [).[7%89
By exchanging the WCA [TEF] for the even larger [FAI] in reactions of Al and A2
with ‘in situ’ generated TI[FAI] it was demonstrated that these coordination polymers can
be separated into isolated [TI(n°-L)s]* (L = A1, A2) complex cations
(see Scheme 7 11).B%71 The first Ga' compound of P, ligand complexes which is
isostructural to its TI' and In' congeners can be obtained from the reaction of Ga* and A1,
while only the formation of a dark precipitate is observed when the cyclo-Ass complex A2

is reacted with Ga*.l8%
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Redox chemistry of Al

The redox chemistry of A1 was studied by electrochemical methods in 1999 showing
both, irreversible one-electron oxidation and reduction.®! In the same publication a
dimerization was proposed for the resulting 17 VE cation (oxidation) and for
the 19 VE anion (reduction), respectively. In 2013, these dimerized products and also the
dianionic doubly reduced A1l [Cp*Fe(n*-Ps)]*>" could be isolated and fully characterized
including their structural determination illustrated in Scheme 8.2 Reduction of the
cyclo-Ps complex Al could also be realized by reactions with divalent lanthanide
complexes leading to mixed d/f-triple-decker complexes®! or reductive
P-P bond formation.4

2_
SCA—\DZ’ [CpFe(n®-Ps)] (A1)
Fe _ _ [ 12+
P—p | * y v 26 w
[ap=P

R 2- Fe
\ ; P / QP\
—PY — - P
R=P"/ R=—F / R / \p-..pfp
p—p P—P P
Fe Fe Fe

Scheme 8. Redox chemistry of Al.

The cyclo-Es complexes B1 and B2

While cyclo-Ps triple-decker complexes are known for Ti, Nb, V, W and Mo, only the
group 6 metal complexes of W and Mo exhibit perfectly hexagonal planar
Pe rings.[858687.8889 Yp to this date the isolation of a cyclo-Ps end deck ligand has not
been reported. The current work is focusing on the Mo triple-decker complex B1 which is
obtained from a thermolytic reaction of [Cp*Mo(CO);]; and P4 in 1% yield after separation
from several side-products described in 1985.1%1 Most probably, due to the low yield as
well as the need for chromatographic workup, no studies of its reactivity were published

during the last 30 years. The analogues cyclo-Ass complex B2 was isolated in 1989.44

The tetrahedrane complexes C1-C4, D1 and D2

The E> complexes C1-C3 are obtained in thermolytic reactions of [CpMo(CO)zs]>
with P, (AsCeHs)s, AssSs, grey As, grey Sb or cyclic [Sb'Bujs.[9091.92.939495]
The cyclo-P; complex D1 is formed in the same reaction with P.. The Bi. complex C4 is
obtained in a two-step reaction (see Scheme 9).1%°7 At first, [Bi{MoCp(CO)s}] is formed
from BICl; and Na[MoCp(CO)s]. Under photolytic activation, this complex releases

[CpMo(CO)s], and CO under formation of the desired tetrahedrane complex C4.
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OC\ /COCO @ @ Q
THE oc—Mo Mo—co
CpMo(CO , \ / %
e Py Q \\ 2c0 \B-/\/B/, eo
| —
OC—Mo C4
@ +2 [CpMo(CONl,

Scheme 9. Synthesis of the Biz complex C4.

Reactions of the P, complex C1 with Cu' halides lead to one-dimensional polymers
exhibiting six-membered Cu.P, rings.8%1%0 Similar reactions of the Sb, complex C3
with CuX lead to dimeric species for X = Cl, Br and also a polymeric compound
for X = 1. When C3 is reacted with Cu[GaCl4] instead, the dicationic complex cation

[Cu(C3)4]?* containing a Cuz-dumbbell is obtained.
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M = Au, [X] = [PFg] m ; ) \
_ N .
[I\?10]-[Mo] [nfo] [M\?] [F\;,'Io] [M\‘\:] ]2+ [Mo] 7 /\
' TICTEF ol
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\ / \ / Il Mo P\ T
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[Tn™™-C1)(n™-CAITEFL, =Gl -CTRITER s

Scheme 10. Reactivity of the P2 complex C1 towards M* cations.

When the P, complex C1 was reacted with coinage metal salts of different WCAs the
formation of the dinuclear complex [Ma(u,n*:n*-C1)2(n?-C1)7]** (M = Cu, Ag, Au)
exhibiting a central six-membered M:Ps ring has been observed regularly
(see Scheme 10 1).1%7 The introduction of organic linker molecules to these
coordination ~ compounds gave also access to  organometallic-organic
hybrid materials.[t0%1021031 The reaction of C1 and TI[TEF] leads to the formation of a
related dinuclear complex [Tlx(u,nt:nt-C1)2(nt-C1)4)** featuring a central six-membered
TI2P4 ring, exhibiting four instead of two terminally bound ligands C1 (see Scheme 10 II).

The analogues In[TEF] salt enables the isolation of an unprecedented tetranuclear
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complex  [Ina(p,n":n*-Cl)s(n*-C1)2]**  exhibitng a weak In-In' interaction
(see Scheme 10 II1).0%!

P—R +
A AT = Vo
co -
p/—p\ F’—F‘\ e co ' / N
AQITEF] 0 Re=pP L wmrer] T, LoRem—=p |
/Ag F’\—;P/]Ag "I— PéT>P - \P/ T _/M_:_t-.n__\P/ |
PP [TEF), ':,_—-P [TEF], p/ /‘
\ N/ LR [TEF],
N p . M = Mo(D1), Cr(D2) \p
L pe= " _In
[Ag(u.n":n"-D1),],[TEF], [Ag(u,n":n'-D1)g][TEF], M, 770" L) [TEF],
culTEF] | Ml L=D1,D2,M'=Tl, In
[TEF] = [A{OC(CF3)3al
2+ p 1+ 2+
PP P
\P/ p F/ }; / PI
4 .-Ry L . N
/N Spu TNy ‘ Koo Sz R
- S R P P
| ; [TEF] 4 [TEF] ' [TEF]
p/—\p 2| p—F PQP 'pI.--\-"F 2
[Cup(.n?:r?-D1)p(n?-D1 )] TEF, [Cu(r*-D1)][TEF] [Cup(u.n?:n'-D2)y(n*-D2),][TEF],
l-a l-b ¢

Scheme 11. Reactivity of the cyclo-P3 complexes D1 and D2 towards the monovalent cations Ag*, In*, TI*
and Cu*.

Reactions of the cyclo-P; complexes D1 or D2 with Ag*, In® or TI* salts of the
WCA [TEF] lead to well soluble compounds showing highly dynamic coordination
behavior in solution, although they form one-dimensional coordination polymers in the
solid state (see Scheme 11 |, II). While Ag[TEF] forms polymers with D1 in different
molar ratios (2:1 and 3:1), reactions of the group 13 cations In* and TI* exclusively yield
four isostructural polymers with a molar ratio of 3:1 (see Scheme 11 II).
The cyclo-P3 ligand D1 exhibits a bridging o-1,2-coordination mode in both
Ag* compounds, while for In* and TI" in contrast, D1 and D2 show a mixed o and
1T coordination inside the one-dimensional coordination polymers.:°¥ Very recently, our
group could also investigate reactions of the cyclo-P; complexes D1 and D2 towards
‘naked’ Cu* with the help of the WCA [TEF] (see Scheme 11 Il1).[”® Although the formed
compounds are well soluble and show a similar highly dynamic coordination behavior in
solution like their Ag* analogs, the determined solid state structures differ significantly
from the Ag* containing coordination polymers. In case of the cyclo-P; complex D1 the
formation of the dinuclear complex lll-a and also the mononuclear complex lll-b
is observed. By adjusting the molar ratios of the reactants with an excess of D1 or Cu*
respectively, lll-a or lll-b can be obtained selectively as the only product. In contrast, the
reaction of D2 and Cu* always leads to the dinuclear complex lll-c regardless of the
used ratios. The complexes lll-a and lll-c are closely related. However, in lll-a the

cyclo-Ps complex D1 is bridging the two Cu* cations in a n%n?-coordination mode, while
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in lll-c the cyclo-P; complex D2 exhibits a n?n'-coordination mode. Interestingly, the
arrangements of the cyclo-P; complexes and the metal cations found for the
complexes lll-a - Ill-c in the solid state are predicted to be present in solution of the
related Ag® complexes by DFT methods (density functional theory). Therefore, these
structures are proposed to be snapshots of species present in solution of the related Ag*

complexes.

1.3 Trimeric (perfluoro-ortho-phenylene)mercury — an unusual

Lewis acid

The first organomercurials were prepared by Frankland et al. more than
150 years ago.[%1%1 Although, their chemistry is extensively studied and they are less
sensitive to air and moisture than most organometallic reagents, their applications have
been drastically reduced due to their high toxicity.*°"1% This work includes the
investigation of trimeric (perfluoro-ortho-phenylene)mercury. The chemistry of this
unusual Lewis acid has been the topic of two review articles.[*%11% This planar trinuclear
organomercurial is obtained in a very simple two-step decarboxylation of
Hg'(tetrafluorophtalate) illustrated in Scheme 12.1'1 While the first decarboxylation
yields a supposed trimeric or polymeric compound, the second decarboxylation results
exclusively in the formation of the desired trinuclear Lewis acid which is obtained in
analytical purity upon sublimation under constantly reduced pressure at ~300 °C.

R F R F
F o 12 F FQHQ%}F
F o F. Hg o
0 o2 220°C 300°C F Mg HG F
E (0] —COQ F ] _COZ
F F
F F
[ 1 (E)

F O F (@] X
(0-HgCgF4)3

Scheme 12. Two-step decarboxylation of Hg'(tetrafluorophtalate).

Due to its planar geometry this molecule contains three sterically accessible mercury
centers, whose naturally low Lewis acidity is significantly increased by the fluorinated
molecular backbone. DFT calculations show that the lowest unoccupied molecular orbital
(LUMO) of [(0-HgCeFa)s] (E) is situated in the center of the molecule with large
contributions (44%) of the 6p orbitals of the Hg atoms.*? In agreement with the position
of the LUMO, E forms weak Lewis acid/base adducts with a variety of O, N and
S donors as well as anions which simultaneously interact with all three Hg atoms

(see Scheme 13 ).113110.1141 However, these interactions are very weak and the high
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energy of the LUMO (HOMO-LUMO gap ~3.357 eV) renders a population by electron
donation of the Lewis base uncertain in these adducts. In accordance with this, no

electrochemical reduction of E is observed in the solvent window of THF.!112]

FQHQ%}Z \Q\/J/ T G @

@ =P O =Lewis base

F F
e /o/-\::\
[(0-HGC,F,)d] (E) /D/\O\
O Cﬁ7 @Mo Mo@

Lewis acid/base adduct double-sandwich complexes  super-sandwich structure
M = Fe, Ni

Scheme 13. Reactivity of [(0-HgCsFs)s] (E) forming Lewis acid/base
adducts (1), double-sandwich complexes with metallocenes Cp2M (ll) and
super-sandwich compounds with [(CpMo)2(i,1%:n8-Ps)] (111).

Although these weak adducts may only arise from electrostatic and dispersion forces
one can for example record a significant decrease (33 cm™) of the CO stretching
frequency in the IR spectrum of the acetone adduct [Ee(acetone)] compared to
neat acetone.® Some additional evidence for the good interaction with organic
carbonyls is the quantitative shift of the keto-enol-equilibrium of acetylacetone to the less
stable keto form in the crystal lattice formed from CH.Cl, solution by simultaneous
bonding to two molecules of E.® The bonding between Lewis bases and E is
significantly strengthened by cooperative effects arising from three simultaneous
interactions with the Hg centers. In addition, E readily builds up alternating binary stacks
with aromatic hydrocarbons.[17:118.119.1201 By the formation of adducts with coranulenes it
could be shown that this interaction of the mercury Lewis acid is not strictly limited to
planar hydrocarbons.? Finally, it was demonstrated that E forms double-sandwich
complexes featuring Hg---Cp interactions when reacted with the metallocenes Cp:Fe
and CpzNi (see Scheme 13 11).?? During the last years this chemistry was successfully
extended to polyphosphorus complexes. It was proven that despite of their noted
weakness, only P---Hg interactions are observed instead of potential
Hg---Cp interactions in the reactions of E and the cyclo-Ps triple-decker complex
[(CpMO0)2(,n®:n8-Ps)] (Scheme 13 111).:%1 A very recent study of the four structurally
characterized polymorphs*? of E claims that the solid state structures are mainly

stabilized by Hg---C, C---C, F---C and Hg---F interactions, while the contribution of
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mercuriophilic and F---F interactions can be neglected.*? Similar observations are
reported for adducts of E.

In addition to its chemical reactivity, the trinuclear Lewis acid E and its hydrogen
substituted analog®?®! [(0-HgCsH4)s] were investigated in a joint research project by
atomic force microscopy and scanning tunneling microscopy adsorbed on a clean
Cu(111) surface by Florian Albrecht under the supervision of Jascha Repp of the surface
physics department of the University of Regensburg.?”]
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2 Research objectives

Coordination chemistry

The current work is focusing on the reactivity of E, ligand complexes under weakly
coordinating conditions. The coordination chemistry of E, ligand complexes towards
monovalent cations should be investigated regarding the nature of the pnictogen atom
(P or As) and the impact of the used anions on the assemblies in the solid state.

Therefore, the following objectives arise:

e Synthesis of new M* salts containing the WCA [FAI]
e Investigation of the coordination chemistry of [Cp*Fe(n®-Es)]

(E =P, As)
¢ Investigation of the coordination chemistry of [{CpMo(CO)z}2(1,n%:n*-E2)]
(E =P, As)

e Comparison of the complexes containing [TEF] or [FAI] as the anion
¢ Investigation of the coordination chemistry of [(Cp*Mo)2(l1,n%:n%-Ps)]

Oxidation chemistry

The oxidation chemistry of selected E, ligand complexes will be investigated under
weakly coordinating conditions. In order to accomplish this goal the following steps will

be taken:

e Synthesis of new oxidizing agents containing the WCAs [TEF] and [FAI]

e Synthesis and characterization of the single-electron oxidation products of the
cyclo-Es complexes [(CpRMo)2(u,n°:nt-Es)]
(E = P, CpR = Cp, Cp*, C5(CH2Ph)s; E = As, CpR = Cp*)

e Selective synthesis and characterization of the single-electron oxidation product
of [{CpMo(CO)z}a(1,n*n*-P2)]

Reactivity of pre-assemble Cu' building blocks towards En ligand complexes

During this work the coordination chemistry of E, ligand complexes towards trinuclear
Cu' complexes will be investigated in close collaboration with Dr. Christophe Lescop
(Université de Rennes 1). The work on this topic focusses on the complexes
[Cus(p-X)2(p-dpmp)2]” (X = Cl, Br, 1) stabilized by the polyphosphine ligand
bis(diphenylphosphinomethyl)phenylphosphine (dpmp). An introduction on this subject is
presented at the beginning of the respective chapters. For the systematic investigation of

this chemistry the following challenges arise:
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¢ Development of an improved synthesis of the parent trinuclear Cu' complexes
[CusX2]* based on self-assembly

e Structural characterization of the pre-assemble [CuzX2]*" building blocks in the
solid state

e Synthesis of reactive [CusXz]* building blocks containing vacant coordination sites

e NMR characterization of the [CusX2]* building blocks at variable temperatures

¢ Investigation of the reactivity towards a variety E, ligand complexes

e Structural characterization of the obtained products in the solid state

Reactivity of E, ligand complexes towards the unusual Lewis acid [(0-CsFsHQ)3]

During this work the chemistry of E, ligand complexes towards the trinuclear Lewis
acid (perfluoro-ortho-phenylene)mercury should be investigated in collaboration with the
group of Prof. Dr. Francois Gabbai (Texas A&M University). Previous reports from this
group demonstrated the isolation of the first adducts of phosphorus based Lewis bases
with this unusual Lewis acid. In order to extend this chemistry based on weak

interactions, the following topics have to be investigated:

e Comparison of the interaction with the planar cyclo-Es ligands of the sandwich
complexes [Cp*Fe(n°-Es)]
(E =P, As)

e Reaction with the cyclo-P3 ligand [CpMo(CO)2(n3-P3)]

e Synthesis and comparison of the products obtained from reactions with the
tetrahedrane complexes [{CpMo(CO)2}2(W,n%:n?*-E>)]
(E = P, As, Sb, Bi)

Proceedings of this thesis

In chapter 3 the oxidation and coordination chemistry of the cyclo-Ps complex
[(Cp*Mo0)2(u,n®:n®-Ps)] is presented. Chapter 4 focusses on the coordination chemistry of
the cyclo-Es complexes [Cp*Fe(n°-Es)] (E = P, As) towards Ag*. The oxidation and
characterization of the tetrahedrane complex [{CpMo(CO)2}2(1,n%:n?-P,)] is reported in
chapter 5. The following chapter 6 presents a comparative study of the single-electron
oxidation of several cyclo-Es triple-decker complexes [(CpRMo)2(u,n%:n%-Es)] and other
En ligand complexes. The coordination chemistry of E, ligand complexes towards
pre-assembled trinuclear Cu' complexes is discussed in chapter 7 and 8. Chapter 9 and
10 describe the investigations of the reactivity of E, ligand complexes towards the
unusual trinuclear Lewis acid [(0-CeFsHQ)s]. Finally, chapter 11 contains the thesis
treasury and describes additional results which were obtained during the preparation of

this work.
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3 Redox and coordination behavior of the
hexaphosphabenzene [(Cp*Mo)2(u,n®:n%-Ps)] towards
the “naked” cations Cu*, Ag* and TI*

Abstract: Though the cyclo-Ps complex [(Cp*Mo)2(1,n%:n%-Pe)] (1) was
reported 30 years ago, little is known about its chemistry. Herein, we report a
high-yield synthesis of 1, the complex 2, containing an unprecedented
cyclo-Pyo ligand and the reactivity of 1 towards the ‘naked’ cations Cu*, Ag*
and TI*. Besides the formation of the single oxidation products 3a,b showing
a bis-allylic distorted cyclo-Ps middle-deck the [M(1).]* complexes are
described showing distorted square planar (M = Cu(4a), Ag(4b)) or distorted
tetrahedral coordinated (M = Cu(5)) M* cations. The used solvents enable
the control of the reaction outcome for Cu* proved by powder XRD and
supported by DFT calculations. The reaction with TI* affords a layered
two-dimensional coordination network in the solid state.

3.1 Introduction

In 1981, Nobel Laureate Roald Hoffmann described how the isolobal analogy was
building bridges between inorganic and organic chemistry.™! In this context,
the isolation of the all-phosphorus analog of one of the most prominent organic
molecules — benzene — stabilized in the complex [(Cp*Mo)2(l,n%:n®-Pg)] (1) in 1985 by
Scherer et al. can be viewed as a milestone in inorganic chemistry.?
Cyclo-Ps triple-decker complexes have also been described for Ti, V, Nb and W.[E456.7]
Over the last decade, isolation of inorganic supramolecules resembling fullerenes,® ° 10
was realized by coordination of the cyclo-Ps complexes [CpRFe(n°-Ps)] to Cu' halides.
Intrigued by the idea to interconnect cyclo-Ps complexes 1 to build up a supramolecular
inorganic analog of graphene, we decided to investigate the coordination chemistry of 1.
The described yield of 1 after separation from several other products was only 1%, which
is probably the reason why no studies on the reactivity of 1 had been carried out over the

last 30 years.
3.2 Results and Discussion

Increasing the reaction temperature of the thermolysis of [Cp*Mo(CO)2s]. with P4 to
approximately 205 °C in boiling di-isopropylbenzene gives 1 in analytically pure form in

an astonishing 64% vyield. Additionally, a novel phosphorus rich complex



24| 3. Chemistry of Hexaphosphabenzene

[(Cp*MO0)2(u-P10)] (2) is obtained in trace amounts in crystalline form during the
isolation of 1.'Y The reaction energy calculated by DFT for the reaction 2 2> 1 + P4
(AE = —19.6 kJ mol™?) shows that 1 is the thermodynamic product.!? The molecular
structure of 2 (Figure 1) displays a strongly folded cyclo-P1o ligand that has four shorter
bonds between P1-P2 and P4-P5 with 2.140(2) A, while the remaining P-P bonds are
longer with an average length of 2.2 A. Therefore, an adequate description of the
complex 2 would be a formal cyclo-decaphospha-tetraene-diide dianionic P10 ligand

(Figure 1 c) stabilized by two [Cp*Mo]* fragments.

Figure 1. a) Molecular structure of complex 2. C atoms are depicted as small spheres
and H atoms are omitted for clarity. Thermal ellipsoids are drawn at 50% probability.
Selected bond lengths [A]: Mo1-P3 2.4965(15), Mo1-P3’ 2.5109(12), b) lllustration of
the cyclo-P1o ligand of 2. c) lllustration of P1o?.

The polyphosphido ligand binds to each Mo center via a n%:n?> mode of the P-P double
bonds and by additional n* coordination of P3 and P3’. This suggests an oxidation state
of +2 for Mo. The Mo-Mo distance of 3.7018(8) A is too long for any
metal-metal interaction. DFT calculations show that Mo engages in a bonding interaction
to P3 above as well as to its symmetry equivalent P3’ atom through the phosphorus ring
with Wiberg bonding indexes (WBI) of 0.70 and 0.76, respectively. The intramolecular
P-P distances P2-P4, P3-P1’ and P3-P5’ are below the sum of the van der Waals radii
(~3.13-3.17 A). The respective WBIs of 0.05 and 0.06 indicate no bonding interactions.
The molecular ion peak for [2]" at m/z = 772.0 (g mol™) was clearly identified next to the
peak for [1]* at 647.9 (g mol™) in the EI-MS.

There is a substantial variety of polyphosphorus frameworks containing up to
24 P atoms™® described in the literature that are stabilized as zintl anions,*
by main group substituents,>¢ or in the coordination sphere of transition metals.*”8l

The unprecedented P1¢>" ligand of 2 represents the largest polyphosphorus cycle known
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so far. The isolobal dianion CioHi0>~ has been exclusively studied by
theoretical methods.*%

In addition to characterizing complex 2, we were able to study the reactivity of 1 in
detail and initiated these studies with reaction of 1 with M* salts (M = Ag, Cu) of the
weakly coordinating anion (WCA) [A{OC(CFs)s}s” (=[TEF]).2%2%22 When a CHCl,
solution of Ag[TEF] or Cu[TEF] is added to a CH.Cl. solution of 1 oxidation takes place
which can easily be followed by an immediate color change from light brown to dark teal
and the formation of a metal mirror or black precipitate (see Scheme 1). The cyclic
voltammogram of 1 shows a reversible oxidation at —0.24 V vs Cp.Fe%* while the second
oxidation at ~ +0.59 V is irreversible.”®! The *H NMR spectrum of the paramagnetic
complex 3a in CD:Cl, shows one broad singlet (w1, =16 Hz) at 4.08 ppm, while no
signal can be resolved in the 3P NMR spectrum between —1200 and +1200 ppm.
The ®F NMR spectrum shows the presence of the WCA [TEF]. The X-band
EPR spectrum of [1]* shows no signal at room temperature but upon cooling to 77 K, one
broad signal can be resolved without any hyperfine coupling at gisoc = 2.024 (solid state)
or giso = 2.019 (CD2Cl,).?4 The magnetic moment of 3a (Mt = 1.67 Hs) was determined
by the Evans NMR method, which is consistent with one unpaired electron.?* In the
ESI mass spectrum a peak assignable to [1]* is detected. The dark teal crystals of 3a
were not suitable for an X-ray structure analysis.?! By exchanging the anion [TEF] for
another WCA [FAI{OC¢F10(CesFs)}s]~ (=[FAI]),?® we were able to determine the crystal
structure of the oxidized Ps complex 3b (Figure 2).

— —/ ®
Mo Mo
p-Mo p p P
/ N CH,Cl, s N
+ X
P\QP b oM —— 22 P\PC >P(P []+Ml
Mo Mo
1 L _
M = Ag, [X] = [TEF], [FAI] 3a: [X] = [TEF]
M = Cu. [X] = [TEF] 3b: [X] = [FAI]

Scheme 1. Oxidation of 1 by M* salts.

The structure of 3b shows that the triple-decker geometry is retained during the
one-electron oxidation of 1. The Mo-Mo’ bond length of the cation [1]" is almost identical
with 2.6617(4) A compared to 2.6463(3) A of 1.2% The P-P bond lengths on the other
hand are strongly affected by the oxidation. While the bonds P1-P1’ and P3-P3’ are

elongated, the remaining P-P bonds are shortened compared to the P-P bond average
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of ~2.183 A of the starting material. Therefore, the middle-deck of [1]* can best be
described as a bis-allylic distorted cyclo-Ps ligand. DFT calculations show that this
distortion is due to depopulation of the P-P bonding orbitals in the oxidized

complex cation [1]*.[24

2.2477016)  P3

Figure 2. a) Molecular structure of the cation [1]* in 3b.28] Thermal ellipsoids are drawn
at 50% probability. Carbon atoms are depicted as small spheres, H atoms are omitted
for clarity. Mo1-Mo1‘ 2.6617(4) A. b) bis-allylic distorted cyclo-Ps ligand.

' ™
P—PR, . Mo z
7\ PN p—R-- M -p—p
R P =P P TI*TEF] / N\ N/ \
\\_/s 5 —_——— | p PP o |[TEFI,
P—P Mo \\—"/ N/
@ P—p =
n
L 1
6
M*[TEF] toluene/
CHCl,
P~
P _P—_ Cu*[TEF] | P P
P P e ~P |[TEF] | > ‘:P SR |mEr
P"-rp P-....P,,.P toluene P\P/P PSp r’P
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Scheme 2. Reactivity of 1 towards the cations Cu* and TI*.

To avoid oxidation of 1 by the M*[TEF] salts, we reduced the redox potential of the
cations by addition of toluene. While constantly obtaining a mixture of the dark teal
oxidation (3a) and bright orange coordination product (4b) for Ag, we were able to
completely avoid the oxidation and only obtain bright orange 4a for Cu (Scheme 2).
The 3!P{*H} NMR spectrum of 4a in CD.Cl, shows a broad singlet at —290.4 ppm
(w, = 126 Hz) at room temperature, which is shifted 24 ppm to lower field

compared to 1. At 193 K, the signal gets sharper (ww= 71 Hz) and moves slightly
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to —293.4 ppm, but no splitting of this singlet could be resolved. The 3P{*H} MAS NMR
spectrum (293 K, f= 30kHz) shows only one broad singlet at —288.8 ppm
(wy, = 937 Hz). The solution NMR characterization of crystalline 4b proved to be
challenging due to low solubility in CD2Cl, and fast decomposition. Nevertheless, a broad
signal (w12 = 155 Hz) at —294.0 ppm could be resolved in the **P{1H} NMR spectrum
at 253 K when warming a crystalline sample in CD,Cl,. This suggests a highly dynamic

coordination behavior of 1 towards Cu* and Ag™.

experimental experimental

theoretical { theoretical |

40 6.0 8.0 10.0 120 14.0 16.0 18.0 2Theta T a0 6o 80 10,0 120 140 16.0 180 2Theta

Figure 3. Solid state structure of the cations of 4a (M = Cu), 4b (M = Ag) a) and the cation of 5 b).
Thermal ellipsoids are drawn at 50% probability. Selected bond lengths [A]: 4a: Cul-P1 2.4354(12), Cul-P2
2.3927(12), P1-P2 2.2694(16); 4b: Agl-P1 2.5793(10), Agl-P2 2.6196(10), P1-P2 2.2915(14); 5: Cul-P1
2.3546(16), Cul-P2 2.3343(16), Cul-P7 2.3483(16), Cul-P8 2.3383(16), P1-P2 2.286(2), P7-P8 2.2876(19).
Angle between the planes P1P2Cul and P7P8Cul 93.5° C atoms are depicted as small spheres and
H atoms are omitted for clarity. XRD pattern (positive intensities: measured, negative intensities: simulated)
of 4a ¢) and 5 d) (measured diagram of 5 is background corrected). * peaks arising from unknown impurities.

Single crystal X-ray analysis reveals that 4a and 4b are isostructural showing a
distorted square planar coordination environment around the central cation by two
side-on coordinating P-P bonds shown in Figure 3a). The Ag-P distances of 4b (~2.6 A)
are shorter than the Ag-P distances observed of n?-coordination by [Cp*Fe(n°-Ps)]
(~2.8 A7 or [Cp*Mo(CO)2(n*-P3)] (~2.7 A)?8l. The Cu-P distances of 4a (~2.4 A) are a
little longer than for the n?-coordination by [Cp2Moz(u,n%n>P2)] (~2.35 A) but can be
compared well to [CpMo(CO)2(n®-P3)] (~2.4 A).?) The P-P bonds are elongated
with 2.2694(16) A (4a) and 2.2915(14) A (4b) upon coordination while the remaining
P-P bonds are not affected. Examination of the crystal packing reveals that 4a and 4b

are layered compounds crystallizing in the monaoclinic space group C2/c with alternating
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negatively charged layers of the [TEF] anions and positively charged layers of isolated
[M(1)2]* complexes.?!! The layers lie inside the bc-plane and alternate along the a-axis
(see Figure 4a) + c)). When CU[TEF] is allowed to react with 1 in pure toluene the
solution shows the bright orange color of the complex cation [Cu(1).]*. To our surprise,
analysis of crystals of 5 from this solution reveals a distorted tetrahedral coordination
environment around Cu (Figure 3b). The resulting Cu-P distances of 5 are somewhat
shorter than their counterparts in 4a, while the coordinating P-P bonds are a little longer.
This can be explained by less steric crowding of the tetrahedral coordination geometry
around Cu in 5.

To gain further insight into the equilibrium between ‘tetrahedral’ and ‘square planar’
coordination of 1 towards Cu* and Ag* DFT -calculations were performed for
different media. The results are presented in Table 1 and show that the enthalpy for the
isomerization tetrahedral - square planar is positive for both metals, which means that
the tetrahedral coordination should be favored. When the entropy is taken into account
by calculating the Gibbs energy, small positive values for Cu* and larger, but negative,
values for Ag* are observed. This means that for Cu* the tetrahedral geometry is
predominant, but a significant percentage of the complexes adopt a square planar
geometry in solution. For Ag®*, the equilibrium is significantly shifted to the right side
(~98% for CH.Cl, solution), which is probably the reason a tetrahedral coordination of 1
and Ag* was not yet observed. With the help of powder XRD analysis, shown in
Figure 3 ¢) + d), we were able to prove that we can isolate the cation [Cu(1).]* selectively
either as its tetrahedral isomer in 5 or as its square planar isomer in 4a.

Table 1. Standard enthalpies AH%9s and Gibbs energies AG®29s (kJ mol?), standard entropies AS°2es

(3 mol*KY) and equilibrium constants Kags for the isomerization process tetrahedral - square planar
in different media.

metal medium AH%98 AS%298 AG®298 K2os
gas phase 225 57.5 5.34 0.12

Cu toluene 20.7 57.5 3.55 0.24
CH2Cl2 19.5 57.5 2.39 0.38

gas phase 8.3 43.9 -4.8 7.0

Ag toluene 4.8 43.9 -8.3 28.3
CH2Cl2 3.0 43.9 -10.1 59.1

Although 4a and 4b can be described as consisting of alternating layers, the [M(1)2]"
(M = Cu, Ag) cations as well as the [TEF] anions do not form a two-dimensional network.
Prior studies have demonstrated the possibility to obtain an abundance of coordination
compounds from TI* and polyphosphorus and -arsenic ligands; therefore, we reacted 1
with TI[TEF].B%3132 When TI[TEF] is added to a CH.Cl, solution of 1 an immediate color

change occurs from light brown (1) to the deep red color of compound 6. No signal can
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be resolved in the 3P{*H} NMR spectrum of 6 in CD,Cl, solution at room temperature.
Upon cooling to 193 K, a very broad signal (w12= 1303 Hz) appears at —305.5 ppm,
shifted ~8 ppm to lower field compared with 1. The 3!P{*H} MAS NMR spectrum of 6
at 293 K (f = 27 kHz) shows one broad singlet at —291.1 ppm (w12 = 1530 Hz) while
at 343K (f = 25kHz) two broad signals at —289.6 (w12 = 300 Hz) and at —309.2
(w12 = 260 Hz) can be resolved in a ratio of about 1:12.24 Elemental analysis is
consistent with a molar ratio of 2:1 of the P¢ complex 1 to TI*, while the crystal structure
reveals a trigonal pyramidal coordination of TI* by three side-on coordinating P-P bonds
of the cyclo-Pe ligands (Figure 5).

7
/
-

’ o
R AP cationic - =7, - °° - 589 - 559
R, — °‘§,’o o, TSR, T2, T
. ,,":r' *

Figure 4. Cationic layers inside the bc-plane of 4b a) and 6 b). TI* positions (light and dark) in b) are half-
occupied. For a) and b) anions, C and H atoms are omitted for clarity. c) + d) lllustration of the crystal
packing of 4b c¢) and 6 d) with viewing direction along the b-axis showing the alternation of cationic and
anionic layers along the a-axis. The Pe planes include a tilt angle of 16.3° (4a), 16.3° (4b) and 13.8° (6) to
the bc-plane.

The P-P bonds P1-P2 and P8-P9 show shorter and uniform TI-P distances
of 3.2-3.3 A, which are shorter than the TI-P distances observed for the n°-coordination
of [Cp*Fe(n®-Ps)] towards TI* (~3.5-3.9 A).B%3U This coordination results in a slight
elongation of these P-P bonds to about 2.22 A while the third molecule of 1 (P5-P6’)
shows an unsymmetrical coordination with long TI-P distances of ~3.42 and 3.69 A and
no P-P bond elongation.
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Figure 5. Coordination environment of TI* in 6. Ellipsoids are drawn at 50%
probability. Cp* ligands are omitted. Sum of coordination angles = 343.5°.

Although the environment of TI* in 6 is distinctly different from Cu* and Ag* in 4a and
4b, their structures are related.®®. In Figure 4a) the isolated [M(1).]+ complex cations are
shown for 4a and 4b, and in Figure 4b), the two-dimensional coordination network that
propagates inside the bc-plane of 6 is displayed. The green and orange ellipses are
directly corresponding to each other. Please note, that the Tl cations depicted in light
blue and dark grey are symmetry equivalent positions and only half-occupied. Indeed,
there is a statistical distribution of the TI* cations inside the two-dimensional coordination
network with the restriction that one of the ellipses can only be occupied by
one TI* cation. Herein structural similarities to graphene-like structures can be observed.
Figure 4c) and d) illustrate the equal crystal packing with alternating positively charged
‘coordination’ layers and negatively charged ‘anion’ layers when going along the

crystallographic a-axis.
3.3 Conclusion

In summary, we have presented a facile synthesis of the cyclo-Ps complex 1 which
enabled us to study its reactivity for the first time. Additionally, the by-product
[(Cp*Mo0)2(U-P10)] (2) containing the largest known cyclic polyphosphorus ligand has
been structurally characterized. We have demonstrated that the bis-allylic distortion of
the cyclo-Ps middle-deck occurs upon one-electron oxidation of 1. By reacting 1 with
Cu*, Ag™ and TI* salts of the WCA [TEF], the highly dynamic coordination behavior of the
cations was monitored in solution. The product distribution of the reaction of 1 with Cu*
can be controlled by changing the solvent and, surprisingly, two isomers with distorted
square planar or distorted tetrahedral coordination geometry at Cu* were selectively

obtained. The results demonstrate further the potential of the cyclo-Ps complex 1 to act
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as a multidentate ligand in supramolecular chemistry for the formation of layered

coordination compounds (4a, 4b and 6). While Cu* and Ag* (4a, 4b) form layered

structures with isolated [M(1).]* complex cations, TI* shows further interconnection of the

cyclo-Ps ligands to form an extended 2D network that can be regarded as a

supramolecular analog of graphene.
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3.5 Supporting Information

General information

All experiments were performed under an atmosphere of dry argon or nitrogen using standard
Schlenk and drybox techniques. Commercially available reagents were used as received without
further purification. Solvents were freshly distilled under nitrogen from CaHz (CH2Clz, CD2Cl,
CH3CN ,CD3CN), Na (toluene) or Na/K-alloy (n-pentane, n-hexane). Solution NMR spectra were
recorded on a Bruker Avance 400 spectrometer (*H: 400.130 MHz, 3P: 161.976 MHz,
13C: 100.613 MHz). The chemical shifts 6 are presented in parts per million ppm and coupling
constants J in Hz. The following samples were used for external reference: TMS (*H, 13C), CFCls
(*°F), HsPO4 85 % (3'P). 31P{*H} MAS NMR spectra were recorded on a Bruker Avance 300 (3!P:
121.495 MHz) by Dr. Christian Gréger of the Physics department of the University of Regensburg.
The chemical shifts of the MAS NMR spectra are also presented in the 0 scale using NaH2PO4 as
an external standard. X-Band EPR spectra were recorded on a MiniScope MS400 device from
Magnettech GmbH with a frequency of 9.5 GHz equipped with a rectangular resonator TE102.
ESI-MS spectra were measured on a Finnigan Thermoquest TSQ 7000 mass-spectrometer.
EI-MS spectra were recorded on a Finnigan MAT 95 mass spectrometer .IR spectra were
recorded on a VARIAN FTS-800 FT-IR spectrometer in CH2Clz solution or the solid substances
were grinded together with dried KBr and pressed to pellets. The starting materials
[Cp*Mo(CO)2]2,[11 Ag[TEF],@ Ag[FAI],B! [Cu(o-DFB)2][TEF]* (o-DFB = ortho-difluorobenzene),
TI[TEF]®! were prepared according to the literature procedure.

Syntheses of described compounds

Synthesis of [(Cp*Mo0)2(u,n%:n%-Ps)] (1) and [(Cp*Mo)2(U-P10)] (2): The synthesis of 1 was reported
in the literature with 1% vyield after chromatographic work up.l! During this investigation we
developed a new high yield synthesis that is described below.

[Cp*Mo(CO)2]2 1.94 g (3.38 mmol, leq.) and P4 1.96 g (15.8 mmol, 3.1eq.) are dissolved in
100 mL of diisopropylbenzene (DIB) and heated to reflux. IR spectroscopy showed the
disappearance of any CO stretching bands after 90 minutes. (Complex 1 is thermally stable.
Therefore, a reaction time of 24 h reflux gives similar results.) The heating was removed and the
reaction was slowly cooled down to room temperature whereby a light brown solid precipitated
from the solution. The crude product (1.88 g) was filtered off, washed with n-pentane (3 x 30 mL)
and dried in vacuum. Recrystallization from warm CH2Cl. affords 1 as medium brown crystals.
Yield: 1.88 g (crude), 1.41 g (64%, pure). 'H NMR (CD2Clz2) d/ppm = 0.56 (s; CsMes); 31P{1H}-
NMR (CD2Cl2) &/ppm = -314.3 (s). Anal. calcd. for Cz0HsoMo2Ps: C, 37.06; H, 4.67. Found:
C, 37.00; H, 4.83.

After recrystallization of 1 from CH2Clz, we were able to identify very few tiny dark red crystals
adhered to large crystals of 1. Single crystal X-ray analysis revealed the molecular structure of
[(Cp*MO0)2(p-P10)] (2). Unfortunately, we were not able to isolate enough of this compound for
NMR characterization. Yield: very few crystals (not determinable ~ below 0.1%) EI-MS (CH2Cl)
m/q (%) = 647.9 (100) [(Cp*Mo0)2Ps]*, 772.0 (5) [(Cp*M0)2P10]*.

Synthesis of [(Cp*Mo)2(u,n%:n8-Pe)I[TEF] (3a): The cyclo-Ps ligand complex 1 is easily oxidized by
Ag* or Cu* in pure CH2Cl2.

Method 1: A mixture of AG[AKOC(CF3)s}4]*CH2Cl> (135 mg, 0.12 mmol), [(Cp*Mo0)2(,n%:n-Ps)] (1)
(75 mg, 0.12 mmol) and CH2Cl2 (20 mL) was stirred for 72 h at room temperature in the dark. The
dark teal solution was filtered over diatomaceous earth, which was subsequently washed with
CH2Cl2 (2 x 2 ml), and the combined filtrate and washings were concentrated to about one fifth of
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the original volume (~5 mL). The concentrated solution was carefully layered with n-pentane
(5 mL) and stored in a freezer (-28 °C). Compound 3a can be isolated as dark teal plates. Yield
160 mg (86%).

Method 2: [Cu(o-DFB)2][TEF] (50 mg; 1 eq., 0.04 mmol) and [(Cp*Mo0)2(i,n%:n%-Ps)] (1) (26 mg,
leq., 0.04 mmol) were weighed together as solids. The addition of CH2Cl2 (~ 10 mL) lead to an
immediate color change from brown to a dark teal solution. After stirring for 3 h the solution was
filtered over diatomaceous earth. The dark teal clear solution was carefully layered with n-pentane
and stored at +4 °C. Compound 3a was isolated as dark teal plates. The crystals were filtered off,
washed with n-pentane (3 x 5 mL) and dried in vacuum. Yield 62 mg (80%). 'H NMR (CD2Cl>)
O/ppm = 4.08 (br, wY2 = 16 Hz, CHz3); 13C{*H} NMR (CD2Cl2) 6/ppm = 90.28 (s, Cp*), 4.92 (s, CH3),
121.64 (q, Ycr = 294 Hz, CF3); *F{*H} NMR (CD2Cl2) &6/ppm = —75.03 (s, CF3); 3P{*H} NMR
(CD2Cl2) d/ppm = no signal detectable between —1200 and +1200 ppm (paramagnetic); 2’Al NMR
(CD2Cl2) &/ppm = 33.62 (s, [AI(OC(CFz3)3)4]7). Anal. calcd. for CasHzoM02PsAlO4F3z6 C, 26.77; H,
1.87. Found: C, 26.49; H, 1.99. X-band EPR (77 K, CD2Cl2) giso = 2.019. Evans-method et =
1.67 us (one unpaired electron). ESI-MS (CH2Cl2) cations: m/q (%) = 647.9 (100) [(Cp*Mo0)2Pe]*;
anions: m/q (%) 966.9 (100) [AI(OC(CF3)3)4]~. IR (KBr) ¥/cm= = 2983 (w), 2924 (w), 1482 (w),
1451 (w), 142 (w), 1383 (m), 1353 (m), 1302 (s), 1277 (s), 1242 (s), 1220 (s), 1170 (m), 1101 (m),
1028 (m), 974 (s), 838 (w), 756 (w), 728 (s), 560 (w), 537 (m), 448 (m).

Synthesis of [(Cp*Mo0)2(1,n%:n8-Pe)I[FAI] (3b): Ag[FAI] (79 mg, leg., 0.05 mmol) is dissolved in
5mL of CH2Cl> to yield a clear colorless solution. [(Cp*Mo)2(u,n%:n%-Ps)] (1) (33 mg, 1leq.,
0.05 mmol) is dissolved in 10 mL of CH2Cl: to yield a clear medium brown solution. When the Ag*
solution is slowly added to the stirred solution of 1 the color changes to dark green and a black
precipitate of Ag® is formed. After stirring for 3 h the solution is filtered and subsequently carefully
layered with n-hexane. After storage at +4 °C for some days compound 3b can be obtained as
dark green blocks. The solution is decanted off. The crystals are washed with n-hexane
(3 x 10 mL) and dried in vacuum. Yield 59 mg (58%). *H NMR (CD2Clz)  &/ppm = 4.21 (br, wY%
= 17 Hz, CHs); 13C{*H} NMR (CD2Cl2) o/ppm = 89.82 (s, Cp*), 4.55 (s, CHz); °F{*H} NMR
(CD2Cl2) o/ppm = -112.3 (d, Jrr = 275 Hz, 2F), —=117.1 (d, JrF = 279 Hz, 2F), -121.5 (d, JrF =
277 Hz, 2F), -127.7 (s, 2F), =130.4 (d, JrF = 275 Hz, 2F), —136.8 (d, JrF = 276 Hz, 2F), —140.7
(d, Jrr = 277 Hz, 1F), —=153.9 (t, JrF = 22 Hz, 1F), —164.6 (t, JrF = 18 Hz, 1F), -172.0 ppm (s,
AlF); 31P{*H} NMR (CD2Cl2) o/ppm = no signal detectable between —1200 and +1200 ppm
(paramagnetic). Anal. calcd. for CseHzoM02PsAlOsF4s C, 33.14; H, 1.49. Found: C, 33.35; H, 1.58.
X-band EPR (77 K, solid) giso = 2.024. ESI-MS (CH2Cl2) cations: m/q (%) 647.9 (100)
[(Cp*Mo0)2Pe]*; anions: m/q (%) 1381 (100) [AlOsCazsFas]~. IR (KBr) #/cm= = 2973 (w), 2924 (w),
2870 (vw), 1652 (m), 1533 (m), 1486 (vs), 1422 (vw), 1383 (m), 1323 (m), 1308 (m), 1267 (m),
1224 (m), 1203 (vs), 1187 (m), 1153 (m), 1134 (w), 1105 (m), 1019 (s), 1005 (m), 955 (vs), 910
(m), 849 (vw), 809 (vw), 769 (m), 750 (w), 730 (m), 634 (m), 528 (w), 496 (vw), 467 (w).

Synthesis of [Ag{(Cp*M0)2(1,n%:n%:n?-Pe)L][TEF] (4b): Ag[A{OC(CFs)s}s]*CH2Cl2 (87 mg, leq.,
0.075 mmol) and [(Cp*Mo0)2(u,n%:n%-Ps)] (1) (110 mg, 2.2eqg., 0.165 mmol) were combined as
solids. Addition of 15 mL toluene afforded a medium brown suspension. Upon slow addition of a
small amount of CH2Cl> (~ 3 mL) under constant stirring the solution turned bright orange and
most of the precipitate dissolved. After 30 minutes the brown precipitate was filtered off ant the
clear orange solution was layered with the fivefold amount of toluene and subsequently stored at
+4 °C. Compound 4b can be obtained as light orange crystals forming on the glass walls after a
few days. The crystals are freed from the mother liquor, washed with toluene (2 x 50 mL) and
dried in vacuum. The crystals show a rather low solubility in CH2Cl. compared to the analogues
Cu* compound 4a and decomposes quickly to the oxidized compound 3a and elemental Ag. Yield
29 mg (16 %). 'H NMR (CD2Clz, 253 K) &/ppm = 0.77 (s, CHs); **F{*H} NMR (CD2Cl2) &/ppm =
—75.6 (s, CF3); 3P{*H} NMR (CD2Cl2, 253 K) 6/ppm = —294.0 (w¥%2 = 155 Hz, Ps). Anal. calcd. for
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CssHeoAgM04P12Al04F36 C, 28.36; H, 2.55. Found: C, 28.37; H, 2.63. ESI-MS (CH:Cl2) cations:
m/q (%) = 648.0 (100) [(Cp*Mo0)2Pe¢]*; anions: m/q (%) 967.1 (100) [Al(OC(CF3)3)a]
IR (KBr) v/cm™ = 2966 (w), 2917 (w), 2851 (w), 1627 (vw), 1482 (vw), 1378 (w), 1353 (w),
1301 (s), 1277 (s), 1242 (s), 1219 (vs), 1163 (vw), 1028 (w), 974 (vs), 727 (S), 445 (vw).

Synthesis of [Cu{(Cp*Mo0)2(l,n%:n%:n?-Ps)}2][TEF] (4a, 5): The addition of toluene or MeCN to this
reaction is necessary to prevent the oxidation of [(Cp*Mo0)2(u,n®:n%-Ps)] (1) by Cu*.

Isolation of [Cu{(Cp*Mo)2(u,n%:n%:n?-Pe)}][TEF] as dist. square planar form 4a: [Cu(o-DFB)2][TEF]
(100 mg, 1eq., 0.079 mmol) was dissolved in 10 mL toluene and 2 mL of CH2Cl. affording a clear
colorless solution. [(Cp*Mo)2(u,n%:n%-Ps)] (1) (104 mg, 2eq., 0.159 mmol) was suspended in 5 mL
toluene and 1 mL CH2Cl>. The Cu* solution was slowly added to the solution of 1 while stirring,
resulting in a bright orange solution with very few precipitate. After 30 minutes, the solution was
filtered and carefully layered with the twofold amount of n-pentane. After 3 days storage at +4 °C,
compound 4a can be isolated as orange needles. These were filtered off, washed with n-pentane
(3 x 10 mL) and dried in vacuum. Yield 65 mg (35%).

Isolation of [Cu{(Cp*M0)2(1,n%:n%:n?*-Pe)}2][TEF] as dist. tetrahedral form 5: [Cu(o-DFB)2][TEF]
(63 mg, 1eq., 0.05 mmol) and [(Cp*Mo)2(u,n%:n-Ps)] (1) (65 mg, 2eq., 0.1 mmol) were combined
as solids. The addition of pristine toluene (~ 80 mL) while stirring resulted in the formation of a
bright orange solution while most of the solids were dissolved and only a small amount of dark
brown to black residue remained. After 30 minutes the solution was filtered and subsequently
layered with the fivefold amount of n-hexane. Storage of this layered system at +4 °C for several
days affords orange blocks as the main product next to a few very thin orange needles and some
white precipitate. The orange needles and the white precipitate were not suitable for X-ray
diffraction analysis. The fine orange needles and the precipitate can easily be removed from the
orange crystals by washing them with n-hexane (3 x 50 mL) and decanting off the washings while
the larger orange crystals settle on the ground. After this washing the crystals are dried in
vacuum. Yield 35 mg (30%). *H NMR (CD2Clz) 6/ppm = 0.93 (s, CHzs); 3C{*H} NMR (CD2Cl,)
O/ppm = 97.28 (s, Cp*), 12.05 (s, CHs), 121.65 (g, *JcF = 295 Hz, CF3); ®F{*H} NMR (CD2Cl2)
o/ppm = —75.75 (s, CFz); 3'P{*H} NMR (CD2Cl2, 300 K) &/ppm = —290.4 (br, w% = 126 Hz, Ps);
S1P{*H} NMR (CD2Cl2, 213 K) &/ppm = —293.4 (br, wY2 = 71 Hz, Ps); 3'P{*H}-MAS NMR (293 K, f =
30 kHz) &/ppm = —-288.8 (br, w% = 937 Hz, Ps). Anal. calcd. for CssHeoCuM04P12AI04F36 C, 28.90;
H, 2.60. Found: C, 28.71; H, 2.59. ESI-MS (CH2Cl>) cations: m/q (%) = 647.9 (100) [(Cp*Mo0)2Ps]*,
751.9 (42) [Cu{(Cp*M0)2Ps}(MeCN)]*, 1360.7 (11) [Cu{(Cp*Mo0)2Ps}2]*; anions: m/q (%) 966.9
(100) [AI(OC(CF3)3)4]~. IR (KBr) v/cm= = 2970 (w), 2911 (w), 2859 (w), 1481 (w), 1449 (w),
1424 (w), 1379 (m), 1352 (m), 1301 (s), 1277 (s), 1241 (s), 1218 (s), 1164 (m), 1025 (m), 974 (s),
831 (w), 728 (s), 560 (w), 537 (m), 446 (m).

Synthesis of [TK(Cp*Mo0)2(u,n%:n%:n?-Pe)}]n[TEF],_(6): [(Cp*Mo)2(u,n%:n%-Pe)] (1) (50 mg, 2 eq.,
0.08 mmol) and TI[TEF] (45 mg, leq., 0.04 mmol) were combined as solids in a flask.
Immediately upon the addition of CH2Cl2 (10 mL) a dark red solution formed. After 2 h of stirring at
room temperature, the solution was filtered and carefully layered with the fivefold amount of
n-pentane. After storage at +4 °C for several days compound 6 can be obtained as dark red
plates. The crystals are filtered off, washed with n-pentane (3 x 5 mL) and dried in vacuum. Yield
65 mg (68%). 'H NMR (CD2Cl2) 6/ppm = 0.83 (s; Cp*); BC{*H} NMR (CD2Cl2) &6/ppm = 12.05 (s;
Cs(CHa)s), 97.28 (s; Cs(CHs)s), 121.65 (q, YJrc = 296 Hz; CF3); °F{1H} NMR (CD2Cl.) &/ppm =
=75.7 (s; CF3); 3P{*H} NMR (CD2Cl2, RT) no signal can be resolved; 3P{!H} NMR (CD2Cl>,
193 K) &/ppm = —305.5 (br, w2 = 1303 Hz); 3'P{*H}-MAS NMR (293 K, 27 kHz) 6/ppm —-291.1 (br,
wY¥ = 1530 Hz); 3P{*H}-MAS NMR (343 K, 25 kHz) &/ppm -289.6 (br, w% = 300 Hz, small
signal), —309.2 (br, w% = 260 Hz, large signal). Anal. calcd. for TIAIOsM04P12CssF3eHso C, 27.25;
H, 2.45. Found: C, 27.62; H, 2.30. ESI-MS (CH2Cl2) cations: m/q (%) = 204.38 (100) TI*,
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648.17 (98) [(Cp*Mo)2Pe]*, 852.56 (3) [TI{(Cp*Mo0)2Ps}]*; anions: 967.0 (100) [AHOC(CFs3)s}] .
IR (KBr) #i/cm-t = 2960 (w), 2917 (w), 2851 (vw), 1636 (m), 1384 (w), 1302 (s), 1277 (s), 1242 (s),
1220 (vs), 1166 (m), 1025 (m), 974 (vs), 728 (s), 669 (m).

Determination of the magnetic moment of 3a by the Evans method

The magnetic moment e of the oxidized cyclo-Ps complex [1]* in the compound [1][TEF] (3a)
was determined by the Evans NMR method,["891% ysing equation (1).!% The measurement
resulted in a pest of 1.67 ps for 3a which is in good agreement with one unpaired electron.

Herr = 798T - Xm (1)

3-Af

Xm =7000-f - ¢

Xm = molar susceptibility of the sample in m3 mol1, Af = chemical shift difference of the residual
solvent signal inside and outside of the capillary in Hz, f = frequency of the NMR spectrometer,
¢ = concentration of the sample in mol dm-3, T is the measurement temperature in K.

Representation of the X-Band EPR spectra of 3a and 3b

The oxidized cyclo-Ps complex cation [(Cp*Mo)2(u,n8:n8-Pe)]* (= [1]*) is paramagnetic and X-band
EPR spectra (f = 9.5 GHz) were recorded for. [1][TEF] (3a) in CD2Cl2 solution and for [1][FAI] (3b)
in the solid state. For both compounds we were unable to resolve any signal at room temperature,
but upon cooling to 77 K we could resolve one broad signal for each sample without any hyperfine
coupling at giso = 2.024 (3b) or giso = 2.019 (3a).
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Figure 1. EPR spectrum of compound 3a in CD2Cl> measured at 77 K.
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Figure 2. EPR spectrum of compound 3b as crystalline sample cooled to 77 K.

Selected VT and MAS NMR spectra

MAS NMR of [Cu{(Cp*M0)2(u,n®%:n8:n?-Pe)L][TEF] (4a):

P 293 K, 30 kHz

| |
| | |
\\ 1 J‘
‘ \
| / \\’\J”\# JJ“\/‘WV/ \’\N‘\ ANt ) /

|
\»WAMW A \/\M»

*

T T T T T T T
100 0 -100 -200 -300 -400 -500 ppm

Figure 3. 3P{*H} MAS NMR spectra of the Cu* compound
isolated as its square planar isomer 4a. The absolute signal
positions were confirmed by measurement at different rotation
frequencies. * rotation side bands.
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MAS NMR of [TH(Cp*Mo)a(u,n5:n%:n?-Pe)}o]n[ TEF]y (6):
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Figure 4. S3'P{H} MAS NMR spectra of compound 6. The
absolute signal positions were confirmed by measurement at
different rotation frequencies.

VT NMR of [Cu{(Cp*Mo0)2(u,n8:n8:n?-Pe)}I[TEF] (4a, 5):

253 K
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|
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Figure 5. S3'P{H}VT NMR experiment of
[Cu(1)2][TEF] in CD2Cl2 cooling from 300 K to
183 K and warming up again to 300 K.

The Cu compounds 4a and 5 show a broad singlet at —290.4 ppm in the 3'P{*H} NMR spectrum at
room temperature revealing the chemical and magnetic equivalence of all P atoms of the cyclo-Ps
ligands on the NMR timescale. This is most probably caused by fast underlying equilibria
including fast rotation of the Ps rings. Upon cooling the singlet remains almost unchanged
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showing the highly dynamic coordination behavior persists even at low temperatures. When the
solution is cooled below 193 K a new very broad signal arises next to the singlet at +66 ppm
which may arise from precipitation of the product. After warming the sample up again, the new
signal vanishes and only the singlet of the pure compound 4a or 5 can be observed.

VT NMR of [Ag{(Cp*M0)2(u,n°:n°:n?-Pe)}][TEF] (4b):

|
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Figure 6. 3P{H}VT NMR spectrum of 4b
recorded upon warming a crystalline sample of 4b
in CD2Cl2. The spectra for temperatures below
253 K or above 273 K did not show any signal
because of the limited solubility and the fast
decomposition.

VT NMR of [T(Cp*M0)2(1,n®%:n%:n?-Pe)}o]n[TEF]y (6):
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Figure 7. 3'P{*H} VT NMR spectrum of compound
6 in CD2Cl2.

At room temperature no signal can be resolved in the 3'P{*H} NMR spectrum of compound 6 in
CD2Cl2. Upon cooling below 213 K a very broad signal can be observed at —305.5 ppm.

X-ray structure determination

General considerations

All crystal manipulations were performed under mineral oil or perfluorinated oil. The diffraction
experiments were performed at 123 K on an Agilent Technologies Gemini R Ultra diffractometer
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or an Agilent SuperNova diffractometer with Cu-Ka or Mo- Kq radiation. Crystallographic data
together with the details of the experiments are given in Table 1 and Table 2. The cell
determination, data reduction and absorption correction for all compounds were performed with
the help of the CrysAlis PRO software by Agilent Technologies Ltd. The full-matrix least-square
refinement against F2 was done with ShelXL. During the refinement several restraints and
constraints had to be applied. For the description of the refinement strategy we list the commonly
used syntax for the ShelXL program (DFIX, SADI, SIMU, ISOR, EADP). All atoms except
hydrogen were refined anisotropically if not described otherwise. The H atoms were calculated
geometrically and a riding model was used during refinement process. Graphical material was
created with the free software Olex2. CCDC-1411077-1411083 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Special comments on the weakly coordinating anion [TEF]

Due to its weakly coordinating nature, the anion [TEF] tends to be disordered in a lot of its solid
state structures. The CFs- as well as whole (CF3)sCO-groups frequently exhibit rotational disorder
by rotation of C—O or C—C bonds, respectively. In some cases even a positional disorder of the
whole anion can be observed. To resolve these kinds of disorder which are still present at 100 K
good data sets with high resolution are needed. In addition, most of the compounds containing
the anion [TEF] show a rather weak diffraction at high angles which proves the X-ray
crystallography of these compounds to be a very challenging task. During the refinement of these
solid state structures it is common that a series of least-square restraints has to be applied to
prevent the results to display an unrealistic geometry or displacement parameters. In rare cases,
even good data sets do not enable the refinement of all disorders which usually results in large
displacement parameters, especially of the fluorine atoms.


http://www.ccdc.cam.ac.uk/data_request/cif
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Crystallographic tables

Table 1. Crystallographic details for the compounds 1, 2, 3b and 4b.
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Identification code 1 2 3b 4b

formula C20H3OM02P5 C19H28'5M02P9,3 C55H30A|F45M0203P5 C57H52AgA|C|zF36M0404P12
weight [g'mol™] 648.14 752.30 2029.48 2456.21
TIK] 123.00(14) 123.00(10) 123.1(4) 123.01(10)
crystal system triclinic monoclinic monoclinic monoclinic
space group P-1 P2:/n C2/c C2/c
a[A] 8.25280(10) 8.0528(4) 30.6081(3) 36.3787(4)
b [A] 8.65580(10) 15.3282(6) 21.83616(15) 16.16213(17)
c[A] 10.12920(10) 11.4000(6) 21.7617(3) 14.51853(16)
al] 101.1590(10) 90 90 90
B 106.0070(10) 104.970(5) 110.4429(13) 101.5137(10)
v [°] 113.5080(10) 90 90 90
Vv [A9 598.789(13) 1359.41(12) 13628.7(3) 8364.49(16)
A 1 2 8 4
Pcaic [gem) 1.797 1.838 1.978 1.950
o [mm 1.454 13.087 6.080 10.624
absorption correction gaussian gaussian gaussian gaussian
Tmin/ Trmax 0.820/0.855 0.301/0.707 0.434/0.727 0.435/0.617
F(000) 324.0 747.0 7928.0 4808.0
crystal size [mm?] 0.185 x 0.180 x 0.202 % 0.082 x 0.212 x 0.120 x 0.110 % 0.076 x 0.062

0.141 0.030 0.058

radiation [A] MoKy CuKqy CuKq CuKq
diffractometer Gemini R Ultra SuperNova Gemini R Ultra SuperNova,
2 Orange [°] 5.852 to 60.088 9.89 t0 152.33 5.944 t0 133.2 8.28t0 147.416
Lenfi'gjgo"e"ted / 54934 / 3339 4563 / 2718 56018 / 11876 23765/ 8226
Rint/ Rsigma 0.0324/0.0182 0.0320/0.0350 0.0461 / 0.0326 0.0286 / 0.0212
data / restraints/ 3339/0/132 2718/ 15/ 166 11876 /36 / 1092 8226 /109 /738
parameters

GOF on F? 1.106 1.069 0.946 1.067
Ri/wWR; [I 2 2 o(l)] 0.0191/0.0491 0.0474/0.1279 0.0299 /0.0728 0.0413/0.1149
R:/ wR; [all data] 0.0210/0.0495 0.0549/0.1324 0.0357/0.0747 0.0440/0.1167
max / min Ap [e-A3) 1.40/-0.48 1.20/-0.89 0.61/-0.67 1.24/-0.85
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Table 2. Crystallographic details for the compounds 4a, 5 and 6.

Identification code 4a 5 6

formula C57H52A|C|2CUF3GMO404P12 C147H150A|2CU2F72M0303P24 C55,45H50,9A|C|0,9F35M0404P12T|
weight [g-mol™] 2411.88 5114.58 2506.00
TIK] 122.99(13) 123(1) 123.15
crystal system monoclinic triclinic monoclinic
space group C2/c P-1 C2/c
a[A] 36.4679(6) 16.7510(5) 36.1206(14)
b [A] 16.1466(3) 17.2703(7) 16.4296(5)
c[A] 14.4134(2) 18.8355(6) 14.5113(7)
al] 90 109.136(3) 90
B[] 101.863(2) 97.750(3) 100.380(4)
v [°] 90 108.799(3) 90
VA9 8305.8(2) 4693.8(3) 8470.8(6)
4 4 1 4
Pealc [g-cm] 1.929 1.809 1.965
U [mm™] 9.123 7.604 11.921
absorption correction analytical multi-scan gaussian
Tmin/ Tmax 0.187/0.509 0.75936 / 1.000 0.270/0.870
F(000) 4736.0 2534.0 4851.6
crystal size [mm?] 0.332 x 0.216 x 0.101 0.147 x 0.102 x 0.075 0.164 x 0.121 x 0.011
radiation [A] CuK, CuK, CuKq
diffractometer SuperNova SuperNova SuperNova
2 Orange [°] 6.008 to 136.476 5.886 to 150.866 8.244 to 146.086
reflns collected / unique 68860 / 7599 34771 /18870 14650 / 8068
Rint/ Rsigma 0.0478/0.0166 0.0362/0.0472 0.0383/0.0464
data / restraints/ 7599 / 123 / 758 18870/ 241/ 1261 8068 / 162 / 730
parameters

GOF on F? 1.112 1.053 1.083
Ri/WR [I = 2 o(l)] 0.0472/0.1088 0.0665/0.1781 0.0836 / 0.2195
R1/wR; [all data] 0.0474/0.1090 0.0736/0.1867 0.0973/0.2272
max / min Ap [eA?] 1.39/-1.22 1.82/-1.11 1.24/-2.05

X-ray structure refinement of [(Cp*Mo)2(1,n®:n%-Pe)] (1): The solid state structure of 1 was reported
earlier in the literature.l¥! The measurement was performed at room temperature (R1 = 4.1%),
therefore we performed another X-ray experiment at low temperature. The solid state structure is
depicted in Figure 8.

Figure 8. Molecular structure of 1. P purple, Mo blue, C grey; H atoms are omitted and C atoms are depicted
as small balls for clarity. Selected bond lengths [A]: Mo1-Mo1‘ 2.6463(3), P1-P3' 2.1822(8), P1-P2 2.1833(8),
P2-P3 2.1840(8).

X-ray structure refinement of [(Cp*Mo0)2(u-Pio)] (2): Compound 2 crystallizes in the monoclinic
space group P2i/n with the molecule occupying the center of inversion. Figure 9 shows the
cyclo-P1o ligand of compound 2. When the structural model containing only the complex with a
cyclo-P1o ligand was refined we observed a residual density peak of ~4 electrons situated at
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about 0.8 A next to Mo1. The position and environment of this peak as well as the electron count
is in contradiction with the whole molecular complex. Therefore we interpreted it as the second
minor position of Mo atom (Mo2). Its occupancy was refined to 5%. Subsequently, we found three
additional electron density peaks at reasonable distances to each other and to Mo2 and assigned
them as P6, P7 and P8. The Mo and P atoms of the minor part were refined in isotropic
approximation. We were unable to localize the minor position of the Cp* ligand due to its
negligible contribution to the electron density. Thus, the final model corresponds to a
substitutional solid solution of two complexes, a cyclo-Pio complex 2 and a cyclo-Ps complex 1
mixed in a 95:5 ratio. The model of the disorder is depicted in Figure 10.

Pt P5

Figure 9. A greatly folded cyclic P10 ligand of compound 2. Cp*Mo fragments were omitted for clarity. (left)
side view (right) front view. Selected atomic distances [A]: P1-P5’ 2.1930(18), P1-P2 2.140(2), P2-P3
2.2015(19), P3-P4 2.2027(17), P4-P5 2.140(2), P2-P4 3.1279(19), P3-P2* 3.174(2), P3-P5‘ 3.1605(17). Mo1-
Mo1‘ 3.7018(8); Interplanar angle P2-P3-P4-plane to P1-P2-P4-P5-plane 68.18(7)°, interplanar angle
P1-P2-P4-P5-plane to P1-P5-P1’-P5-plane 103.94(7)°.

Figure 10. The disordering cyclo-Pio and cyclo-Ps complexes in the crystal structure of compound 2.
H atoms are omitted and C atoms are depicted as small balls for clarity. The cyclo-Pi0 complex (P purple,
Mo blue, C grey) with its Cp* ligands is occupied for 95%, the cyclo-Ps complex (P green, Mo red) is
occupied for 5% without Cp* ligands. Selected bond lengths [A]: Mo2-Mo2’ 2.613(18), average P-P bond
lengths of cyclo-P6 ~2.16 (geometry was restrained by SADI instructions in SHELX!).

X-ray structure refinement of [(Cp*Mo)2(u,n%n5Ps)][FAI (3b): Crystals of compound 3b suitable
for X-ray diffraction analysis can be obtained by layering a CH2Clz solution with n-hexane and
storage at +4 °C for several days. Compound 3b crystallizes in the monoclinic space group C2/c.
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There are two complex cations occupying the position of a twofold rotation axis (see Figure 11)
and one [FAI] anion occupying a general position. One of the Ps rings shows a re-orientational
disorder over three close positions (Figure 11 middle, right) while the other one is ordered (Figure
11 left). All Ps rings show a bisallylic distortion with two opposing P-P bonds being significantly
elongated (P1-P1’, P3-P3’, P5-P6, P9-P10, P12-P13). All atoms except hydrogen were refined
anisotropically. The displacement parameters of the P atoms with 20% occupancy (P8-P13) had
to be restrained with ISOR instruction in SHELX.

' <K<\>

sy o3

Figure 11. The complex cations in the crystal structure of compound 3b. P purple, Mo blue, C grey; H atoms
are omitted and C atoms are depicted as small balls for clarity. (left) Structure of the ordered complex cation.
(middle) Structure of the second complex cation exhibiting a re-orientational disorder of the Ps ring over
three positions. (right) The model of the disorder for the Pesring. The Psring is disordered over three
positions in a ratio of 60:20:20. The major orientation (P4 - P7, pink) lie on the twofold axis. The two minor
parts are symmetrically equivalent (P8 - P13, red and blue). Selected bond lengths [A]: Mo1-Mo1* 2.6617(4),
P1-P1° 2.2932(13), P1-P2 2.1348(10), P2-P3 2.1384(11), P3-P3' 2.2477(16), Mo2-Mo2' 2.671(2), P4-P5
2.157(3), P5-P6 2.220(3), P6-P7 2.176(3), P8-P9 2.105(9), P9-P10 2.215(8), P10-P11 2.163(7), P11-P12
2.181(8), P12-P13 2.235(8).

X-ray structure refinement of [Ag{(Cp*Mo0)2(u,n5:n°:n?-Pe)}2][TEF] (4b) and
[Cu{(Cp*M0)2(1,n®:n®:n?-Pe)}][TEF] in its square planar form 4a:

The X-ray analysis of the compounds 4a and 4b will be discussed together since they are
isostructural. Suitable crystals of both compounds can be obtained by layering a concentrated
solution in CH2Clz/toluene with n-hexane and storage at +4 °C for several days. The compounds
crystallize in the monoclinic space group C2/c. The cationic complex [M(Pe)2]* (M =Ag, Cu; Ps = 1)
is occupying the center of inversion. The anion and one CH:2Cl> solvent molecule are situated
each on a twofold rotation axis. Both independent fluorinated tert-butoxy groups of the aluminate
anion are disordered over two positions (with probability 52:48, 51:49 (Ag); 53:47, 52:48 (Cu)). At
the initial stages of the structure refinement most bond distances of the anion were restrained by
several DFIX instructions, which were gradually replaced by SADI restraints, which number was
maximally reduced, but a lot of them had to be kept even in the final model in order to keep
reasonable geometry of the WCA [TEF]. The final model of the anions are shown in Figure 12 and
Figure 13 on the right hand side. The displacement parameters of some of the disordered C and
F atoms had to be restrained by ISOR, SIMU or DELU or constrained by EADP instructions as
well. Some disordered atoms (1 for M = Cu, 7 for M = Ag) were refined in isotropic approximation.
The CH2Clz solvent molecule is disordered over three positions for M = Ag (43:29:28) and two
positions for M = Cu (70:30) The C-CI distances were restrained in both cases by DFIX
instructions. The methylene carbon atoms were refined isotropically and the displacement
parameters were equated for M = Ag. The CI-Cl distances for M = Cu were restrained by DFIX
instructions and the displacement parameters of the less occupied Cl atoms were equated. The
cationic complexes [M(1)2]* were refined unconstrained (Figure 12 (Ag), Figure 13 (Cu), left hand
side).
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Figure 12. (left) The complex cation from the crystal structure of compound 4b. P purple, Ag light blue,
Mo blue, C grey; H atoms are omitted and C atoms are depicted as small balls for clarity. Selected bond
lengths [A]: Agl-P1 2.5793(10), Agl-P2 2.6196(10), P1-P2 2.2915(14), P2-P3 2.1653(14), P3-P4
2.1726(15), P4-P5 2.1630(15), P5-P6 2.1671(15), P6-P1 2.1667(14); (right) The final model of the [TEF]
anion from the crystal structure of compound 4b.

Figure 13. (left) The complex cation in the crystal structure of compound 4a. P purple, Cu orange, Mo blue,
C grey; H atoms are omitted and C atoms are depicted as small balls for clarity. Selected bond lengths [A]:
Cul-P1 2.4354(12), Cul-P2 2.3927(12), P1-P2 2.2694(16), P2-P3 2.1765(17), P3-P4 2.1685(18), P4-P5
2.1729(18), P5-P6 2.1677(17), P1-P6 2.1808(17); (right) The final model of the [TEF] anion from the crystal
structure of compound 4a.

X-ray structure refinement of [Cu{(Cp*Mo)2(u,n%:n%:n?-Pe)}][TEF] in its tetrahedral form 5: Suitable
crystals of compound 5 for X-ray crystallography can be obtained by layering a toluene solution of
5 with n-hexane and storage at +4 °C for several days. Compound 5 crystallizes in the triclinic
space group P-1 with two cyclo-Ps ligands 1 coordinated to one Cu atom in a distorted tetrahedral
geometry occupying a general position. The [TEF] anion and two toluene solvent molecules are
also situated on general positions. Additionally there is another toluene molecule which occupies
the center of inversion. The cationic complex [Cu(Ps)z2]* is shown in Figure 14 on the left. In the
WCA [TEF] two tert-butoxy groups (containing O1 and O2) showed slight tendency for disorder
that was not possible to resolve. The remaining two tert-butoxy groups show a disorder over two
positions each related by a rotation around an O-C bond (depicted in Figure 14 right hand side).
The occupancies of the two disordered groups were refined to 61:39 and 57:43. The C and F
atoms with occupacies below 50% were refined isotropically. The bond distances of the
disordered tert-butoxy groups were restrained by several DFIX commands. These DFIX restrains
could only partly be replaced by SADI restraints during the final refinement. The displacement
parameters of some of these atoms had to be also restrained by ISOR, SIMU and DELU
restraints. The geometry of the two toluene solvent molecules on general positions was restrained
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to be symmetric by SAME commands with the same ring atoms in opposite order as a reference.
The third toluene solvent molecule is 50% occupied being disordered over an inversion center.
The C atoms were refined isotropically and their displacement parameters were equated by
EADP instructions.

Figure 14. (left) The distorted tetrahedral complex cation in the crystal structure of compound 5. P purple,
Cu orange, Mo blue, C grey; H atoms are omitted and C atoms are depicted as small balls for clarity.
Selected bond lengths [A]: Cul-P1 2.3546(16), Cul-P2 2.3343(16), Cul-P7 2.3483(16), Cul-P8 2.3383(16),
P1-P2 2.286(2), P2-P3 2.165(2), P3-P4 2.176(2), P4-P5 2.151(3), P5-P6 2.168(2), P6-P1 2.163(2), P7-P8
2.2876(19), P8-P9 2.1664(19), P9-P10 2.171(2), P10-P11 2.157(2), P11-P12 2.168(2), P12-P7 2.1666(19);
Interplanar angle between P1-P2-Cul and P7-P8-Cul planes 93.5°; (right) The [TEF] anion in the crystal
structure of compound 5. For the tert-butoxy groups at O3 and O4 only one orientation is depicted here.

X-ray structure analysis of [TI{(Cp*Mo)2(1,n% n®:n?-Ps)}2]n[TEF]n (6)

Details of the X-ray structure refinement. Compound 6 crystallizes in the monoclinic space group
C2/c with a very similar unit cell like the Cu* and Ag* compounds 4a and 4b (6 can be regarded
as isostructural). The direct coordination environment of TI* can be described as a cationic
complex [TI(Ps)z2]* (cf. Ag* and Cu*) which is occupying the center of inversion. The anion and
90% of a CH2Cl. solvent molecule are situated each on a twofold rotation axis. The structure is
severely disordered. The TI* cation is disordered around the inversion center. The cyclo-Ps ring is
disordered over two positions in a 1:1 ratio. The ratio is also in agreement with the distances to
the TI* cation for both its alternative positions (see Figure 16). One of the Cp* ligands is also
disordered by rotation in a 75:25 ratio. The C-C distances of the minor Cp ring position were fixed
during the refinement. The hydrogen atoms of the disordered Cp* ligands were refined in
geometrically calculated positions for an ordered and in one case for a disordered methyl group.
The [TEF] anion is disordered over two positions (1:1 ratio, disorder was refined similar to
compound 4a, see Figure 13 right hand side and exhibits a high thermal motion. During the
refinement the geometry of this highly disordered anion had to be restrained by several DFIX,
DANG and SADI commands. The number of these restraints was maximally reduced at the end of
the refinement. Additionally some displacement parameters of these groups had to be restrained
or constrained.

Analysis of the crystal structure: The X-ray structure of 6 is closely related to the crystal structures
of the distorted square planar Cu* and Ag* compounds 4a and 4b. The coordination environment
around TI* is depicted in Figure 15.
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Figure 15. Direct coordination environment of TI* in the crystal structure of compound 6 can be described as
cationic [TI(Ps)2]* unit. Cp*Mo fragments are omitted for clarity. Selected bond lengths [A]: TI1-P1
3.23284(12), TI1-P2 3.28516(15), TI1-P8 3.23938(8), TI1-P9 3.24129(14).

TI1 is disordered over a center of inversion and cannot occupy it like Cu* or Ag* (see
section 6.7, distance TI1-TI1’ = 4.4448(19) A). If this is caused by the larger atomic
radius of TI* or by the tendency to form complexes with a higher coordination number
than 2 cannot be further elucidated. Nevertheless, the exchange of the central metal can
be done without serious change of the structure type. As a consequence, the cyclo-Pg
ligand shows two orientations in the solid state with a 1:1 ratio when it is coordinated to
TI1 or TI1’, respectively.®

Figure 16. The model of the disorder of the [TI(Ps)2]* complex over the center of symmetry, where two
cyclo-Ps ligands in different orientations are coordinated to every Tl cation. Cp*Mo fragments of the Pe
ligands are omitted for clarity. A coordination of the Tl cation to the other orientation of the cyclo-Ps ligand
can be ruled out since it would result in too short TI-P distances (e.g. TI1-P8’ 2.882 A vs. TI1 P2’ 3.022 A).

The present coordination forms [TI(Ps)2]* coordination units (see Figure 15) with TI-P distances
ranging from ~3.23 — 3.28 A, but the large TI* cation shows also elongated contacts to the Pe
rings of the next [TI(Ps)2]* coordination unit (see Figure 17) which results in a distorted trigonal

(}) A coordination to the other orientation of the cyclo-P6 ligand can be excluded since it would
result in too short TI-P distances which are not in accordance with the weak TI'-P interactions
present in this compound. (e.g. TI1-P8’ 2.882 A or TI1 P2’ 3.022 A).
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pyramidal coordination of three P-P bonds to TI*. The two possible orientations of the third
cyclo-Ps ligand around TI* result in two pairs of TI-P distances (either TI1-P5’ 3.42008(19), TI1-P6’
3.69009(11) or TI1-P12’ 3.43(3), TI1-P11’ 3.743(19) which are not shown in Figure 17). These
distances are close to each other and therefore no preferred orientation of the third Pe ring can be
assumed. The crystal packing of 6 (see Figure 18) consists of alternating layers of cationic
complexes and negatively charged layers of the [TEF] anions. The 2D cationic layer expands
along the crystallographic bc plane. The P atoms of all cyclo-Ps ligands of a layer are turned by
14.9°.

Figure 17. Coordination environment of Tl cation (view along the a axis). Selected bond lengths [A]: TI1-P1
3.23284(12), TI1-P2 3.28516(15), TI1-P8 3.23938(8), TI1-P9 3.24129(14), TI1-P53.42008(19), TI1-P&’
3.69009(11), not shown here: TI1-P12’ 3.43(3), TI1-P11’ 3.743(19).

Figure 18. Crystal packing of 6 with viewing direction along the b-axis showing alternating layers of the
2D-coordination polymer and the WCAs [TEF].
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Figure 19 shows the cationic layer of compound 6 viewed along the crystallographic a axis. Since
only TI1 or TI1’ can be occupied at once (light blue or dark grey, distance TI-TI1’ = 4.4448(19) A)
and the respective Tl cation is coordinated by an additional cyclo-Ps ligand the resulting
assembly, if only one Tl is occupied in an ordered manner (always TI1 or TI1’), is presented in
Figure 20. The assembly in Figure 20 shows parallel one-dimensional coordination strands of TI*
and cyclo-Ps complexes inside the coordination layers. (This is only one possibility! The Tl cations
could also be occupied in a pure statistical manner which would also result in further
interconnection of the coordination units. This means that the coordination layers are not
completely closed sheets. Additionally this also implies that there would be cavities in the
described coordination layers which could be filled by additional metal centers. However, this was
unfortunately not possible during this study, since the large anions are necessary in this case to
afford a TI' coordination to these cyclo-Ps ligands.)

Figure 19. Viewing direction along the crystallographic a axis. The half-occupied Tl cations are depicted in
dark and light grey and the [TI(Ps)2]* coordination units with shorter TI-P distances are circumscribed by
ellipses. Cp* ligands are omitted for clarity.
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Figure 20. Possible one-dimensional coordination polymer found inside the cationic layers of compound 6 in
the solid state. Viewing direction along the a-axis.

Similarity of the crystal structures of 4a, 4b and 6

The compounds 6, 4a and 4b show very similar unit cells and crystallize in the same space group
C2/c. The assembly in the solid state is also very similar with alternating negative layers of the
[TEF] anions and positively charged coordination layers along the crystallographic a axis shown in
Figure 21 c) and d). The similarity of the coordination layers of 6 and 4a-b are visualized in Figure
21 a) and b). The [TI(Ps)2]* coordination units of 6 (see Figure 15) directly correspond to the
complex cations [M(Ps)z2]* of 4a (M =Cu, see Figure 13) and 4b (M = Ag, see Figure 12).
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Figure 21. Cationic layers inside the bc-plane of 4b a) and 6 b). TI* positions (light and dark) in b) are
half-occupied. For a) and b) anions, C and H atoms are omitted for clarity. c) + d) lllustration of the crystal
packing of 4b c¢) and 6 d) with viewing direction along the b-axis showing the alternation of cationic and
anionic layers along the a-axis. The Ps planes include a tilt angle of 16.3° (4a), 16.3° (4b) and 13.8° (6) to
the bc-plane.

X-ray powder diffraction analysis

X-ray powder diffraction measurements were carried out with a STOE Stadi P diffractometer with
monochromatic Cu-Ka-radiation (A = 1.540598 A, Ge-monochromator) and a Mythen 1 K detector
at 293 K. The 20-range was 2.000° to 93.335° for 4a and 2.000° to 71.825° for 5. Diffraction data
were analyzed with WINXPOW. The cell constants determined with X-ray powder diffraction at
room temperature differs slightly from single crystal data (123 K) and were refined to a =
36.812(9) A, b = 16.307(6) A, c = 14.61(2) A, B = 100.74(3)° and V = 8615(9) A3 (4a) and a =
16.995(8) A, b =17.51(1) A, ¢ = 19.41(1) A, a = 109.42(4)°, B = 97.65(4)°, y = 108.44(3)° and V =
4981(7) A3 (5), see Table 3. The powder diffraction patterns were simulated with the unit cell
parameters which were obtained from the 293 K powder measurement.

Table 3. Refined unit cells of the compounds 4a and 5 by single crystal
X-ray diffraction at 123 K and X-ray powder diffraction at 293 K.

compound 4da 5

single crystal powder single crystal powder

(123 K) (293 K) (123 K) (293 K)
alAl 36.4679(6) 36.812(9) 16.7510(5) 16.995(8)
b [A] 16.1466(3) 16.307(6) 17.2703(7) 17.51(1)
c[A] 14.4134(2) 14.61(2) 18.8355(6) 19.41(1)
al] 90 90 109.136(3) 109.42(4)
B 101.863(2) 100.74(3) 97.750(3) 97.65(4)
v [°] 90 90 108.799(3) 108.44(3)
V [A%] 8305.8(2) 8615(9) 4693.8(3) 4981(7)
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Figure 22. X-ray powder pattern for the pure cyclo-Ps complex 1. Positive intensities (measured), negative
intensities (simulated).
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Figure 23. X-ray diffraction pattern for compound 4a. Positive intensities (measured), negative intensities
(simulated).
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Figure 24. Xray powder diffraction pattern for compound 5. Positive intensities (measured), negative
intensities (simulated).

DFT calculation

DET calculations for [(Cp*Mo)2(u-P10)] (2): All calculations have been performed with the
TURBOMOLE program packagel*?. For the analysis of the bonding situation in [(Cp*Mo)2(P10)]
the BP86 functional together with the def2-TZVP basis set has been used. The reaction energies
has been calculated at the B3LYP[3l/def2-TZVPI4 |evel of theory. The nature of the stationary
point was checked by calculating the vibration frequencies. All complexes show no negative
frequencies, except [(Cp*Mo)2(P10)] for which one negative frequency (5.24 cm™) corresponding
to the rotation of the Cp* ligand was observed. Repeated geometry optimizations did not lead to
the elimination of this negative frequency. For calculating the reaction energies, this negative
frequency has been ignored. The reported population analysis!*®! was performed as implemented
in TURBOMOLE. The reaction energy of the transformation [(Cp*Mo0)2(P10)] = [(Cp*M0)2(Ps)] + P4
is —19.64 kJ-mol~! (corrected for zero point vibration energy; —13.26 kJ-mol=! not corrected)

LMO 155 LMO 145 LMO 146 LMO 156

Figure 25. Isosurfaces of Localized Molecular Orbitals (LMO) representing the Mo-P bonding interactions,
calculated at the BP86/def2-TZVP level of theory.
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Figure 26. Atom labeling in [(Cp*Mo)2(u-P10)]. Optimized geometry of 2.

Tables reporting on the calculated Wiberg bond indices in 2 and the cartesian coordinates can be
found in the electronic form of the supporting information on the provided DVD.

DFT calculations for [(Cp*Mo)2(u-n®:n%-Pe)]®* (1, 3a, 3b): All calculations have been performed
with the TURBOMOLE program packagel’? at the RI-[1IBP86[3l/def2-TZVP!14 |evel of theory,
followed by single point calculations without the RI approximation. The Multipole Accelerated
Resolution of Identity (MARI-J)[*7] approximation was used in the geometry optimization steps.
The nature of the stationary point was checked by the frequency calculations. For [(Cp*Mo0)2(Ps)]
a negative frequency of —2.26 cm™ corresponding to the rotation of the Cp* ligand was observed.
Although the geometry has been optimized repeatedly using different methods and different input
geometries, this negative frequency persisted.

The inspection of the frontier molecular orbitals in [(Cp*Mo0)2(u,n%:n%-Pe)] (1) shows, that the
HOMO and HOMO-1 orbitals are basically degenerate and represent P-P bonding with
contribution of molybdenum d orbitals. By elimination of one electron the HOMO-1 orbital in 1 is
converted to the Single Occupied Molecular Orbital (SOMO) in [1]* (Figure 27 and Figure 28).
This leads to the reduction of the P-P bond order (two opposite P-P bonds) and to the observed
bis-allylic distortion. This behavior is also nicely described by the Wiberg Bond Indices. The WBI
for all P-P bonds in 1 is the same and equals to 0.86 whereas in [1]* the WBI corresponding to the
elongated P-P bonds are 0.67 and while it is 0.95 for the other P-P bonds. The WBI for the Mo-
Mo bond (2.669 A and 2.698 A in 1 and [1]*, respectively) is 0.86 in 1 and 0.95 in [1]*.
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LUMO (-1.960 V)  HOMO (-4.266 eV) HOMO-1 (-4.267 eV) HOMO-2 (-5.134 eV)

Figure 27. Isosurfaces of selected molecular orbitals in [(Cp*Mo)2(u,n%:n%-Pe)] (1) calculated at the
BP86/def2-TZVP level of theory.

LUMO (-5.597 eV)  SOMO (-7.769 eV) HOMO-1 (-8.393 eV) HOMO-2 (-8.772 eV)

Figure 28. Isosurfaces of selected molecular orbitals in [(Cp*Mo)2(u,n%:n8-Ps)]* (= [1]") calculated at the
BP86/def2-TZVP level of theory.

Tables reporting on the cartesian coordinates can be found in the electronic form of the
supporting information on the provided DVD.

DFT calculations for the equilibria of square planar and tetrahedral isomers of the
complex cations [M(1)2]* M = Cu, Ag

The geometries of the compounds have been fully optimized with gradient-corrected density
functional theory (DFT) in form of Becke’s three-parameter hybrid method B3LYPI8 with def2-
SVP all electron basis set (ECP on Mo,Aqg).l'® Gaussian 03 program packagel?® was used
throughout. All structures correspond to minima on their respective potential energy surfaces.
Solvent effects have been estimated by performing single point energy computation of gas-phase
optimized geometries using polarisable continuum model (PCM) as implemented in Gaussian 03.

For Cu compounds, optimization of a planar isomer in framework of Ci point group (inversion
center) resulted in transition state structure, which is only by 0.7 kJ mol higher than asymmetric
minimum. Planar isomer is predicted to be energetically less stable than tetrahedral (24.6 kJ mol-!
in the gas phase), but has larger standard entropy. Values for the equilibrium constant for the
isomerization reaction tetrahedral - square planar are 0.12, 0.24, and 0.38 for the gas phase,
toluene and dichloromethane solutions, respectively. Thus, from the thermodynamic point of view,
both isomers should be present in solution at room temperature (with tetrahedral isomer having
the higher concentration). The influence of the solvent on the energetic of isomerization
processes is rather small. However, changing from the gas phase to toluene and
dichloromethane solutions increases concentration of the less stable planar isomer, but
tetrahedral one remains dominant in all cases.
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For Ag analogs, energetically the tetrahedral isomer is also more stable, but the difference is only
9.5 kJ mol? in the gas phase and 6.0 and 4.2 kJ mol! in toluene and dichloromethane. Due to
entropy factor, planar isomer is predicted to be dominant in solution: values for the equilibrium
constant for the isomerization reaction tetrahedral - square planar are 7.0, 28.3, and 59.1 for
the gas phase, toluene and dichloromethane solutions, respectively. Thus, molar fraction of
tetrahedral isomer with respect to planar is predicted to be below 4% in toluene and below 2% in
dichloromethane. Thus, planar isomer should be dominant in solution.

Tables reporting on the total energies can be found in the electronic form of the supporting
information on the provided DVD. A table of the reaction energies can be found in the main text of
chapter 3.
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4 Interaction of ‘naked’ silver cations towards aromatic
cyclo-Ps and cyclo-Ass ligands: from mixed o and

bonding up to weakly mr bonding

Abstract: Reaction of  the cyclo-Es sandwich complexes
[Cp*Fe(n®-Es)] (E = P(A), As(B)) containing the WCAs [TEF] and [FAl]
are presented. These reactions afford the first Ag* complexes containing the
cyclo-Ass ligand B. The formation of the 1:2 compound [Ag(B).][TEF] (1a) is
presented although the structural characterization could not be completed
due to severe disorder of the anion [TEF]. The analogues compound
[Ag(B)2][FAI] (1b) of the larger anion [FAI] shows an interesting disorder of
the central Ag* cation between two 1 coordinating cyclo-Ass ligands.
This phenomenon is either caused by thermal movement or by static disorder
of the central Ag atom. The introduction of a third equivalent of B to Ag[FAI]
results in the formation of isolated trigonal paddle-wheel [Ag(n?-B)s]* complex
cations in the solid state via 7 coordination of an As-As bond. Finally, the
reaction of Ag[FAI] and [Cp*Fe(n®-Ps)] (A) results in the formation of a
tetranuclear Ag* complex exhibiting four different coordination modes of the
cyclo-Ps ligand A among which two have only been predicted by DFT
calculations before.

4.1 Introduction

The isolobal analogy helps to build bridges between inorganic and
organic chemistry.! For example the preparation of the all-phosphorus analog of the
well-known Cp ligand in [Cp*Fe(n°-Ps)] (A) in 1987 by Scherer et al. can be viewed as
a benchmark.? In the following decades, the reactivity of the pentaphosphaferrocene A
towards Cu' halides,®#567891011 gtrong oxidants and reductants*? and also
nucleophiles™® was more and more investigated. Although the all-arsenic analog
[Cp*Fe(n®-Ass)] (B) was isolated only three years later in 1990 investigations of its
reactivity and comparison to its phosphorus analog are scarce.* While A and B show
the same reactivity towards the 16 valence electron (VE) complex fragments [Cp*M(CO)]
(M =1Ir, Rh)®® or the 12 VE fragments [M(CO)s] (M = Cr, Mo)1¢ they generally yield
different products when reacted with Cu' halides. In the recent years it was possible to
isolate a variety of coordination polymers®4 and also fullerene-like
supramolecules®78910 in the case of A from these reactions where complex A is
usually o coordinating via the lone pairs of the Ps ring. Complex B on the other hand is

mainly  donating and prefers the side-on coordination of an As-As bond to Cu*."



60| 4. cyclo-Es complexes and Ag"”

A similar bonding preference of A and B could also be observed towards the Hg atoms
of perfluoro-ortho-phenylenemercury [(0-CesF2HQ)]s although the adducts are primarily
based on electrostatic forces instead of dative bonds.'®! Recently, we were able to
demonstrate, that complex B can be forced to o donation towards Cu' by sterical
shielding of the metal center in the trinuclear complexes [Cus(u-Cl)2(dpmp)2]* (dpmp =
bis(diphenylphosphinomethyl)phenylphosphine).’® In order to investigate the donor
characteristics of the Es complexes towards different metal centers we chose to react
them with monocations bearing weakly coordinating anions (WCA) which mimic
pseudo-gas phase conditions.?21 When both complexes are reacted with the very weak
and soft Lewis acid TI* bearing the WCA [TEF] ([TEF]= [A{OC(CF3)s}s])??
both Es ligands show the same bridging n°:n'-coordination (see Scheme 1,
top right).?%24 By increasing the size of the WCA from [TEF] (57 atoms) to [FAl]
(86 atoms) ([FAI] = [FA{OCsF10(CsFs)}s])2>26271 a change of the coordination mode is
observed and only the n°-coordination towards TI* remains (see Scheme 1, bottom right)
affording isolated [TI(L)s]" (L = A, B) complex cations. In the case of Ag*™ from Ag[TEF]
and complex A the one-dimensional coordination polymer [Ag(W,n?n*-A)2][TEF]. is
formed exhibiting a bridging coordination mode of complex A with mixed oand

1T coordination towards Ag (see Scheme 1, bottom left).[28l
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Scheme 1. Reported reactivity of [Cp*Fe(n°-Es)] towards M* cations featuring the WCAs [TEF] and [FAll.
The Ps ring of A shows a bridging n%:n*-coordination towards Ag*, while both Es complexes exhibit a bridging
n°:n*-coordination towards the group 13 metal cations TI*, In* and Ga* (only A) with the [TEF] anion and a
n®-coordination towards TI* featuring the anion [FAI].

Since the coordination ability of the complexes A and B is very flexible and hard to

predict, the question arises which coordination mode complex B would adopt towards
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Ag* and if the reaction outcome is dependent on the stoichiometry of the reactants.
In order to answer these questions we reacted complex B with AQ[TEF] and Ag[FAI] in
different molar ratios and thoroughly investigated the products by single crystal X-ray
structural analysis. DFT calculations are currently performed but since these highly
dynamic coordination compounds represent tremendous challenges they could not be
finished in the scope of this work. Additionally, we investigated the impact of exchanging
the WCA [TEF] for the WCA [FAI] in the reaction of complex A with Ag*.

4.2 Results and Discussion

[Cp*Fe(n®-Ass)] (B) is reacted with Ag[TEF] in CH2Cl, in a 2:1 ratio. The initially green
solution immediately turns red upon the addition of Ag* to complex B. NMR
characterization of compound 1a shows the presence of the Cp* ligands of B in the
'H NMR spectrum and the anion [TEF] in the *F{*H} NMR spectrum but unfortunately
does not give any conclusions about the species in solution. From this reaction we were
able to obtain dark red single crystals. The X-ray analysis revealed a monoclinic unit cell
with a volume of 25566 A® containing four independent [Ag(B),][TEF] formula units in the
asymmetric unit. During the refinement process we encountered several problems which
we initially accredited to the WCA [TEF] which is known to have a high tendency to be
disordered in its solid state structures. This prevented a satisfying determination of the
solid state structure of compound 1a.?° Nevertheless, the desired 2:1 composition of 1a
was confirmed by elemental analysis of the isolated and dried crystals. In the next step,
we reacted complex B with Ag[FAI] in a 2:1 molar ratio. This reaction yields the
analogues product [Ag(B):][FAI] (1b) (see Scheme 2) and proceeds similar to the
synthesis of 1a.

When the solid state structure of 1b was determined by single crystal X-ray diffraction
analysis (measurement at 123 K, Cu-K, radiation) the final model®® by anisotropic
refinement with ShelX contains two independent [Ag(B)][FAI] formula units in which Ag
is situated between two 1 coordinating Ass rings. The unit cell additionally contains
CH2Cl> and n-pentane solvent molecules as well as two [FAI] anions. The outstanding
characteristics of this structural model are the thermal displacement parameters of the
Ag atoms. While all light atoms of the anions, as well as the solvent molecules show
small ellipsoids with expected orientations of the thermal motion, the central Ag atoms
show pronounced oblate deformation parallel to the Ass planes. In order to minimize the
influences of thermal motion and absorption the data collection was repeated at 90 K

with Mo-Kq radiation. 2%
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Scheme 2. Reactivity of the cyclo-Es complexes [Cp*Fe(n®-Es)] (E = P(A), As(B)) towards Ag[FAI]. Yields of
the reactions are reported in parentheses.

Low-temperature high-angle diffraction experiment revealed disorder of Ag* cations
similar to found in several sulfides like, e.g., Ag:Ti2P2S11 and Ag.MnP,SelE32
minerals®334 and fast ionic conductors like, e.g., AgsSiTes®, y-AgsGeTes
or Ag-PSes®".. Two crystallographically unique Ag atoms are located near to inversion
centers between parallel n°-Ass rings (Figure 1a) and c)). Anisotropic refinement of
single Ag position reveals a large positive residual density peak directly on the center of
inversion while both Ag positions (symmetry equivalent) show a negative residual
density. This suggests a possible disorder of Ag although it is the central atom of the
[Ag(B)2]* complex cation. Among different approaches that were previously used to
describe electron density near disordered Ag* cations we have chosen four: split atom
model (Ag is splitted over six close positions), and anisotropic as well as first- and
second-order anharmonic approximation for one (non-splitted) crystallographically
unique Ag position. Therefore, six structural models for 1b were generated in total.
The refinements were performed by ShelX-2014 (split atom Uls and anisotropic
model U2s) and XD2006 (split atom Ulx, anisotropic U2x and anharmonic
models U3, U4).2% The best description of the determined electron density around Ag
was achieved by split positions of isotropic Ag atoms (vide infra). (The anisotropic
refinement done with ShelX-2014 (U2s) also ends with quite satisfactory residuals of
R; =0.0394, wR» = 0.0925.) Both Ag atoms were splitted into six independent positions

(see Figure 2c and d) until no significant residual electron density remained.?"
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The resulting complexes are shown in Figure 2a) and b). It has to be emphasized at this
point, that the rest of the structure determination could be done without any difficulties.
There is even one n-pentane solvent molecule shown in Figure 2e) (50% occupancy,

situated near the center of inversion) which could be refined without any restraints.

Figure 1. lllustration of the complex cations found in the solid state structure of compound 1b.
Measurement at 90 K, Mo-Kq radiation, anisotropic refinement of Ag atoms (50% occupancy, close to center
of inversion). H atoms are omitted and C atoms are represented by small spheres for clarity. a) Illustration of
the first [Ag(B)2]* complex cation showing the coordination environment of Agl. b) Representation of the
residual electron density map of the same complex cation. Green: positive residual density, red: negative
residual density. c) Solid state structure of the second [Ag(B)2]* complex cation.

Figure 2. lllustration of the complex cations found in the solid state structure of compound 1b (from the
same measurement like in Fig. 1, but with refinement of the Ag atoms on split positions in an isotropic
approximation). a) Representation of the first [Ag(B)z]* complex cation. b) Representation of the second
[Ag(B)2]" complex cation. c) Representation of all split positions and their symmetry equivalents of Agl with
Uiso represented in their respective radii. d) Representation of all split positions and their symmetry
equivalents of Ag2 with Uiso represented in their respective radii. €) Pentane solvent molecule found in the
unit cell (50% occupancy, occupying center of inversion) refined without any geometrical or ADP restraints.
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Because of severe disorder of Ag* cations we refrain from describing the Ag-As
distances of compound 1b. In order to better understand the bonding situation in 1b DFT
calculations are performed for the species in solution as well as for the solid state
structures. Due to the weakly interacting moieties containing several heavy elements,
these calculations represent a tremendous effort and could not be finished until the

submission of this PhD-thesis but will be included in an upcoming publication.

Questions that should be answered:

1. How does the optimized geometry of 1b look in the gas phase and in solution?

2. What are the species present in solution?

3. How big are the energy barriers between different positions for Ag in the crystal?

4. Is there a static positional disorder of Ag on different opositions or is there a
movement of the Ag* cation in a cavity of constructed by two parallel cyclo-Ass
ligands even at low temperature in the solid state?

The analysis of compound 1b suggests that Ag* is very weakly coordinated by the
cyclo-Ass ligand B. Therefore, the question arises whether the introduction of an
additional ligand to compound 1b might have an impact on the coordination.
Consequently, we reacted Ag[FAI] with three equivalents of the ligand B in CH.Cl,.
The solution showed a similar color change from green to dark red upon addition of Ag*
to complex B. NMR characterization of the reaction product once again could only
ascertain the presence of the Cp* ligands of complex B and the [FAI] anion. When the
CHCI, solution is layered with alkanes compound 2 can be obtained as dark red
crystals. The X-ray diffraction analysis (R;=0.0318, wR; =0.0859) reveals that 2
crystallizes in the trigonal space group P-3. The cationic part of 2 is depicted in
Figure 3a) and shows a n?-coordination of three ligands B towards a central Ag atom to
form [Ag(n?-B)s]" paddle-wheel complex cations. The atomic displacement parameters of
the Ag atom show no peculiarities and its environment can be best described as a
trigonal planar geometry created by three side-on coordinating As-As bonds. The trigonal
symmetry of the complex cation resembles the compound [TI(B)s][FAI] (see Scheme 1),
however in that case there is a n°-coordination present towards TI*.2% 241 The resulting
Ag-As bonds in 2 show very similar lengths of Agl-Asl 2.8183(6) A and Agl-As2
2.7719(5) A, respectively. The 1 coordinating As1-As2 bond is marginally elongated with
2.3718(7) A compared to the remaining As-As bonds which show uniform lengths close
to 2.327(6) A the average As-As bond length of the free ligand B. In Figure 3b) it can be
seen that the arrangement of two consecutive [Ag(n*B)s]* paddle-wheels show a
staggered conformation, but the rotational direction remains the same when going along

the crystallographic c-axis.
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Figure 3. a) lllustration of the complex cation in the solid state structure of compound 2. b) Viewing direction
along the crystallographic c-axis of the trigonal crystal system showing the staggered arrangement of two
consecutive [Ag(n?-B)s]* complexes. H atoms are omitted and C atoms are represented by small spheres for
clarity. Selected bond lengths [A]: Agl-Asl 2.8183(6), Agl-As2 2.7719(5), Asl-As2 2.3718(7), As2-As3
2.3384(7), As3-As4 2.3235(8), As4-As5 2.3251(9), Asl-As5 2.3460(8). Sum of coordination angles
Cent(As1-As2)-Agl-Cent(As1’-As2) = 359.3°.

The characterization of 2 clearly demonstrates that Ag* is weakly bound by the Ass
plane of complex B in 1b and the introduction of another equivalent of B results in a
change of the coordination mode in 1b to mere n?-coordination in 2.

The current investigation shows different coordination abilities of the Ps complex A
and the Ass complex B towards Ag*. While the As complex B clearly prefers
T coordination and the formation of isolated complex cations the analogues
Ps complex A has been reported to form the coordination polymer [Ag(u,n?:n*-A)2]a[TEF]a
with Ag[TEF] exhibiting mixed o and m coordination. In order to check, that the
differences in the bonding preferences of A and B towards Ag* are not only caused by
increasing the size of the anion from [TEF] (57 atoms) to [FAI] (86 atoms) we
consequently also reacted A with Ag[FAI] in a 2:1 ratio. Upon addition of Ag[FAI] to a
stirred CHCI; solution of complex A the initially dark green solution turned to olive and
finally to brown in the course of about one minute. The 3P{H} NMR spectrum from
CD.Cl; solution shows a singlet at 6 = 154.1 ppm slightly shifted to lower field compared
to the free ligand A (6 =152.2 ppm). This suggests fast dynamics in solution
as expected. The *H and **F{*H} NMR spectra show the characteristic signals for the Cp*
ligand as well as the [FAI] anion. By layering the CH.Cl> solution with alkanes
compound 3 can be obtained as light brown crystalline plates. The determined X-ray
structure (Ri1=0.0338, wR; =0.0690) presented in Figure 4 shows a tetranuclear
complex cation containing eight Ps ligands A which show mixed o and m coordination

towards Ag*. The asymmetric unit contains four independent Ps ligands (I-1V) while the
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others are their symmetry equivalents by inversion. Taking a closer look at the bonding
we can identify that all independent Ps ligands show a different coordination mode.
While ligand IV is only end-on o coordinating one Ag atom ligand 1ll is bridging two
Ag atoms in a bridging 1,2-n*:n*-coordination mode. The ligand 1l shows
a 1,2,3-n*n*-coordination mode bridging two Agatoms which was the only
experimentally observed coordination mode known from the previously described
coordination polymer [Ag(u,n%:n*-A)2]n[TEF]..® Finally, the ligand | shows a bridging
1,2,4-n*n*-coordination mode. Interestingly, the coordination modes towards Ag* of the
ligands | and IV were previously predicted to be present in in the gas phase and in
solution by DFT calculations, but were not experimentally observed prior to
this investigation.!”®! The lengths of the Ag-P bonds are strongly dependent on the
bonding mode, while o coordination results in Ag-P bond lengths of ~2.5A,
1T coordination results in Ag-P distances of 2.7-2.8 A in average. The P-P bond lengths
of compound 3 are relatively uniform (2.11-2.12 A) which is in good agreement to the
average P-P bond length of 2.120(5) A determined for the free complex A.?8 Only the
m coordinating P-P bonds are slightly elongated with P3-P4 at 2.1704(14) A and
P7-P8 at 2.1539(14) A.

Figure 4. Excerpt of the solid state structure of compound 3 showing the tetranuclear complex cation.
H atoms are omitted and C atoms are represented by small spheres for clarity. Selected bond lengths [A]:
P1-Agl 2.5348(10), P3-Ag1’ 2.6627(10), P4-Ag1’ 2.7887(10), P6-Ag1' 2.4926(9), P7-Ag2‘ 2.8266(10),
P8-Ag2' 2.8097(10), P11-Agl 2.6100(11), P12-Ag2 2.4781(11), P16-Ag2 2.4719(10).

4.3 Conclusion

The presented results demonstrate the facile preparation of Ag* coordination
compounds with the sandwich complexes [Cp*Fe(n®-Es)] (E = P(A), As(B)) containing
the WCAs [TEF] and [FAI]. While the coordination of A to Ag* was reported before it was

unprecedented for ligand B. The experiments show exclusive 1 coordination
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via As-As bonds or the Ass plane of ligand B. The coordination compound
[Ag(B)2][FAI] (1b) exhibits an intriguing complex containing two parallel cyclo-Ass ligands
and a central Ag atom which cannot be clearly located. Whether this disorder is static or
caused by a possible movement of the Ag cation inside a small cavity constructed by the
cyclo-Ass ligands cannot be answered and will be further investigated
by DFT calculations. The introduction of a third equivalent of B to Ag[FAI] results in a
change to a solely n?-coordination mode of one As-As bond of B and the formation of
trigonal paddle-wheel [Ag(n?-B)s]* complex cations in the solid state.

The increased size of the [FAI] anion compared to [TEF] results in the formation of a
tetranuclear Ag* complex cation in 3 instead of the previously described polymer in the
reaction with [Cp*Fe(n®-Ps)] (A). Among the four independent cyclo-Ps ligands A in 3,
one shows an end-on and one a bridging 1,2,4-n%n*-coordination mode of the Ps ring.
These two bonding modes of ligand A towards Ag* were predicted by DFT calculations
before and could now be verified experimentally. The investigation of the reactivity of
these very flexible multidentate P, and Asn ligand complexes and their behavior towards

‘naked’ cations under weakly coordinating conditions is a challenging and ongoing task.
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4.5 Supporting Information

General infomation

All experiments were performed under an atmosphere of dry argon or nitrogen using standard
Schlenk and drybox techniques. Commercially available reagents were used as received without
further purification. Solvents were freshly distilled under nitrogen from commonly used drying
agents or purified by a solvent purification system of MBraun. Solution NMR spectra were
recorded on a Bruker Avance 400 spectrometer (*H: 400.130 MHz, 3P: 161.976 MHz,
13C: 100.613 MHz). The chemical shifts 0 are presented in parts per million ppm and coupling
constants J in Hz. The following samples were used for external reference: TMS (*H, 13C), CFCls
(*°F), HsPO4 85 % (3'P). ESI-MS spectra were measured on a Finnigan Thermoquest TSQ 7000
mass-spectrometer. IR spectra were recorded on a VARIAN FTS-800 FT-IR spectrometer. The
solid substances were grinded together with dried KBr and pressed to pellets. The starting
materials [Cp*Fe(n°>-Ps)] (A),/! [Cp*Fe(n®-Ass)] (B),[2 Ag[TEF]®! and Ag[FAIl* were prepared
according to the literature procedure.

Syntheses of described coordination compounds

Synthesis of [AQ(B)2l[TEF] (1a): 70 mg (0.12 mmol, 2.1eq.) [Cp*Fe(n>-Ass)] (B) is dissolved in
3mL CH:Cl.. In a separate Schlenk vessel 58 mg (0.05 mmol, leq.) Ag(CH2CLL)[TEF] are
dissolved in 5 mL CH2Clz. While stirring, the Ag[TEF] solution is slowly added to the initially green
solution of [Cp*Fe(n®-Ass)]. The color of the solution immediately turned dark red upon this
addition. The clear solution was stirred for 2 h at room temperature. The filtered solution is
carefully layered with n-hexane and kept at +4 °C. In the course of one day compound la can be
obtained as dark red crystals. The product is filtered off, washed with n-hexane (3 x 10 mL) and
dried in vacuum. Elemental analysis shows, that this completely removes the solvent from the
crystals. Yield 82 mg (75%). 'H NMR (CD2Cl2) é/ppm = 1.17 (s; CsMes); 13C{*H} NMR (CD:Cl2)
O/ppm = 90.8 (s; CsMes), 11.9 (s; CHs); °F{*H} NMR (CD2Cl2) é/ppm = -75.6 (s; CF3). Anal.
calcd. for [Ag{Cp*FeAss}2][TEF]: C, 19.60; H, 1.37. Found: C, 19.65; H, 1.39. ESI-MS (CH2Cl2)
cations: m/z (%) = 756.8 (100) [Cp*2Fe2Ass]*, 1238.2 (20) [Ag{Cp*FeAss}2]*; anions: 967.0 (100)
[TEF]". IR (KBr) #/cm~t = 2970 (vw), 2912 (vw), 1478 (vw), 1428 (vw), 1378 (vw), 1353 (w), 1302
(vs), 1277 (vs), 1241 (vs), 1219 (vs), 1157 (m), 1022 (w), 974 (vs), 831 (vw), 756 (vw), 728 (s).

Synthesis of [Ag(B)2][FAIl (1b): 79 mg (0.05 mmol, 1leq.) Ag(CH2Cl2)[FAI] and 57 mg (0.1 mmol,
2eq.) [Cp*Fe(n®-Ass)] are dissolved in 25 mL CH2Cl2 in separate Schlenk vessels. Upon addition
of the Ag* solution to the stirred [Cp*Fe(°-Ass)] solution, the initial green color turned to dark red.
After 2 h of stirring at room temperature, the solution remained slightly turbid. The filtered solution
is carefully layered with the fivefold volume of n-pentane. After one week compound 1b can be
obtained as dark red crystals. The crystals are filtered off, washed with n-pentane (3 x 10 mL) and
dried in vacuum. Yield 82 mg (62%). 'H NMR (CD2Cl2) &/ppm = 1.22 (s; CsMes); 3C{*H} NMR
(CD2Cl2) o/ppm = 90.3 (s; CsMes), 11.95 (s; CHz); 1°F{*H} NMR (CD2Cl2) &6/ppm = -112.6 (d, JFr=
280 Hz, 2F), —117.1 (d, Jrr= 279 Hz, 2F), —=121.5 (d, JrF = 277 Hz, 2F), —127.7 (s, 2F), —130.4 (d,
JeF = 275 Hz, 2F), —136.8 (d, JrF = 276 Hz, 2F), —140.7 (d, JrF = 277 Hz, 1F), —=153.9 (t, Jef =
22 Hz, 1F), —164.6 (t, JrF= 18 Hz, 1F), -172.0 ppm (s, AIF). Anal. calcd. for [Ag{Cp*FeAss}2][FAI]:
C, 25.67; H, 1.15. Found: C, 25.45.17; H, 1.33. ESI-MS (CH2Cl.) cations: m/z (%) = 1238.1 (100)
[Ag{Cp*FeAss}.]*; anions: 1381.0 (100) [FAI]". IR (KBr) #/cm1 =2962 (w), 2916 (w), 2851 (vw),
1650 (m), 1532 (m), 1483 (vs), 1427 (m), 1377 (m), 1323 (m), 1307 (m), 1267 (s), 1242 (s), 1203
(vs), 1186 (s), 1156 (s), 1134 (m), 1104 (s), 1033 (m), 1018 (s), 1000 (m), 956 (vs), 908 (m), 849
(w), 811 (w), 766 (m), 750 (w), 729 (m).
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Synthesis of [Ag(B)3][FAI] (2): 53 mg (0.034 mmol, 1eq.) Ag(CH2CI2)[FAI] and 57 mg (0.1 mmol,
3eq.) [Cp*Fe(n®-Ass)] (B) are dissolved in 25 mL CH2Cl: in separate Schlenk vessels. Upon
addition of the Ag* solution to the stirred [Cp*Fe(n®-Ass)] solution, the initial green color turned to
dark red. After 2 h of stirring at room temperature, the solution remained slightly turbid. The
filtered solution is carefully layered with the fivefold volume of n-pentane. After one week
compound 2 can be obtained as dark red crystals. The crystals are filtered off, washed with
n-pentane (3 x 10 mL) and dried in vacuum. Yield 46 mg (44%). *H NMR (CD2Clz) é/ppm = 1.23
(s; CsMes); 13C{*H} NMR (CD2Cl2) é/ppm = 90.1 (s; CsMes), 12.0 (s; CHs); °*F{*H} NMR (CD2Cl2)
o/ppm =-112.6 (d, JrF= 280 Hz, 2F), —-117.1 (d, Jrr = 279 Hz, 2F), -121.5 (d, JrF = 277 Hz, 2F),
-127.7 (s, 2F), —130.4 (d, Jrr = 275 Hz, 2F), —136.8 (d, JrF = 276 Hz, 2F), —140.7 (d, JrF =
277 Hz, 1F), -153.9 (t, JrF = 22 Hz, 1F), —164.6 (t, JrF = 18 Hz, 1F), —172.0 ppm (s, AlF). Anal.
calcd. for [Ag{Cp*FeAss}s|[FAIl: C, 24.87; H, 1.42. Found: C, 24.84; H, 1.49. ESI-MS (CH2Cl2)
cations: m/z (%) = 674.6 (7) [Ag{Cp*FeAss}]*, 756.8 (11) [Cp*2Fez2Ass]*, 1238.5 (100)
[Ag{Cp*FeAss}2]*;anions: 1381.2 (100) [FAI]". IR (KBr) #/cm-! = 2976 (vw), 2916 (vw), 2854 (vw),
1650 (m), 1532 (m), 1483 (vs), 1427 (m), 1377 (m), 1323 (m), 1307 (m), 1267 (s), 1242 (s), 1203
(vs), 1186 (s), 1156 (s), 1135 (m), 1105 (s), 1033 (m), 1018 (s), 1000 (m), 956 (vs), 909 (m), 849
(w), 811 (w), 766 (m), 752 (w), 729 (m).

Synthesis of [Ag(A)2][FAI (3): 79 mg (0.05 mmol, 1eq.) Ag(CH2Cl2)[FAI] and 35 mg (0.1 mmol,
2eq.) [Cp*Fe(n°-Ps)] (A) are each dissolved in 5 mL CH2Cl2 in separate Schlenk vessels. Upon
addition of the Ag* solution to the stirred [Cp*Fe(7°-Ps)] solution, the initial dark green color turned
to olive green and subsequently to light brown. After 3 h of stirring at room temperature, the
solution was filtered and carefully layered with the fivefold volume of n-pentane. In the course of
minutes the formation of small amounts of crystalline product was observed at the mixing zone of
CH2Cl2 and n-pentane. The layered system was stored at +4 °C and in the course of one week
compound 3 can be obtained as small brown crystalline plates. The crystals are filtered off,
washed with n-pentane (3 x 10 mL) and dried in vacuum. Yield 62 mg (57%). 'H NMR (CD2Cl»)
o/ppm = 1.37 (s; CsMes); 1BC{*H} NMR (CD2Cl2) d/ppm = 11.07 (s, Me); *F{*H} NMR (CD2Cl2)
o/ppm =-112.6 (d, JrF= 280 Hz, 2F), —-117.1 (d, Jrr = 279 Hz, 2F), —121.5 (d, JrF = 277 Hz, 2F),
-127.7 (s, 2F), -130.4 (d, Jrr = 275 Hz, 2F), —136.8 (d, Jrr = 276 Hz, 2F), —140.7 (d, JrF =
277 Hz, 1F), -153.9 (t, JrF = 22 Hz, 1F), -164.6 (t, JrF = 18 Hz, 1F), —172.0 ppm (s, AlF);
31P{IH} NMR (CD2Cl2) &/ppm = 153.8 (s). Anal. calcd. for [Ag{Cp*FePs}.][FAIl]: C, 30.83; H, 1.39.
Found: C, 30.74; H, 1.54. ESI-MS (CH:Cl2) cations: m/z (%) = 798.8 (100) [Ag{Cp*FePs}.]*;
anions: 1381.3 (100) [FAIl". IR (KBr) #/cm=t = 2971 (vw), 2919 (vw), 2851 (vw), 1652 (m),
1533 (m), 1485 (vs), 1427 (w), 1379 (m), 1323 (m), 1308 (m), 1267 (m), 1244 (s), 1205 (vs),
1186 (s), 1154 (s), 1134 (m), 1105 (s), 1033 (m), 1018 (vs), 1006 (m), 956 (vs), 910 (m), 849 (w),
810 (w), 766 (m), 750 (w), 729 (m).

X-ray structure determination

General considerations

All crystal manipulations were performed under mineral oil or perfluorinated oil. The diffraction
experiments were performed at 123K and at 90K either on a Rigaku (former Agilent
Technologies or Oxford Diffraction) Gemini Ultra, on a SuperNova diffractometer using either
Cu-Ka or Mo-Kq radiation. Crystallographic data together with the details of the experiments are
given in Table 1 and Table 2. The cell determination, data reduction and absorption correction for
all compounds were performed with the help of the CrysAlis PRO software. The full-matrix
least-square refinement against F2 for 2 and 3 was done with ShelXL. It was also done with
ShelXL for 1b measured at 123 K with Cu radiation (1b (Cu)), measured at 90 K with Mo radiation
with an isotropic approximation for Ag 1b (U1s) and also with an anisotropic approximation for Ag
1b (U2s). The crystal structure of 1b was also refined with the help of the program XD2006 with
isotropic approximation of the Ag atoms (1b (U1x)) and anisotropic approximation (1b (U2x)). In
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addition, the crystal structure of 1b was also refined with first- (1b (U3)) and second-order
anharmonic (1b (U4)) approximation of the Ag atoms by XD2006. The details about the different
refinements of 1b are described in the respective section below. For the description of the
refinement strategy we list the commonly used syntax for the ShelXL program (DFIX, SADI,
SIMU, ISOR, EADP) when restraints or constraints were applied. If not stated otherwise, all atoms
except hydrogen were refined anisotropically. The H atoms were calculated geometrically and a
riding model was used during refinement process. Graphical material was created with the free
software Olex2.

Crystallographic tables

Table 1. Crystallographic details for 1a and 1b measured at 90 K with Mo-Kq radiation (Uls, U2s). The
structure of 1a could not be refined, so we report here only the determined unit cell for future reference.

Identification code la 1b (U1s) 1b (U2s)

formula [Ag(B)z][TEF] CeoH39AQA|A510C|3F46F6203

weight [g-mol™] 2784.01

Temperature [K] 89.9(6)

crystal system monoclinic triclinic

space group P2i/c P-1

alA] 37.1854(9) 13.5516(3)

b [A] 21.0878(5) 18.3330(3)

c[A] 36.2951(8) 19.6764(4)

al] 90 64.6454(17)

B 116.120(3) 78.2813(17)

v [°] 90 68.8173(16)

Volume [A3] 25554.5(12) 4112.28(15)

z 16 2

Pealc [g-emd)] 2.248

u[mm™ 4.834

F(000) 2660

crystal size [mm?] 0.448 x 0.161 x 0.082

diffractometer SuperNova (Mo)

absorption correction gaussian

Tmin/Tmax 0.233/0.682

radiation [A] MoK,

20 range [°] 6.082 to 73.118

completeness 0.998

reflns collected/unique 91699/ 37670

Rlnt/Rsigma 0.0313/0.0892
data/restraints/parameters 37670/1/1216 37620/7/1192
GOF on F? 0.884 0.898
Ri/WR; [I 2 20(1)] 0.0394 /0.0883 0.0410/0.0958
R1/WR; [all data] 0.0869 / 0.0925 0.0877 /0.1003
max/min Ap [e-A?] 2.08/-1.89 2.23/-2.03
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Table 2. Crystallographic details for 1b measured at 123 K with Cu-K, radiation (Cu), 2 and 3.

Identification code

1b (Cu)

2

3

formula

weight [g-mol™]
Temperature [K]
crystal system
space group
a[A]

b [A]

clAl

al’]

B[]

y[]

Volume [A%]

z

Pealc [g'CmG]

p [mm]

F(000)

crystal size [mm?]
diffractometer
absorption correction
Tmin/Tmax
radiation [A]

20 range [°]
completeness
reflns collected/unique
Rim/ Rsigma
data/restraints/
parameters

GOF on F?
Ri/WR; [I 2 20(1)]
R1/WR; [all data]
max/min Ap [e-A)]

CeoH3gAgA|A510C|3F45F6203

2784.01

123(1)

triclinic

P-1

13.5805(2)
18.4093(3)
19.7628(4)
64.7970(18)
78.3502(16)
68.6517(16)
4157.29(15)

2

2.224

11.415

2660.0

0.110 x 0.072 x 0.047
SuperNova (Cu)
gaussian

0.444 /0.666
CuKq

7 to 147.462
0.991

46833 / 16069
0.0283/0.0270

16069 /7 /1192

1.088
0.0460/0.1257
0.0547/0.1296

4.07/-1.77

Ce7 H47AgA|A515C |2F45FE303

3271.14
123.00(14)
trigonal

P-3

20.3981(4)
20.3981(4)
12.9725(3)

90

90

120

4674.5(2)

2

2.324

6.135

3108

0.382 x 0.121 x 0.099
Gemini Ultra
gaussian
0.257/0.639
MoKy

6.864 to 52.736
0.978

15480 / 6246
0.0295/0.0501

6246 /8 /432

0.948
0.0318/0.0839
0.0471/0.0859

1.32/-1.41

Ca26H124Ag4Al4ClsF 184F€3012P 40

8894.04
122.9(3)
monoclinic
P21/n
23.46603(13)
19.73024(9)
34.51847(19)
90

108.1596(6)

90
15185.70(15)

2

1.945

8.976

8696

0.122 x 0.104 x 0.047
Gemini Ultra
gaussian
0.473/0.699
CuKq

5.982 to 133.312
0.991

104872 | 26626
0.0565/0.0761

26626 / 8/ 2212

0.783
0.0338/0.0653
0.0595 / 0.0690

1.88/-1.07

X-ray structure refinement of [Ag(B)-][TEF] (1a): Compound la crystallizes in the monoclinic

space group P2i/c with four independent formula units in the asymmetric unit. The X-ray structure
determination of this particular compound proves to be very challenging, due to severe disorder
caused, by the weakly coordinating nature of the [TEF] anion, as well as solvent molecules in the
unit cell. In addition, the crystal slowly loses its crystallinity even at 123 K during the

measurement.

During the refinement of the structural model we observed large oblate displacement parameters
for the Ag atoms (c.f. compound 1b). Finally we decided to not pursue a structure determination
of compound la any longer, since it would not result in a structural model suitable for publication.
However, for future reference we report the determined unit cell as well provide a ball and stick

representation of the complex cations of the ‘final’ model (R1 ~19%, wR2 ~50%).

Figure 1. Representation of the four independent [Ag(B)z]* complex cations of the final model of 1a.
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X-ray structure refinement of [Ag(B)2][FAI] (1b)

General comments on the X-ray structure of 1b

Compound 1b crystallizes in the triclinic space group P-1 with two independent [Cp*Fe(n5-Ass)]
complexes coordinated to one Ag atom in the asymmetric unit. There is also the [FAI] anion and
one CH2Cl2 molecule in general positions, as well as one CH2Cl. molecule and one n-pentane
molecule each occupying a center of inversion. We will describe the refinement strategy for each
model of 1b separately. Finally we will compare the different refinements for the measurement
performed at 90 K with Mo-Kq radiation.

1b (Cu): During the start of our investigation we collected single crystal X-ray data by Cu-Kaq
radiation at 123K. The structure refinement could be done without any difficulty (to our surprise, n-
pentane and one CH2Cl> molecule are ordered). Only the geometry of the half-occupied CH2Cl
molecule was restrained by SADI commands. The Ag atoms are both situated close to a center of
inversion. The final model was refined with an anisotropic approximation for Ag and all other
atoms except for H atoms which were refined using a riding model. The thermal displacement
parameters of these half-occupied Ag atoms are larger than all other ADP’s of the lighter atoms
(Ag is the heaviest atom) and the ellipsoids show a pronounced oblate deformation. There is one
large residual density peak close to Agl with approximately 4e-.

As2

Figure 2. a) lllustration of the [Ag(B)2]* complex cation containing Agl. b) residual electron density map of
complex 1. green = positive electron density (Q peaks), red = negative electron density (holes). c) lllustration
of the [Ag(B)2]* complex cation containing Ag2. Ellipsoids are drawn with 50% probability. H atoms are
omitted and C atoms are represented by small spheres for clarity.

Refinement of the crystal structure of 1b measured at 90 K with Mo-Kq radiation

The diffuse electron density near two crystallographically unique Ag* positions, Ag(1) and Ag(2),
can be explained by different models. The refinement strategy for each model is explained below.

Ul-model (isotropic model): Both Ag(1) and Ag(2) are split over 6 positions each, Ag(10),
Ag(11)...Ag(15) and Ag(20), Ag(21)...Ag(25) respectively. All positions were subsequently
located one after another from the different electron density (Ap) maps during the preliminary
refinement by SHELXL-2014 program. At the first stage of the final refinement the site occupancy




74| SI: 4. cyclo-Es complexes and Ag"®

factors (sofs) together with xyz for all 12 positions were refined assuming the charge balance
requirements (SUMP instruction in SHELXL-2014 program), the Uiso(Ag) being fixed at 0.03 A2,
After this the refined sofs values were fixed and Uiso(Ag) were refined together with xyz. The
resulting sofs vary from 0.01556 to 0.18402.

U2-model (anisotropic model): Both Ag* positions were approximated as single atoms, Ag(1)
and Ag(2), that were refined anisotropically.

U3-model: As in the U2-model, both Ag* positions were approximated as single atoms, Ag(1) and
Ag(2). For both of them xyz, anisotropic (harmonic) a.d.p. ellipsoid (U2) and first-order
anharmonic tensor (U3) were refined.

U4-model: The same as U3-model, but in addition second-order anharmonic tensors (U4) were
refined for both Ag(1) and Ag(2).

The refinement of Ul- and U2-models was performed against F? with SHELXL-2014 (Uls, U2s)
and XD2006 (Ulx, U2x) program sets. In the XD2006 refinement the atomic scattering factors
from the VM (PBE-QZ4P-ZORA) databank were used, taking anomalous dispersion into account.
In the SHELXL-2014 refinement all reflections were used, while in the XD2006 refinement only
reflections with Fo2230(Fo2) were taken into account. During the refinement of Ul-model by
XD2006 (U1x) the values of sofs(Ag) were taken from the SHELXL-2014 refinement (Uls). The
results are summarized in the Table 3. Details about the data collection can be found in Table 1
for 1b (Uls).

model Uls U2s Ulx U2x U3 U4
atomic positions 12 2 12 2 2 2
parameters 481 18 4872 18 38 68
peak at Ag*, [e/A%] 1.10 2.23 1.49 2.42 2.06 <0.86
hole at Ag*, [e/A3] -0.99 -1.63 -1.85 -2.17 -1.73 -1.73
R; for observed 0.040 0.044 0.041 0.043 0.041 0.040
reflections

WR;, for all 0.093 0.101 0.110 0.117 0.113 0.111
reflections

program SHELXL-2014 SHELXL-2014 XD2006 XD2006 XD2006 XD2006

! The disorder of Ag* can be described by total 60 parameters, {X, y, z, sof, Uis;} (sof = site occupancy factor), but only 48
of them were independently refined, either {x, y, z, sof} or {X, y, z, Uiso}

2 During the refinement by XD2006 the values of site occupancy factors for disordered Ag* were taken from SHELX2014
refinement, while {x, y, z, Uiso} were refined.

Description of the diffuse electron density near Ag* positions by different models requires different
number of parameters to refine (parameters, Table 3). In the case of Ul model it is 60 (12
positions by 5 parameters, {X, y, z, sof and Uiso}), but only 48 of them, either {x, y, z, sof} or {x, v,
Z, Uiso}, can be refined independently to avoid the correlation between sof and Uiso. In the case of
anisotropic model, U2, one has to refine xyz and six Uj for both of Ag(1) and Ag(2) (total 12
parameters). The anharmonic models require even more parameters (Table 3). The goodness of
the model can be evaluated by values of residual electron density (Ap) around Ag* positions and
by the least-squares residuals, R1 and wRa.

Analysis of the data from Table 3 and the Ap maps shows that U1 and U4 models are significantly
better than U2 and U3. At that, isotropic (U1) model requires less number of parameters and
gives more symmetrical peak/hole distribution of Ap than U4 model. Therefore the U1 model can
be called more synergetic. In the same time, it can be criticized because some of the Ag*
positions appear to be very close one from another having low sof values. The splitting of Ag™ in
U1 also complicates the interpretation of Ag-As distances.

The problem to clearly locate the central Ag atom in the [Ag(B)2]* complex cations of 1b renders a
direct determination of the resulting Ag-As distances challenging or even impossible. Therefore
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we refrain from discussion of these distances. They generally range from ~2.5 to 3.3 A. The main
text contains representations of the isotropic and anisotropic models Uls und U2s.

X-ray structure refinement of [Ag(B):][FAI] (2): Compound 2 crystallizes in the trigonal space
group P-3 with the Ag atom, the anion and one CH2Cl2 solvent molecule occupying the threefold
rotational axis and one complex B in general position. The refinement could be done without any
problems. One of the Cl atoms of the CH2Cl> molecule is situated directly on the rotational axis
while the other Cl atom and the methylene carbon atom are situated next to the axis in general
position (33% occupancy). Both C-Cl distances were restrained by DFIX commands and the
ADPs of the methylene carbon atom were restrained by an ISOR command.

X-ray structure refinement of [Ag(A)2][FAI] (3): Compound 3 crystallizes in the monoclinic space
group P2i/n with two Ag atoms, four independent complexes A and two independent [FAI] anions
in the asymmetric unit. Additionally, there is a disordered CH2Cl> solvent molecule in the
asymmetric unit. Both parts (56:44 ratio) were restrained by SADI commands and the carbon
atom (56% occupancy) was restrained anisotropically restrained by an ISOR command or
isotropically (44% occupancy). The next Q-peaks might show a second orientation of one cyclo-Ps
ligand of a complex A. When we performed a free refinement of the second position of the
complex A, the occupancies were all below 8% and the distances between splitted positions were
shorter 0.4 A. Additionally, following this refinement strategy would lead to the necessity of
refining a model with complete positional disorder of the whole cationic part of the crystal
structure not only one complex A. The refinement of the final model (without this disorder) shows
good R values (R1 = 0.0338, wR2 = 0.0653). Therefore, we finally decided to neglect this disorder.
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5 [{CpMo(CO)2}4a(Us,n?:n%n%n?-P4)]>* a substituent-free
dicationic P4 chain complex obtained by oxidation of
[{CpMo(CO)z2}2(,n*:n*-P2)]

Abstract: A simple one-step synthesis of the well-soluble strong oxidant
[Thia][TEF] (1) (Thia = thianthrene, S;Ci:Hs, [TEF] = [A{OC(CFs3)s}]?)
is presented. The reaction of 1 with the P> ligand complex
[{CpMo(CO)2}2(1,n*n*-P2)] (A) leads to the dicationic complex
[{CpMo(CO)z2}a(s,n%:n*n*n*-P4)]** as dark green powder (2cr) or dark
red crystals (2). Single crystal X-ray diffraction of 2 reveals a zigzag P4 chain.
All attempts to identify the formation of the monocation [A]* by
spectroelectrochemistry (SEC), Cyclovoltametry (CV), EPR spectroscopy
and Evans NMR failed suggesting that [A]* dimerizes very fast to the
dication [(A)2]?*. Solution NMR studies of the dicationic species reveal a
highly dynamic behavior rendering all P atoms as well as Cp and CO ligands
equivalent on the NMR timescale. The *'P{*H} MAS NMR spectra of 2 and
2cr show no dynamic behavior in the solid state. All analytical data suggest
that depending on the conditions the dicationic reaction product can be
obtained selectively as a symmetric (2cr) or asymmetric (2) P4 chain
complex. These isomeric forms can easily be converted into each other.

5.1 Introduction

During the last years, the catenation of phosphorus containing compounds and their
heavier congeners has gained increasing interest in chemical research.!234
The majority of these cations bear organic substituents which significantly increases
their stability. One prominent representative, the [(P4)(AsPhs).]?* dication however,
exhibits a central P4 butterfly moiety which is only bonded to As atoms.® Its bonding
situation is vividly discussed in the current literature.®”8 The side product
[PhsAsAsPhs]** is one example for a pnictogen-pnictogen bond formation via oxidation.
Our research focus on the reactivity of substituent-free polypnictogen ligand
complexes[®10111213] includes the investigation of their oxidation chemistry.
Preliminary studies demonstrated that oxidation of [(Cp*Mo)2(u,n%:n%-Ps)] results in the
bis-allylic distortion of the hexaphosphabenzene® ligand (Scheme 1 1).*5 Additionally, it
was reported before that single-electron oxidation of the thoroughly studied
pentaphosphaferrocenel’® [Cp*Fe(n®-Ps)] leads to an initial oxidation” of Fe" to Fe'
followed by an internal redox process and a P-P bond formation. This finally yields a

formally neutral bicylic Pio ligand stabilized by two [Cp*Fe'l* fragments (Scheme 1 II)
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which could be structurally characterized in 2013.181 Recently, Krossing et al.
accomplished the preparation of the first homoatomic P cation [Po]* by initial insertion of
[NO]* into a P-P bond of P, with the help of the WCA (=weakly coordinating anion)
[A{OC(CFs)s}a]” (=[TEF]).°*?% This was the impulse to investigate the oxidation
chemistry of the tetrahedrane complex [{CpMo(CO)z}.(1,n%n?-P2)] (Scheme 1 A).121
This P> complex has frequently been used as a multidentate ligand in supramolecular
chemistry due to its flexible coordination ability.[?223242% |t can be viewed as an analog
of P4 in which two P atoms are exchanged by the isolobal 15 VE complex fragments
[CpMo(CO),]. However its oxidation chemistry has not been investigated, yet.

B 1+ [ 12+
ﬁ Fe =)
Mo P—p
p/P P\P p-P~ /I'j OC—Mo Mo—CO
—_— ] —_—
~» ' F:__/ / P—p s Va .
Mo P=—=pP e
<3| | = —

Scheme 1. Bis-allylic distorted cyclo-Ps ligand in [(Cp*Mo)2(p,n%:n®-Pe)]*
(1), bicyclic P1o ligand in [(Cp*Fe)2(,n*:n*-P10)] (1) and representation of
[{CpMo(CO)ala(p,n*:?-P2)] (A).

5.2 Results and Discussion

Salts of Ag* are valuable one electron oxidants (E° = 0.65 V vs CpzFe®* in CH,Cly).l?8!
The oxidation potential of Ag* is strongly dependent on the used solvent and it can also
be significantly reduced if coordination of the substrate is a competing reaction pathway.
Therefore, in reactions of Ag[TEF] with several substrates (P4, As,, 8 Sg,[?9 Se [0
[Fe(CO)s]®Y) the formation of coordination compounds or clusters is observed instead
of oxidation. This is also true for the complex [{CpMo(CO)z2}2(u4,n*:n*-P2)] (A) which only
acts as a ligand towards Ag* without being oxidized.®23 In order to accomplish the
oxidation of A, the preparation of a stronger single-electron oxidant containing the WCA
[TEF] was necessary. Therefore, the isolation of the organic radical cation of thianthrene
[C12HsS:]* (=[Thia]) having a high oxidation potential (E° = 0.86V vs CpFe%*
in MeCN)®2% seemed to be a valuable goal. Two synthetic procedures were developed
affording the desired deep purple salt [Thia][TEF] (1) in good yields (see Scheme 2).
It can either be prepared from [Thia][SbFs] in a metathesis reaction with Li[TEF]
(method 1) or by direct oxidation of thianthrene by [NO]J* in the presence of the anion
[TEF] (method 2). Thereby, method 2 represents a simple one-step synthesis starting

from commercially available reagents. The reaction is performed in liquid SO to ensure
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the solubility of LI[TEF]. The product [Thia][TEF] however, is readily soluble in CH2Cl,

and can be obtained as dark purple single crystals from CH,Cl,/n-hexane.

. ) CH,Cl, 20 h . ]
method 1:  LI[TEF] + [Thia][SbFg] —————» [Thia][TEF] + Li[SbFg] 4
ultrasonic
activation 1(61%)

method 2:
) . SOz (1) ) )
Li[TEF] + NO[SbFg] + (thianthrene) ———=—" s [Thia][TEF] + Li[SbFg] { + NO T
r.t., 24h

1 (64%)

Scheme 2. Syntheses of [Thia][TEF].

With the strong oxidant [Thia][TEF] (1) in hand the reactivity of the P, complex A upon
one-electron oxidation was investigated. When light orange solution of A in CHxCI; is
reacted with 1 in CH2Cl> an immediate color change to dark red-brown without formation
of any precipitate is observed. Precipitation with toluene affords the crude ionic reaction
product as a dark green powder (2cr). Surprisingly, recrystallization from
CH.Cly/n-hexane results in the formation of dark red single crystals of 2 which are
suitable for X-ray diffraction analysis. The crystal structure of 2 is shown in Figure 1 and
will be discussed below. The possibility to determine the structure of 2 helped us
significantly to understand the formed species, however, the nature of the dark green

powder 2cr will be discussed in detail afterwards.

[IVIO]:- [Mo]  [Thia][TEF]

Mo] o |*
CH,CI Mo]~/— N s
F’/\\P CHCl |l ‘{]//F“—-.PQ—/—’[MO] [TEF] +©[S©
P
[Mo]

-40°C-r. t.

A
[Mo] = CpMo(CO), 2: [{CpMo(CO)alalua.n:n?:n:n*P)ITEF]; (78%)

Scheme 3. Oxidation of the P2 complex A forming the dication 2.

Figure 1. Crystal structure of the dication in 2. Ellipsoids are drawn at
50% probability. H atoms are omitted and C as well as O atoms are
drawn as small spheres for clarity. Selected bond-lengths [A] and
angles [°: P1-P2 2.1277(11), P2-P3 2.2090(10), P3-P4 2.1641(10),
Mol1-Mo2 3.1373(3), Mo3-Mo4 3.1669(3), P1P2P3 104.91(4), P2P3P4
98.96(4) dihedral angle P1P2P3P4 133.83(5).
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Compound 2 crystallizes in the monoclinic space group P2:/n with the dicationic
complex [{CpMo(CO)2}s(Ua,n*:n*:n%*n*P4)]** and two independent [TEF] anions in the
asymmetric unit. The central structural motif of the cation consist of a zigzag P4 chain
(PPP angles 98.96(4)° and 104.91(4)°) in a gauche conformation exhibiting a dihedral
angle of 133.83(5)°. The P-P bonds in 2 are significantly elongated compared to
complex A (2.079(2) A) with the central P2-P3 bond being the longest one
(2.2090(10) A)2U which directly correspond to the calculated Wiberg bond indexes (WBI)
of 1.06(P1-P2), 0.80(P2-P3) and 1.01(P3-P4).B%1 The Mo-Mo bonds are elongated
compared to A as well (3.022(1) A).?Y The tendency of increasing bond lengths in 2
compared to A is also shown by DFT calculations. All Mo-P bonds are within the range
of 2.4031(7) A up to 2.5088(7) A with slightly shorter values for the central P atoms P2
and P3. A particularly interesting feature of the crystal structure of 2 is the relative
orientation of the Cp rings on the Mo atoms. For all coordination compounds of A, as
well as the free complex A and the analogues E, complexes of the heavier
group 15 elements (E = As, Sb, Bi), the Cp rings on the Mo-Mo bond persistently point to
opposite sides of the Mo-Mo bond (trans arrangement). In contrast, the Cp ligands on
Mo3 and Mo4 in 2 point to the same side (cis) exhibiting an almost
eclipsed arrangement. The Cp ligands on the remaining Mo atoms show different
orientations with the ligand on Mo2 pointing away from the P1-P2 bond while the ligand
is rotated towards the P1-P2 bond on Mol. This arrangement suggests a possible free
rotation of the ligands Cp, and the two CO ligands around the Mo atoms. This molecular
motion was also described to be responsible for the chemical equivalence of
the Cp ligands in the heteronuclear PAs analog of complex A
[{CpMo(CO)2}2(u,n*:n*-PAs)].5537:%]

Compound 2 represents the product obtained from single-electron oxidation of A and
intramolecular P-P bond formation. This reaction was subsequently studied by
cyclic voltammetry. The CV of A in CH:Cl> solution is depicted in Figure 2 a.
The complex undergoes a pseudo-reversible oxidation with the peak of the
anodic wave (I) at +0.24 V vs. Cp,Fe%" while the corresponding cathodic wave (Il) is
significantly shifted to —0.21 V vs. Cp2Fe%*. The second (+0.81 V vs. Cp.Fe®*) and third
oxidation (+1.09 V vs. Cp.Fe%*) are irreversible (not shown here). This suggests that
after the first oxidation of A, the shifted peak for the reduction corresponds to the dication
of 2. During this study, no decline of the cathodic wave of 2 or the observation of any
reduction assignable to the monocation [A]" could be observed in the CV regardless of
the scan rates, the temperature and the concentration of A. This points to a rapid

formation of the dication. This transformation can also be followed by IR spectroscopy
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shown in Figure 2 b. During the oxidation the intensities of the CO stretching bands
at 1913, 1962 and 1987 cm™ for neutral A decrease while three new signals at higher
energies (~2028, 2044 and 2053 cm™) evolve. The higher CO stretching frequencies for
2 can easily be explained by a decrease in 1 back bonding from the Mo atoms which are
more electron poor compared to A. This process is fully reversible as long as A is only

oxidized once.

a) b) l
I i l
A
— A
|
0.6 0.4 0.2 D‘.O -0.2 -OI.4 -0.6 19.50 1850 1750
E vs. Fc" [V] Viem™]

Figure 2. a) CV of A in CH2Cl2 (v = 200 mV-s2, c([NBua4][PFe]) = 0.1 mol-L™1). b) IR spectrum of A during the
oxidation obtained from spectroelectrochemical analysis.

To further elaborate the nature of the green powder 2cr in comparison to crystalline 2
we thoroughly characterized the products in solution and in the solid state. When
crystalline 2 is dissolved in CH.ClI, the solution cannot be distinguished from dissolved
2cr by IR and NMR spectroscopy (vide infra).®% Additionally, the dissolved crystals of 2
can be precipitated by addition of toluene to afford a dark green powder which cannot be
distinguished from 2cr by IR spectroscopy (vide infra). The *H NMR spectra of 2 and 2cr
in CD.Cl, solution show only one singlet at 6 = 4.55ppm for the Cp ligands.
The BC{*H} NMR spectra consistently show only one singlet for the Cp ligands at
6 =92.26 ppm and one singlet for the CO ligands at 6 = 218.92 ppm. The 3!P{*H} NMR
spectra of 2 and 2cr show only one broad signal at 6 = —0.1 ppm (w1/2 = 193 Hz) which
moves to higher field (6 = —26.5ppm) and significantly broadens upon cooling
(w12 > 10000 Hz at 213 K) but no signal splitting can be resolved before
precipitation starts. Characteristic signals assignable to the [TEF] anion can be observed
in the **F{*H} and the *C{*H} NMR spectra. Solutions in CD,Cl, and solid samples of 2
and 2cr are silent in the X-band EPR spectra and no paramagnetic shift is observed by
the Evans NMR method suggesting only diamagnetic species in solution. This suggests
that the diamagnetic dication in 2 does not dissociate in solution, which is in good

agreement with calculations. DFT analysis at the BP86/def2-TZVP level of theory show
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that the dissociation of 2 in two [{CpMo(CO)2}2(U4,n*:n?-P2)]* fragments is favored in the
gas phase by 82.2 kJ-mol™, however it is disfavored by 52.8 kJ-mol™ in solution.!
The ESI mass spectrum of a CH2Cl, solution clearly shows signals assignable to the
monocationic species [A]*, [A-2(CO)]*, [A-3(CO)]* and [A-4(CO)]* which suggests
dissociation in the gas phase in accordance with DFT.®% However, some small peaks
(~50:1 intensity, shifted by ~0.5 Da) can be observed in the same m/z region than [A]*
which are located in between the major signals for [A]*. These signals may arise from a
small percentage of a dicationic species but the isotopic distribution cannot clearly be
resolved due to the small percentage.®® The behavior of 2 and 2cr in solution
conclusively show that the dication of 2 does not dissociate in solution and exhibits fast
dynamic processes rendering all P atoms, all Cp ligands and all CO ligands chemically
equivalent on the NMR timescale. This dynamic behavior can best be compared to the
butadiene-like P4 middle deck of [(Cp”Fe)(i,n*:n*-P4)] (Cp” = 1,3-'BuzHsCp) which also
shows only one broad resonance in the 3*P{*H} NMR spectrum at room temperature.

a) A B

precipitated

400 300 200 100 0 -100 -200 ppm

Figure 3. 3P{H} MAS NMR spectra of 2 at f=20kHz as
precipitated powder 2cr (a) and in crystalline form 2 (b),
respectively. Rotation side bands are marked corresponding to
the signals *(A, P4) +(B, P1), #(P3) and §(P2).

Unfortunately, the exact nature of the species present in solutions of 2 and 2cr still
remains unclear. Therefore, we precipitated the ionic product from the solution with
toluene and recorded 3'P{*H} MAS NMR spectra of the dark green precipitate 2cr as well
as the dark red crystals 2 shown in Figure 3. Precipitated 2cr (Figure 3 a) exhibits two
distinctly different singlets at 6 = 124.7 ppm (A) and 6 = —75.9 ppm (B) in a 1:1 ratio.
In contrast, the 3!P{*H} MAS NMR spectrum of crystalline 2 (Figure 3 b) shows four
signals at 6 = 118.7, 40.7, —70.0 and —92.5 ppm in a 1:1:1:1 ratio which can easily be

explained by the four independent P atoms of the crystal structure. Our signal
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assignment is corroborated by DFT calculations determining the isotropic magnetic
shielding for the P atoms P1-P4.F% The calculated natural charges also correspond to
the observed shifts in the 3'P{*H} MAS NMR spectrum and reveal a positive charge
accumulation on the terminal P atoms P1(+0.30 e€) and P4(+0.40 e) while the central P
atoms P2(+0.21 e) and P3(+0.22 e) show a lower positive charge. Scheme 4 shows
possible resonance structures of the dicationic P4 complex. Based on the charge
distribution and the observed P-P bond lengths the dication in 2 can best be described

as a mixture of the resonance structure Il and Ill shown in Scheme 4.

[M\O];[N}O] [MOI\—[MO] [M\o]\—[l\?o]

P~ >p P=p PéPx

o e\g . = © \ ® = ® N\ ®
P—P P—pP PP
| >\ | ><\ | ><\
[Mo]—/[Mo] [Mo]—[Mo] [Mo]—[Mo]

| I ]
[Mo] = CpMo(CO),

Scheme 4. Possible resonance structures for the dication in 2.

In addition, the dicationic reaction products 2 and 2cr contain several CO ligands
which are excellent probes for IR spectroscopy. The IR spectrum of crystalline 2 in the
solid state shows at least six strong resonances for the CO stretching frequencies (2069,
2060, 2043, 2028, 2016, 1994 cm™) for the eight different ligands of the unsymmetrical
P4 chain complex.®% The IR spectrum of the dark green 2cr in the solid state shows only
three strong resonances (2048, 2030, 2002 cm™) for the CO stretching frequencies.Fd!
However, the solution IR spectra of 2 and 2cr in CH:Cl; are identical.

The current investigation suggests a very fast dimerization of the initially formed
monocation [A]* in solution which does not dissociate back in solution and exhibits very
fast dynamics. During crystallization however, the P4 chain of 2 is obtained in an
asymmetric form (see Figure 1) and the 3!P{*H} MAS NMR spectrum consistently shows
four signals for the inequivalent P atoms. Taking all evidence into account we assume
that the dark green powder 2cr consists of a similar dicationic P4 chain complex with a
more symmetric geometry. This would explain the appearance of two singlets in the
31p{IH} MAS NMR spectrum (see Figure 3 a) with A corresponding to the terminal and B
corresponding to the internal P atoms. The fact that 2 can be reversibly converted into
2cr and back and the fewer observed CO stretching frequencies of 2cr compared to 2 in

the solid state would also be in accordance with this assumption.
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5.3 Conclusion

In summary we have presented a simple one-step synthesis of the strong
oxidant [Thia][TEF] (1). This well-soluble salt enabled the oxidation of the P, complex A
which could not be performed with Ag* as reactant. The oxidation affords the dicationic
complex [{CpMo(CO)z2}a(Us,n?%:n?*n*n*-P4)]** (2). No monocation [A]" could be identified in
solution or the solid state. The presented results successfully expand the chemistry of
polypnictogenyl cations. Complex 2 contains the first unsubstituted cationic P4 chain
stabilized in the coordination sphere of transition metals. In contrast to well-known
polypnictogenyl cations with organic substituents or the homoatomic [Pq]" cation, this P4
chain exhibits very fast dynamics in solution which could not be frozen by cooling.
The dicationic P4 chain complex can selectively be obtained in a symmetric form as dark
green 2cr when precipitated and in the asymmetric form 2 as dark red crystals upon
crystallization. These two isomeric forms 2 and 2cr can be converted reversibly from one
to the other.

Additionally, [Thia][TEF] represent a well-soluble strong oxidant, that can be easily
prepared and enables the stabilization of reactive cationic species by the almost inert
WCA [TEF]. It allows reactions in solvents with low polarity like CH.Cl, even at low
temperatures and significantly increases the solubility of the ionic products. Therefore, it
presents a valuable synthetic tool for future studies and may be used whenever Ag* salts

do not afford the desired oxidation products.
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5.5 Supporting Information

General considerations

All manipulations were carried out under an inert atmosphere of dried nitrogen using standard
Schlenk and drybox techniques. CH2Cl2 and CD2Cl2 were dried over CaHz, alkanes were distilled
from K or Na/K alloy. Dried solvents were also taken from a solvent purification system from
MBraun. NMR spectra were recorded in CD2Clz on a Bruker Avance 300 MHz NMR spectrometer
(*H: 300.132 MHz, 3'P: 121.495 MHz, 13C: 75.468 MHz, 1°F: 282.404 MHz) or a Bruker Avance
400 MHz NMR spectrometer (*H: 400.130 MHz, 3P: 161.976 MHz, 3C: 100.613 MHz) with
external references of SiMes (*H, 13C), CCIsF (1°F) and HsPOas (85%, 3'P). 3'P{*H} MAS NMR
spectra were recorded on a Bruker Avance 300 (3'P: 121.495 MHz) by Prof. Dr. Werner Kremer
of the Physics department of the University of Regensburg. The chemical shifts of the MAS NMR
spectra are also presented in the 6 scale using NaH2PO4 as an external standard. X-Band EPR
spectra were recorded on a MiniScope MS400 device from Magnettech GmbH with a frequency
of 9.5 GHz equipped with a rectangular resonator TE102. ESI-MS spectra were either measured
on a Finnigan Thermoquest TSQ 7000 mass-spectrometer by the MS department of the
University of Regensburg or on a Waters Micromass LCT ESI-TOF mass-spectrometer by
Valentin Vass. IR spectra were recorded as KBr discs of in CH2Cl2 solution using a Varian
FTS-800 FT-IR spectrometer. Elemental analyses were performed by the micro analytical
laboratory of the University of Regensburg.

Preparation of the compounds 1 and 2

Preparation of [Thia]*[TEF]- (1):

Method 1: Thia[SbFs] (135 mg, 0.30 mmol, 1 eq.) and Li[TEF] (330 mg, 0.34 mmol, 1.1 eq.) were
placed in a Schlenk flask equipped with a Young valve. Subsequently ~10 mL of CHzCl. (stored
over CaHz) were condensed onto the solids at —196 °C. The flask was closed under reduced
pressure. Upon dissolution of the compounds the formation of a deep violet solution could be
observed. The flask was sonicated for 20 h. In order to precipitate the ionic product the reaction
mixture was filtered over diatomaceous earth directly into ~100 mL of stirred n-hexane. The
blackish blue precipitate was freed from the colorless supernatant solution, washed with 100 mL
of n-hexane and dried in vacuum. The solid was dissolved in 15 mL of CH2Cl2 and the deep violet
solution was carefully layered with 80 mL of n-hexane. After storage at +4 °C compound 1 can be
obtained as dark violet crystals in the course of three days. Yield 215 mg (61%).

Method 2: A Fisher-Porter flask was equipped with a stirring bar, thianthrene (260 mg, 1.2 mmol,
1.2 eq.), NO[SbFs] (266 mg, 1.0 mmol, 1eq.) and LIi[TEF] (998 mg, 1.0 mmol, 1eq.). SO:2
(~50 mL) was condensed onto these solids under reduced pressure at —196 °C. The flask was
closed under reduced pressure and the cooling was removed. Upon dissolution the reaction turns
from light blue to dark blue and finally to dark violet when everything is dissolved. After stirring at
room temperature over night the SOz was removed and 30 mL of CH2Cl. were added. The deep
violet suspension was filtered over diatomaceous earth directly into ~100 mL of stirred toluene
and washed with small amounts of pure CH2Cl.. The solvent mixture was reduced to ~50 mL
which resulted in the precipitation of the crude product. The supernatant solution was decanted
off. The solid washed three times with 100 mL of toluene and subsequently dried in vacuum. The
crude product was dissolved in 15 mL of CH2Clz. The resulting deep purple solution is filtered and
carefully layered with the fivefold amount of n-hexane. Storage at +4 °C affords 1 as dark violet to
black blocks. Yield 760 mg (64%).
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H NMR (400 MHz, CD2Cl>, 300 K) no signal can be resolved for [Thia]*. Additionally, the residual
solvent signal of CD2Cl: is significantly broadened and usual splitting to a triplet is not observed.
27TA{*H} NMR (104.3 MHz, CD2Cl2, 300 K) o/ppm 34.8 [TEF]; °F{*H} NMR (282.4 MHz, CD2Clz,
300 K) &/ppm = —-75.4 (s, CF3). X-band EPR (293 K, solid) gisc = 2.007. Anal. calcd. for
[Thia][TEF]: C, 28.42; H, 0.68, S, 5.42. Found: C, 28.82; H, 0.81, S, 5.47.

Preparation of 2cr and 2: Light orange [{CpMo(CO)2}2(l,n?%:n?-P2)] (A) (109 mg, 0.22 mmol,
2.2 eq.) and dark purple [Thia][TEF] (1) (237 mg, 0.2 mmol, 2 eqg.) were combined as solids and
grinded together affording a dark brown powder. IR spectroscopy from KBr pellets did show the
CO stretching frequencies of pure A (no reaction of Thia[TEF] and A in the solid state). The solid
was transferred into a schlenk-flask and pre-cooled CH2Cl2 (~30 mL) was added at —50 °C and
the resulting turbid dark red to brown solution was stirred in a cooling bath for 30 min while the
solvent temperature reached —20 °C. The cooling bath was removed and the reaction was stirred
for additional 10 minutes at room temperature. The dark solution was transferred to a larger flask
containing ~100 mL of stirred toluene. The crude product 2cr is precipitated as a fine dark green
to black powder leaving a clear light orange solution (small excess of pure A). The supernatant
solution was removed and the precipitate washed two times with 50 mL of pure toluene. The
crude product was dried in vacuum yielding 250 mg (85%) of dark green powder. Recrystallization
from CH2Clz/hexane affords pure 2 as dark red blocks which are suitable for single crystal X-ray
diffraction in 227 mg (78%) vyield. *H NMR (400 MHz, CD2Cl2, 300 K) &/ppm 4.55 (s, Cp);
S1P{*H} NMR (162.0 MHz, CD2Cl2, 300 K) &/ppm —0.1 (br, w1/2 = 193 Hz [(C)2]?*); ¥C{*H} NMR
(100.6 MHz, CD2Cl2, 300 K) &/ppm 218.92 (s, CO), 121.65 (g, Jcr = 293 Hz; CF3), 92.26 (s, Cp);
19F{1H} NMR (282.4 MHz, CD2Clz, 300 K) 6/ppm = -75.5 (s, CFz3). 31P{*H} MAS NMR (121.6 MHz,
293 K, f = 20 kHz, precipitated) é/ppm = 124.7 (s, wl/2 = 790 Hz, Pex), —74.9 (S, wl/2 = 730 Hz,
Pint); 31P{H} MAS NMR (121.6 MHz, 293 K, f = 20 kHz, crystalline) é/ppm = 118.7 (s, wl/2 =
960 Hz, Pex1), 40.7 (s, wl/2 = 1220 Hz, Pex2), —70.0 (s, wl1/2 = 1180 Hz, Pint1), —92.5 (s, wl/2 =
1170 Hz, Pinz). The Evans NMR method of 2 in CD2Clz solution does not show any paramagnetic
shifted solvent signal (suggests diamagnetic [(A)2]?* in solution without dissociation). The
compounds 2 and 2cr are ESR silent in the solid state and in CH2Cl2 solution. Anal. calcd. for
[(C1aH1004M02P2)2][TEF]2: C, 24.63; H, 0.69. Found: (crude product 2cr, contains thianthrene)
C, 27.33; H, 1.10; (crystalline product 2) C, 24.99; H, 0.81. Positive ion MS, m/q (%): 495.8 (10)
[A]*, 439.8 (30) [A—2(CO)]*, 411.8 (100) [A-3(CO)]*, 383.8 (88) [A—4(CO)]*. 2cr:IR(KBr) cm™:
3128 (w), 2958 (vw), 2924 (w), 2853 (vw), 2048 (vs), 2039 (s), 2001 (vs), 1969 (vw), 1426 (vw),
1354 (m), 1303 (vs), 1277 (vs), 1244 (vs), 1219 (vs), 1168 (m), 973 (vs), 840 (m), 835 (m),
728 (s). 2:IR(KBr) cm=t: 3140(w), 2962 (vw), 2919 (vw), 2851 (vw), 2069 (s), 2060 (vs), 2043 (s),
2028 (s), 2016 (s), 1994 (s), 1963 (m), 1426 (vw), 1353 (m), 1303 (vs), 1277 (vs), 1243 (vs),
1219 (vs), 1173 (m), 973 (vs), 843 (m), 728 (s).

IR spectroscopic characterization of 2 and 2cr:

P, complex A and Thia[TEF] grinded together as solids P, complex A and Thia[TEF] grinded together as solids
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Figure 1. IR(KBr) before reaction.
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Figure 2. IR(KBr) of crystalline 2.
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Figure 3. IR(KBr) of dark green powder 2cr.
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Figure 4. IR(KBr) of dissolved crystals of 2 in CHzCl2
powder (identical to 2cr).

which were subsequently precipitated as dark green
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Figure 5. IR(CHzCl2) of dissolved crystals of 2 (left) and dissolved 2cr (right).

The solution IR spectra of 2 and 2cr are identical and no evolution of the signals can be observed
depending with time (10, 30, 120 min).
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ESI mass spectrometry of 2
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Figure 6. (top) ESI MS spectrum of 2cr from CH2Cl.. Measured (left) and simulated (right) isotopic
distribution for the assignable peaks. M = A.
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Figure 7. Magnification of the measured peaks for [M]* (=[A]*), showing the small peaks shifted by ~0.5 Da
compared to the major signal. These probably arise from a dicationic species.

X-ray crystallography

General considerations

All crystal manipulations were performed under mineral oil. The diffraction experiments were
performed at 123 K on a Rigaku (former Agilent Technologies or Oxford Diffraction) Gemini Ultra
diffractometer using Cu-Kq radiation. Crystallographic data together with the details of the
experiments are given in Table 1. The cell determination, data reduction and absorption
correction for all compounds were performed with the help of the CrysAlis PRO software. The
full-matrix least-square refinement against F> was done with ShelXL. If not stated otherwise, all
atoms except hydrogen were refined anisotropically. The H atoms were calculated geometrically
and a riding model was used during refinement process. For the description of the refinement
strategy, the restraint command ISOR and SADI of the ShelX program package are used.
Graphical material was created with the free software Olex2. All cif files are also saved on the
provided DVD.
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Table 1. Crystallographic details for the compounds 1 and 2.

Identification code 1 2

formula Ca2sHsAIF3604S> CeoH20Al2F7:M04016P4
weight [g-mol™] 1183.44 2926.36
Temperature [K] 123.00(14) 123.1(2)
crystal system triclinic monoclinic
space group P-1 P2:/n
a[Al 11.6645(2) 15.43561(8)
b [A] 14.21758(15) 21.49774(12)
c[A] 14.28912(15) 26.97813(15)
al] 91.0927(9) 90
B[] 112.6095(14) 89.2667(5)
v [°] 113.5492(14) 90
Volume [A%] 1963.21(6) 8951.44(8)
Zz 2 4
Peaic [g:cm] 2.002 2.171
u [mm™] 3.446 7.350
F(000) 1154.0 5640.0
crystal size [mm?] 0.385 x 0.325 x 0.207 0.348 x 0.193 x 0.059
diffractometer Gemini Ultra Gemini Ultra
absorption correction gaussian gaussian
Tomin/ Trmax 0.365/0.576 0.283/0.684
radiation [A] CuK, CuK,
20range [°] 6.928 to 135.572 7.738 t0 132.072
completeness 0.988 0.994
reflns collected/unique 34878/ 7003 66712 /15518
Rint/Rsigma 0.0272/0.0140 0.0283/0.0191
data/restraints/parameters 7003 /12/748 15518/ 3/ 1471
GOF on F? 1.080 1.043
R1/WR; [I = 20(1)] 0.0555/0.1629 0.0305 / 0.0808
R1/WR; [all data] 0.0565/0.1637 0.0338/0.0823
max/min Ap [e-A?] 1.29/-0.54 1.09/-0.50
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Refinement details for 1: The refinement of the crystal structure of 1 could be done without any
difficulty. One -CaF9 group of the [TEF] anion shows a rotational disorder with a 50:50 ratio. Both
parts were refined anisotropically. The ADPs of two half-occupied F atoms were restrained by
ISOR commands. The crystal structure of 1 is shown in Figure 8 (disorder omitted).

Figure 8. X-ray structure of [Thia][TEF].

Refinement details for 2: The refinement of the crystal structure of 2 could be done without any
difficulty. One -CaF9 group of one anion shows a rotational disorder with a 60:40 ratio. The minor
part was refined isotropically and one of these -CFs groups was restrained during the refinement
by SADI commands.

DFT calculations

The DFT calculations were performed with the TURBOMOLEM® program package at the
(RI-)12BP86Y/def2-TZVP204l level of theory. The Multipole Accelerated Resolution of Identity
(MARI-J)B! approach was used to speed up the geometry optimizations which were performed
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without any symmetry restrains. The total energies were calculated by single point calculations
without using the RI formalism. The solvent effect were incorporated via the Conductor-like
Screening Modell® (COSMO) using the dielectric constant of CH2Cl> (¢ = 8.930) as single point
calculations on the gas-phase optimized geometries. The SCF energies were used without
corrections and the entropic effects are not considered.

The optimized geometry (see Figure 9) of [{CpMo(CO)z2}2(1,n%:n?-P2)]* (A*) shows slightly
elongated bond lengths compared to the neutral complex [{CpMo(CO)z}2(u,n%:n?-P2)] (A).
According to the calculations the unpaired electron in A* is mainly located on both molybdenum
atoms (70%) and only 20% is located on both phosphorus atoms. The dimerization of A* via
Mo-Mo bond formation is probably inhibited by the steric repulsion. The dimerization of A* via P-P
bond formation is thermodynamically favored by 52.8 kJ-mol~1. The Wiberg bond index (WBI) of
both Mo-Mo and P-P bonds decreases upon oxidation of A to A* from 0.43 and 1.22 to 0.38 and
1.12, respectively.

Figure 9. Single occupied molecular orbital in
[{CpMo(CO)2}2(1,n%:n?-P2)]* (A*). Calculated at the
BP86/def2-TZVP level.

In the optimized geometry (see Figure 10) of [{CpMo(CO)2}a(s,n?:n?:n%n?-P4)]?* (2), the central
P-P bond is slightly elongated (2.286 A) compared to the other two P-P bonds (2.139 A and
2.187 A). This is also nicely reflected in the corresponding Wiberg bond indices (0.80, 1.01 and
1.06, respectively) shown in Table 2. The natural population analysis show a positive charge
accumulation on the peripheral phosphorus atoms (0.30 and 0.40e), whereas the internal
phosphorus atoms are less charged (0.21 and 0.22¢).

The highest occupied molecular orbital (HOMO) is mainly centered on molybdenum with smaller
contributions from phosphorus. The LUMO is the central P-P antibonding orbital.

LUMO

Figure 10. Frontier molecular orbitals of 2 calculated at the BP86/def2-TZVP level.
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Table 2. Calculated natural charges, Wiberg bond indices and isotropic
magnetic shielding at the BP86/def2-TZVP level of theory. Labeling of the
toms according to the Labeling in the X-ray Structure (Figure 1 of the main

text)
Atom Natural Charge Isotropic magnetic shielding Bond WBI
P1 | 0.30 120 P1-P2 1.06
P2 | 0.21 176 P2-P3 0.80
P3 | 0.22 132 P3-P4 1.01
P4 | 0.40 39

Cartesian coordinates of the optimized geometries of A, [A]* and 2 can be found on the provided

DVD.
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6 Stabilization of oxidized En ligand complexes with the

help of weakly coordinating anions

Abstract: Herein, we report investigations of single-electron oxidation
products starting from neutral E, ligand complexes. The oxidation of the
28 VE cyclo-Es triple-decker complexes [(CpRMo)2(l,n%:n%-Eg)] (E = P, CpR =
Cp, Cp*, Cs(CH2Ph)s; E = As, CpR = Cp*) by Cu* or Ag* leads to isolated
cationic 27 VE complexes which retain their general triple-decker geometry in
the solid state. The cyclo-Es middle decks of the complexes are distorted
from the initially perfect hexagonal geometry during oxidation. From reactions
of Ag* with the P> complex [{CpMo(CO)2}.(1,n%n?*P2)] no oxidation products
could be obtained but three new coordination compounds with molar ratios of
Ag*® and the P> complex of 1:1, 1:2 and 2:3. The latter represents the first
homoleptic coordination polymer of Ag* and [{CpMo(CO)z}(u,n%:n*-P2)].
A facile synthesis of the strong oxidants [Thia][TEF] and [Thia][FAI] ([Thia] =
[C12HsS2]F, [TEF] = [AKOC(CF3)s}4])) is presented. Finally, the strong oxidant
[Thia]* enabled the oxidation of the P, complex [{CpMo(CO)z}(u,n%:n*-P2)]
which forms a dicationic complex containing a central P4 chain. From this
cation we could structurally characterize a symmetrical and an
unsymmetrical isomer.

6.1 Introduction

The chemistry of (poly)cationic frameworks containing pnictogen atoms has been
intensively explored during the last years.'?34 Following a catenation approach by
halide abstractions from Pn-X bonds (Pn = pnictogen atom, X = halide) a large variety of
polypnictogenyl cations are accessible. The majority of these catena cations bear
organic substituents which contribute to the stabilization of these compounds. Recently,
it was demonstrated that redox processes can also take place resulting for example in
the facile formation of [P4(AsPhs).]?* bearing a central P, butterfly structural motif bonded
only to As atoms.P! Interestingly, this compound initiated a vivid discussion about
describing the electronic structure of main group compounds by arrows in analogy to
coordination chemistry of transition metals, which however will not be the focus
of this work.[®78 Additionally, oxidation of P, via initial [NO]* insertion gave access to the
first substituent-free homoatomic phosphorus cation [Po]*.>% This reaction could only be
realized in the presence of the weakly coordinating anion [A{OC(CF3)s}s]” (=[TEF]),
which can be regarded as inert in most of its reactions. Unfortunately, a structural

characterization by single crystal diffraction studies could not be performed
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for [Po][TEF] so far. The contribution of our group to this field includes the oxidation of
substituent-free  polypnictogenyl ligands in the coordination sphere  of
transition metals.1121314151 pPreliminary studies include the one-electron oxidation of
pentaphosphaferrocenel’® [Cp*Fe(n°-Ps)] and the haxaphosphabenzenel®” complex
[(Cp*Mo0)2(u,n%:n-Ps)]. One-electron oxidation of the cyclo-Ps complex results in the
formation of a diamagnetic dication [(Cp*Fe)2(u,n*:n*-P10)]** (Scheme 1 1) by P-P bond
formation. The formation of this product was predicted in 1999 with the help of
electrochemical and theoretical investigations.'®! It could finally be isolated and
structurally characterized in 2013.19 In contrast to this dimerization, the single-electron
oxidation of [(Cp*Mo)2(u,n®:n%-Pe)] yields a paramagnetic 27 VE (valence electron)
triple-decker complex with a bis-allylic distorted cyclo-Ps middle deck (Scheme 1 11).2%
In this context, we got interested in the investigation and comparison of the reactivity of
polypnictogenyl complexes upon oxidation depending on the organic ligands of the
complexes, the nature (P or As) and the number of pnictogen atoms, as well as the

influence of the used anions.

2+ +

— p—g
P—P p Mo P

~ _/l 7 N

p/-F’/ p—p=F P\ DIP
.  Sy——

P=—= Mo
=W =

Scheme 1. Oxidation products | and .

The current study includes the synthesis of a new hexaphosphabenzene complex
containing the large Cp®" ligand (CpB" = Cs(CH:Ph)s). The single-electron oxidation of
four triple-decker complexes containing a cyclo-Es (E = P, As) middle deck as well as the
reactivity of the P> complex [{CpMo(CO)2}2(,n?:n?-P2)] towards Ag* will be described.

6.2 Results and Discussion

Preparation of [(Cp®"Mo)2(u,n°: n°-Ps)]

The all-phosphorus and all-arsenic analogues of benzene have been stabilized by
Scherer et al. several years ago in the triple-decker complexes [(Cp*Mo)2(l,n°:n%-Es)]
(E = P(2b), As(3)).1421 The subtle steric and electronic differences by introducing
substituted Cp ligands often has a dramatic effect on the reactivity of E, complexes. For
example the Cp analogues complex [(CpMo)2(U,n%:n%-Ps)] (2a) was prepared in 2012 and

shows a poor solubility in all common solvents in contrast to the Cp* complex 2b which is
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known since 1985.%% |t was demonstrated previously that the pentabenzyl substituted
Cp®" ligand significantly increases solubility of spherical supramolecules formed from
[CpB"Fe(n®-Ps)] and Cu' halides or even leads to new products compared to its Cp*
derivative [Cp*Fe(n®-Ps)].[23:24.25:2621.28.29 Therefore, the preparation of E, complexes with
varying Cp ligands offers an incentive.

The reaction of [Mo(CO)s] and CpB"H in boiling decalin, yields [{Cp®"Mo(CO)z}] (1) in
58% crystalline yield after chromatographic workup and subsequent recrystallization.
Compound 1 is isolated as a red, slightly air-sensitive solid, which is nearly insoluble in
hexane, but shows good solubility in CH2Cl, and toluene. The IR spectrum of 1 (KBr)
reveals two strong bands at 1870 cm™ and 1834 cm™ for the CO stretching frequencies
(c.f. 1867 cm™ and 1842 cm™ for Cp* analog).%3! In the *H NMR spectrum of 1 in CeDs
solution two multiplets in the aromatic region for the Ph groups (6 = 6.93 - 7.03 and 6.67
- 6.71 ppm) as well as a sharp singlet at & = 3.89 ppm for the CH; groups can be
detected. The *C{*H} NMR spectrum shows four signals for the Ph groups (6 = 139.5,
129.2, 128.4 and 126.4 ppm), one for the Cp ring (6 = 109.1 ppm), one for the CH-
groups (6 = 31.9 ppm) and only one signal for the CO groups at & = 239.0 ppm.
Field desorption MS (FD-MS) reveals the molecular ion peak [1]" while electron
impact-MS (EI-MS) shows loss of CO and fragmentation. When 1 is reacted with an
excess of P4 in boiling diisopropylbenzene (DIB) at ~205 °C the hexaphosphabenzene
complex [(CpB"Mo)2(u,n%:nt-Pe)] (2¢) is obtained. After chromatographic workup and
subsequent recrystallization 2c can be isolated in 48% crystalline yield (orange color).
Long reaction times are needed, since after 24 h unreacted 1 can still be detected by
IR spectroscopy in the reaction mixture. Therefore, 1 is less reactive than its
Cp* counterpart [{Cp*Mo(CO),}.] which yields [(Cp*Mo)2(u,n%:n%-Ps)] (2b) in 64% vyield
after 90 min.?% The 'H NMR spectrum of 2c in CD.Cl, solution shows a singlet at
0 = 2.49 ppm for the CH- groups significantly upfield shifted compared to 1. Additionally,
three separate signals can be resolved for the ortho (d, 6 = 5.95ppm), meta
(dd, 6 = 6.57ppm) and para protons (t, 6 = 6.72ppm) of the Ph groups.
The BC{*H} NMR spectrum shows four signals for the Ph groups (6 = 139.3, 128.9,
127.8 and 126.0 ppm), one signal for the Cp ring (6 = 101.4 ppm) and one signal for the
CH: groups (6 = 35.1 ppm). The 3'P{*H} NMR spectrum of 2c in CD.Cl, solution shows a
sharp singlet at & = -316.0 ppm, which is very similar to its Cp* analog 2b
(6 = -314.3 ppm).1172% FD and EI-MS show the molecular ion peak for [2c]".

The crystal structures of 1 and 2c were determined by single crystal X-ray diffraction
analysis, and their structures are shown in Figure 1. Compound 1 crystallizes in the
monoclinic space group P2:/c with half a molecule in the asymmetric unit. The second

half is generated by inversion. The two Cp®" ligands show a trans arrangement.
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In contrast to its Cp* analog, the carbonyl ligands in 1 bind to the Mo atoms in a
semi-bridging coordination mode, comparable to the Cp analog, with short Mo—C bond
distances of 1.968(3) and 1.972(4) A while the distances of the carbonyl C atoms to the
other Mo atom are 2.686(3) and 2.703(4) A, respectively (c.f. average 2.56 A for
the Cp analog).?? The Mo1-Mo1’ bond (2.5213(3) A) is consistent with a Mo-Mo triple
bond although it is slightly elongated compared to its Cp* (2.488(3) A) or its Cp
(2.4477(12) A) derivative.%32 The Ph rings of the flexible Bn groups are pointing away
from the Mo atom. This arrangement is regularly observed for the CpB" ligand and is
stabilized by several intra- and intermolecular 17 1T interaction.?®!

G

a)

Figure 1. Crystal structures of 1 a) and 2c b). Selected bond lengths [A] and angles [°]: 1: Mol1-Mo1’
2.5186(7), Mol-C1 1.968(3), Mol-C2 1.972(4), Mol-C1 2.686(3), Mo1-C2' 2.703(4), CpBlcen-Mol
1.9978(11), CpBeen-M0o1-Mo1’ 162.9(1); 2c: Mol-Mo2 2.6650(1), P1-P2 2.1875(1), P2-P3 2.1776(1), P3-P4
2.1875(1), P4-P5 2.1740(1), P5-P6 2.1841(1), P6-P1 2.1644(1).

The cyclo-Ps triple-decker complex 2c crystallizes in the monoclinic space group
P2i/c with one independent molecule in the asymmetric unit shown in Figure 1 b).
The middle deck can be regarded as an almost perfect hexagonal planar cyclo-Ps ligand
with an average P-P bond length of 2.1792(1) A (see Figure 1 b) and all P-P-P angles
close to 120°. The Mo-Mo bond length in 2c measures 2.6650(1) A. The whole
triple-decker geometry can be compared very well to the Cp and the Cp* analogs 2a
and 2b.11720221 The Ph rings of the Bn groups are oriented away from the Mo atoms

comparable to the arrangement found in 1.
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Oxidation of cyclo-Es complexes

CV study of the cyclo-Es complexes

During the current study the electrochemistry of the cyclo-Ps complexes 2a-c was
investigated by cyclovoltammetry in CH2Cl,. The results are presented in Table 1 and
show the first oxidation of each of the 28 VE (valence electron) triple-decker complexes
to a 27 VE species to be reversible. However, the second oxidation to a 26 VE species is
irreversible for each cyclo-Ps complex.?3343%1 The redox potentials reveal that the
Cp* complex 2b is more easily oxidized than its Cp analog while the Cp®" congener is
least prone to oxidation. Nevertheless, all cyclo-Ps complexes 2a-c should be readily
oxidized by Ag* in CH2Cl, with a formal potential of +0.65 V vs Fc%* (Fc = ferrocene).!

Tablel. Oxidations of the cyclo-Es complexes 2a-c and 3 established by
cyclovoltammetry (CV). The position of the peaks in the CV are

presented with Fc%* as a reference (Fc = ferrocene). The annotations (r)
and (i) describe if the oxidations are reversible or irreversible.

complex 1. oxidation 2. oxidation
2a (CpR=Cp) -35.5mV (r) 693 mV (i)
2b (CpR=Cp*) —240 mV (r) 587 mV (i)
2c (CpR=Cp®") +40 mV (r) 730 mV (i)

When the cyclo-Ps complexes 2a-c are reacted with Ag* salts of the WCAs [TEF]
(=[AKOC(CF3)s}4]7) and [FAI] (=[FAKOCeF10(CsFs)}s]7) in CH2CI, solution (see Scheme 2),
an immediate color change to dark purple (2a) or dark teal (2b, 2c) can be observed
accompanied by the formation of a silver mirror or black precipitate of Ag°. The cyclo-Ass
complex 3 is readily oxidized by [Cu(MeCN)4][BF4] in CH2Cl> solution resulting in a color
change to dark green and formation of black precipitate (presumably Cu®). Diffusion of
alkanes into the filtered solutions affords the products obtained by single-electron
oxidation as dark purple (4a, 4b), dark teal (4c-e) or dark green (5) crystals, respectively.
The *H NMR spectra of the oxidized cyclo-Ps complexes 2a-c in CD,Cl; solution show a
broad peak at 6 = 11.55 ppm (w1/2 = 35 Hz) for the Cp ligand of the cation [2a]* in 4a, a
broad peak at 6 = 4.08 ppm (wl/2 = 17 Hz) for the Cp* ligand of the cation [2b]" in 4c
and a broad peak at 6 = 5.94 ppm (w1/2 = 48 Hz) for the CH, groups of the Cp®" ligand
of the cation [2c]" in 4e, all significantly shifted to lower field compared to the neutral
28 VE complexes 2a-c. In addition 4e shows three separate signals for the ortho
(6 = 6.45 ppm), meta (6 = 6.92 ppm) para protons (6 = 6.97 ppm) of the Ph groups.
For all oxidized cyclo-Ps complexes 4a-e, no signals can be observed in the 3P{*H} NMR
spectra in the range from 6 = —1200 to 1200 ppm. The *H NMR spectra of the oxidized
cyclo-Asg complex 5 shows one broad signal at 6 = 2.64 ppm (wl/2 = 14 Hz) for
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the Cp* ligand shifted significantly to lower field by 2.74 ppm compared to neutral
3 (=0.1 ppm).2Y The ®F{*H} NMR spectra show characteristic signal patterns of the
weakly coordinating anions (WCAs) [TEF] (4a, 4c, 4e), [FAI] (4b, 4d) and
[BF4]~ (5), respectively. The X-band EPR spectra of the paramagnetic polyphosphorus
cations [2a-c]" show no signal at room temperature but upon cooling to 77 K one broad
signal can be observed for each complex. Specifically, it can be found at gisc = 2.025
(solid state) or giso = 2.003 (CD2Cly) for [2a]*, at giso = 2.024 (solid state) or giso = 2.019
(CD2Cly) for [2b]* and at gioc = 2.023 (CD:Cly) for [2c]" without resolving any
hyperfine coupling.B”! No signal could be detected in the X-band EPR spectrum for a
CDCI, solution of [3]* neither at room temperature nor at 77 K. With the help of the
Evans NMR method the magnetic moments of 4a (Uett = 1.68 W), 4b (Hert = 1.59 us), 4C
(Met = 1.68 pB), 4e (et = 1.57 pg) and 5 (Uer = 1.66 ps) could be determined.B®
The magnetic moments are in good agreement with the expected values for one
unpaired electron for all 27 VE cations. ESI-MS of CHCl, solutions of 4a-5 show the

molecular ion peaks for the 27 VE cations [(CpRMo)2(H,n%:n%-Eg)]" in all cases.

R B R N
R Mo R R_ Mo R
E E E——E
/ N CH,Cl, s N
2 JE + Mg ——= | ECC D e [0+ m|
E e— E e—
R Mo R R Mo R
R@R R“'/;\“-R
R R
2aR=H,E=P 4a:R=H, E =P, [X] = [TEF] (67%)
2b:R=Me, E=P 4b: R =H, E =P, [X] = [FAI] (78%)
2c.R=Bn E=P 4c:R = Me, E = P, [X] = [TEF] (86%)

4d: R = Me, E = P, [X] = [FAI] (58%)
4e:R=Bn, E = P, [X] = [TEF] (81%)
5:R = Me, E = As, [X] = [BF4] (84%)

Scheme 2. Oxidation of the cyclo-Es complexes 2a-d and 3 by M*
cations to 27 VE triple-decker complexes. The cation [M*(L)n]* is
[Ag(CH2CI2)]* for E = P and [Cu(MeCN)4]* for E = As.

Crystal structures of the oxidized cyclo-Es complexes

For 4a and 4c, respectively, the obtained crystals are not suitable for single crystal
X-ray diffraction analysis.®® However, the crystal structure of the cations [2a]* and [2b]*
could be determined with the help of the WCA [FAI] in 4b and 4d, respectively.?7
Single crystal X-ray structure determination reveals, that the cyclo-Es complexes 2a-c
and 3 retain the triple-decker geometry upon one-electron oxidation.*Y The crystal
structures of 4b, 4d, 4e and 5 are shown in Figure 2. The Mo-Mo bond lengths of the
oxidized complexes (2.6745(5) A (4b), 2.6614(8) A (4d), 2.683(1) A (4e) and
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2.6773(12) A (5)) are very uniform and close to the Mo-Mo bond distances of the
corresponding neutral cyclo-Es complexes suggesting a Mo-Mo single-bond. The planes
of the two Cp ligands show small tilt angles in respect to each other (2.07(14)° (4d),
7.50(1)° (4e)) or adopt a perfectly planar arrangement (4b and 5). The Ph rings of the
Cp®" ligand in 4e are pointing away from Mo resembling the structures of 1 and 2c.
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Figure 2. (top) Crystal structures of the oxidized cyclo-Es complexes in 4b a) 4d b), 4e c) and 5 d). Ellipsoids
are drawn at 50% probability. H atoms are omitted for clarity. Only one of two independent molecules are
depicted for 4b and 4d."*Y (bottom) lllustration of the corresponding cyclo-Es ligands with their respective E-E
bond lengths. Symmetry equivalent E-E bond lengths are omitted. Space groups are C2/c (4b, 4d, 4e) and
Ibam (5). Selected bond lengths [A]: 4b: Mol-Mo1’ 2.6745(5); 4d: Mol-Mo1’ 2.6614(8); 4e: Mol-Mo1’
2.683(1); 5: Mo1-Mo1’ 2.6773(12).

Although the crystal structures of the cationic triple-decker complexes containing
planar cyclo-Es middle decks are similar to each other, distinct differences can be
observed for the E-E bond lengths (see Figure 2). The cyclo-Pg ligand of the purple 4b
can be described as a planar hexagon showing a small deviation from the ideal
hexagonal geometry with two opposing P-P bonds (P2-P3 and P2-P3’) being slightly
shortened with 2.1584(13) A. The average P-P bond length in 4b is 2.177 A which is
unchanged to neutral 2a.?? In contrast, the dark teal 4d exhibits two significantly
elongated P-P bonds (P1-P1’ and P3-P3’) with 2.2474(19) A and 2.2936(13) A while the
remaining P-P bonds are shortened with 2.1384(10) A and 2.1347(9) A compared to the
neutral hexaphosphabenzene 2b (P-Pa, 2.183 A).'7201 This geometry can best be
described as a bis-allylic distortion of the cyclo-Ps ligand. A similar bis-allylic distortion
could be observed in the structurally characterized single-electron oxidized benzene
derivatives [CsFe]* and [H2N-2,4,6-tri-'Bu-benzene]*.*243 This distortion is by far less

pronounced in 4e (max. P-P bond length deviation 0.06 A), while it can clearly be
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observed for the cyclo-Ase ligand in 5 with elongated As-As bonds of 2.4389(13) A and
shortened As-As bonds of 2.3236(8) A (neutral 3: As-As,y 2.349 A).

DFT calculations

In order to investigate the electronic structure of the [(CpRMo)2Ps] and [(CpRM0).Pg]*
(CpR = CsHs and CsMes) complexes, DFT calculations have been performed at the
BP86*/def2-TZVP* level of theory. Qualitatively, the geometric parameters are well
reproduced for the neutral complexes as well as for the oxidized species [(CpR*Mo)2Ps]".
While the neutral species 2a,b shows a symmetric Pg unit, in the oxidized species [2a,b]"
a bis-allylic distortion is observed (P-P 2.155 A and 2.295 A for [2a]* as well as for [2b]"),
however it is more pronounced than in the experimental geometry (see Figure 2)
determined by X-ray diffraction. Since the experimental and calculated geometry of the
cation [2a]* show a pronounced deviation one from another, we additionally performed
single point calculation of [2a]* containing the symmetric cyclo-Ps middle deck (optimized
geometry of neutral 2a). These calculations reveal that the bis-allylic distortion of the
cyclo-Ps middle deck is thermodynamically favored by 23.5 kJ/mol in the gas phase.
The reason for the bis-allylic distortion of the cyclo-Ps ring upon oxidation is the
depopulation of the practically degenerate P-P bonding HOMO and HOMO-1 in 2a
(highest occupied molecular orbital, see Sl Figure X). In the oxidized species [2a]* the
SOMO (singly occupied molecular orbital) is also P-P bonding, hence leads to
a P-P bond order of only 0.5 (only for two opposite P-P bonds). The WBI (Wiberg bond
index) for these P-P bonds (0.66) is considerably lower than that of the other P-P bonds
(0.94), leading to the elongation of these bonds. The WBI for the Mo-P bonds in [2a]" are
0.58 while in 2a they vary from 0.65 to 0.67. The Mo-Mo WBI do not change upon
oxidation of 2a to [2a]" (0.76 and 0.77, respectively). The arsenic derivative 3 and 5

shows a similar behavior (see Sl).

Reactions of the tetrahedrane complex [{CpMo(CO)z2}2(u,n% n?-P2)] (6)

The P, complex [{CpMo(CO)z2}(1,n*n*P2)] (6) (see Scheme 3) is related to white
phosphorus by exchanging two P atoms by two isolobal 15VE [CpMo(CO);]
complex fragments. Since oxidation®1% of P, with [NO][TEF] leads to catenation under
formation of [Pg]* the question arises how complex 6 behaves upon oxidation.
Cyclic voltammetry of 6 shows the first oxidation to be quasi-reversible with its oxidation
peak at +0.24V and its reduction peak significantly shifted to —0.21V vs. Fc%
(Fc = ferrocene) while the second (+0.81 V) and third (+1.09 V) oxidation are irreversible.
A more detailed description of the CV can be found in the previous chapter. Therefore,

Ag* salts with a formal potential of +0.65 V vs. Fc”* in CH.Cl, solution should be strong
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enough to readily oxidize 6.°¢ However, from several reactions of Ag[TEF] or Ag[FAl]
with 6 in CH.Cl, solution with varying reactant ratios, no precipitate of Ag® can be
observed. By layering the solutions with toluene the coordination compounds 7-9 could

be isolated from separate reactions as light orange to red crystals (see Scheme 3).
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Scheme 3. Products from the reactions of the P2 complex 6 with Ag[TEF] and Ag[FAI].

Crystal-structures of the coordination compounds 7-9

Single crystal X-ray diffraction analysis clearly reveals that the obtained coordination
compounds contain varying ratios of Ag* and 6 in the solid state, with 1:1(7), 1:2(8) and
2:3(9), respectively resulting in the formation of different structural motifs in the solid
state (see Figure 3). Among these, 7 contains a dicationic complex of two Ag* ions
showing a short Ag-Ag contact of 3.0532(11) A,
n*:n*-coordinating P> complexes 6 to form a central P.Ag.P, ladder-shaped motif with
nearly identical P-Ag bond lengths (2.4524(15) and 2.4550(13) A). The P1-P2 bond
(2.1338(19) A) is slightly elongated compared to free 6 (2.079(2) A).1“8! Additionally, each
Ag ion is n?-coordinated by a toluene molecule (Ag-CCeent 3.010(6) A) and n'-coordinated

by a CH.Cl, molecule (Ag-Cl 3.402(3) A). These labile ligands can easily be substituted

stabilized by two bridging

by addition of another equivalent of 6 which is realized in the dicationic complex of 8
(Figure 3 b). Here, a central Ag2P4 six-membered ring showing a slight distortion towards
a chair conformation (fold angle 20.53(10)°) can be observed which is stabilized by two
bridging n*:n*-coordinating complexes 6. Each Ag atom is additionally coordinated
interaction is observed

by an end-on n?-coordinating ligand 6 and no Ag-Ag
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in 8 (d(Ag-Ag) > 4.85A). The Ag-P distances inside the six-membered Ag.Ps ring
(2.4878(15) and 2.4831(15) A) are significantly shorter than the Ag-P distances to the
end-on coordinated complexes 6 (2.7112(18) and 2.5977(15) A). The n?-coordinating
P1-P2 bond (2.1373(17) A) is slightly elongated and the n*:n'-coordinating bonds P3-P3’
and P4-P4’ (2.089(3) A) are almost unchanged to the free complex 6 (2.079(2) A).1e
Similar dinuclear complexes [M2(6)4]** have been described for all coinage metals
(M = Cu, Ag, Au) and several WCAs.[474849 Additionally, the central M,P,4 six-membered
ring motif of 8 has been also described for TI* and it is regularly observed as a repeating

unit of polymeric organometallic-organic hybrid materials built from Ag* salts and 6

including organic linker molecules.%°:51:5253

Figure 3. Crystal structures of the cationic parts of the coordination compounds 7 a) 8 b) and 9 c).
Ellipsoids are drawn at 50% probability. The P2 complexes 6 are represented only by their central tetrahedral
MozP2 cores. For 7, the coordinated solvent molecules CH2Clz and toluene are depicted with small spheres
for C and without H atoms for clarity. Selected bond lengths [A] and angles [°]: 7: Agl-Ag1’ 3.0532(11),
Agl-P1’ 2.4524(15), Ag1-P2 2.4550(13), P1-P2 2.1338(19), Ag1l-ClI1 3.402(3), Ag1-C56 3.195(9), Agl-C57
2.978(8); 8: Agl-Pl1 2.7112(18), Agl-P2 2.5977(15), Agl-P3 2.4878(15), Agl-P4 2.4831(15), P1-P2
2.1373(17), P3-P32.089(3), P4-P4‘ 2.089(3), interplanar angle P3Ag1P4 — P3P3'P4P4‘ 20.53(10); 9:
Agl-P1' 2.4465(15), Ag1-P2 2.4642(17), Ag1'-P3 2.4425(17), P1-P2 2.097(2), P3-P3’ 2.082(3), interplanar
angle P1'Ag1P2 — P1P2P1°’P2‘ 12.54(12), interplanar angle between the mean planes of two consecutive
Ag2P4 repeating units 49.96(4).

The structure of 9 (see Figure 3 c) exhibits a one-dimensional zigzag coordination
polymer consisting of the aforementioned Ag.Ps six-membered ring repeating units

interconnected by an additional bridging n*:n*-coordinating ligand 6. The Ag-P distances
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to the connecting ligands 6 Ag1-P3 (2.4425(17)A) are almost identical to
the Ag-P distances inside the rings Agl-P1° and Ag1-P2 with 2.4465(15) A and
2.4642(17) A, respectively. The P-P distances in 9 (P1-P2 2.0972) A and
P3-P3‘ 2.082(3) A) are almost unchanged to the free complex 6.1 Two consecutive
Ag2P4 repeating units along the polymeric chain of 9 are oriented in an angle of 49.96(4)°
towards each other (mean planes). The Ag2P4 ring itself is almost planar showing only a
slight distortion towards a chair conformation (fold angle 12.54(12)°). Although the
coordination chemistry of 6 towards Ag* has been extensively studied, 9 represents the
first homoleptic polymeric compound of 6 and Ag*. A related structure was reported for
the product of reaction of 6 with Ag[NOs3], however, the [NO3]~ anion is acting as an
additional bridging ligand to connect the Ag.P. repeating units."4!

The compounds 7-9 demonstrate the flexible coordination ability of 6 and present an
interesting extension of its chemistry towards Ag*. No oxidation products could be
isolated from these reactions so far. The formation of Ag* coordination compounds
instead of oxidation product has been observed before for P4B4 As, B8 Sg 56
[Fe(CO)s],B" Se.l*0 A strong oxidant is needed for this task. The intensive purple radical
cation of thianthrene [S2Ci2Hs]® (=[Thia]) seems to be a suitable candidate (formal
potential +0.86 V vs Fc”* in MeCN).1%8 |t can easily be prepared as its [SbF¢]~ salt (10a)
from [NO][SbFs] and colorless S>Ci2Hs.[®® When it is reduced again during subsequent
reactions it reforms neutral colorless thianthrene which can simply be removed from the

ionic products by washing with toluene.

. . CH,CI, 20 h . .
method 1:  Li[X] + [Thia][SbFg] ——=—= [Thia][X] + Li[SbFg]
ultrasonic
activation 10b: [X] = [TEF] (61%)
10c: [X] = [FAI]
method 2:

) . SOz () ) . ~
Li[X] + NO[SbFg] + (thianthrene) — 2" =  [Thia][X] + Li[SbFg] L + NO

r.t., 24h
10b: [X] = [TEF] (84%)
10c: [X] = [FAI] (72%)

Scheme 4. Two synthetic routes for the preparation of 10b and 10c.

During this study two synthetic routes were developed to obtain the strong oxidant
[Thia][X] ([X] = [TEF](10b), [FAI](10c)) (see Scheme 4). While the first route is a
metathesis reaction of [Thia][SbFs] and Li[TEF] or Li[FAI], the second route is a direct
synthesis starting from S>CioHs, NO[SbFs] and LIi[TEF] or Li[FAI] in liquid SO,.
This solvent was chosen to ensure the solubility of the Li* salts of the WCAs [TEF] and
[FAI]. [Thia][TEF] is obtained as dark purple crystals or powder and is readily soluble in
CH.CI,, while [Thia][FAIl] is obtained as a pink powder which shows low solubility in

CH.CI, but readily forms intensively purple solutions in MeCN. No signal can be
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observed for [Thia]* in the *H NMR spectra of 10b and 10c while the °F{*H} NMR
spectra show the characteristic signal pattern for the anions [TEF] (10b) and [FAI] (10c).

Crystal structures of [Thia][TEF] and [Thia][FAI]

The results of the single crystal X-ray diffraction analysis of 10b and 10c are shown in
Figure 4. The structures clearly show the [S2Ci2Hg]" cation next to the respective WCAs.

The cations show average S-C bond lengths of ~1.73 A.

Figure 4. Crystal structures of 10b a) and 10c b) (only one independent molecule depicted). Ellipsoids are
drawn at 50% probability.

With this simple preparation of the strong oxidants 10b and 10c, their reactivity
towards the P, complex 6 could be investigated. When bright orange 6 is reacted with
10a-c in CH.CI;, a turbid dark reaction mixture is formed for [X] = [SbF¢](11a) and
[FAI](11c)B while an immediate color change to dark red is observed for [TEF](11b).
The reaction product 11b can be precipitated by addition of toluene. When the stirring is
stopped a dark green to black precipitate is settling to the ground of the flask (11a-c)
while the supernatant solution exhibits a pale orange color (small excess of 6).
By removing the solution and washing with toluene, the reaction products 1la-c can be
obtained as dark green powders. Compound 11b is readily soluble in CH.Cl, while 11a
and 11c are almost insoluble in CH2Cl,. The latter are readily soluble in MeCN but the
oxidation products are slowly decomposing (presumably reforming 6). The 3'P{*H} NMR
spectrum of 11b in CD.Cl; solution shows only one broad signal at &6 = -0.1 ppm
(w12 = 193 Hz), which does not split into different signals at low temperatures
(up to 213 K) but moves to higher field (~ —26.5 ppm) and broadens significantly
(w12 > 10000 Hz). The *H NMR spectrum shows only one singlet at § = 4.55 ppm for the
Cp rings. The solution is ESR silent and no paramagnetic shift is observed by applying
the Evans NMR method. The NMR spectra of 11a and 11c in CDsCN solution are
similar, however the evolution of new signals due to decomposition is observed.

Therefore, the full characterization of 11a and 11c could not be completed during the
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preparation of this work. A promising prospect for future work in this field of chemistry will

be the use of liquid SO; or MeNO: as solvents.

[I‘\//Io]—[Mi)] ’[Mo]\ /P\ 2+
’ CH,CI Mo]—/— s
2 F,/\P + 2 [Thig]lX] ——2 [ f{]P//P\p\_. ~[Mo] | [X], + 2 Cl:s@
[Mo]
[Mo] = CpMo(CO), (6)  10a: [X] = [SbFg] 11a: [X] = [SbF¢] (80%)
10b: [X] = [TEF] 11b: [X] = [TEF] (78%)
10¢: [X] = [FAI] 11c: [X] = [FA]

Scheme 5. Oxidation of the P2 complex 6 by [Thia][X] ([X] = [SbFe](10a), [TEF](10b),
[FAI(10c)).

MeCN obviously reacts with these oxidized species 1la-c. Nevertheless, we were
able to obtain some dark red single crystals of 11a from MeCN/Et,O solution at —30°C.
Dark red single crystals of 11b suitable for X-ray diffraction analysis can be obtained

from CH.Cl./hexane. For 11c no crystals could be obtained during this work. The crystal

structures of 11a and 11b are shown in Figure 5.

Figure 5. Crystal structures of the dicationic P4 complexes in 11a and 11b. Ellipsoids are drawn at 50%
probability. H atoms are omitted and C as well as O atoms are drawn as small spheres for clarity.
Selected bond-lengths [A] and angles []: 1la: P1-P2 2.1751(8), P1-P1’ 2.220(1), Mo1-Mo2 3.1794(6),
P2P1P1’ 93.00(3), dihedral angle P2P1P1’P2’ 180.00(4); 11b: P1-P2 2.1277(11), P2-P3 2.2090(10), P3-P4
2.1641(10), Mo1-Mo2 3.1373(3), M0o3-Mo4 3.1669(3), P1P2P3 104.91(4), P2P3P4 98.96(4) dihedral angle
P1P2P3P4 133.83(5).

Crystal structures of 11a and 11b

The compounds 11a and 11b show analogues dicationic
[{CpMo(CO)z2}a(e,n?:n?%:n?*n?-P4)]** complexes exhibiting a central zigzag P4 chain in the
solid state. While 1la contains the smaller [SbFe]- anion, 11b contains the large
WCA [TEF]. The crystal structure of 11b has already been reported in detail in the
previous chapter. Therefore, the following paragraph will focus on the description of 11a
highlighting only significant differences to 11b. Compound 11a crystallizes
in the monoclinic space group P2:/n with one half of the dicationic
[{CpMo(CO)z2}a(e,n%:n?*:n*n*-P4)]** complex, one [SbFg]~ anion in general position and

one MeCN solvent molecule in general position inside the asymmetric unit. The second
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half of the complex cation is crystallographically generated by inversion. Therefore, the
P. chain in 11a shows a symmetrical geometry with PPP angles of 93.00(3)° and a
dihedral angle of exactly 180.00(4)°. In contrast, the zigzag P4 chain in 11b shows larger
PPP angles of 98.96(4)° and 104.91(4)° and adopts a gauche conformation with a
dihedral angle of 133.83(5)°. The P-P bond lengths in 11a are 2.1751(8) A for P1-P2 and
2.220(1) A for P1-P1’. For 11b, the observed P-P bond lengths are somewhat shorter
than for 11a but the longest P-P bond is also situated in the center of the complex cation
resembling a 1,3-butadiene-like chain in both compounds. The P-P bond lengths of 11a
and 11b are significantly elongated compared to the starting material 6 (2.079(2) A).14e
All Mo-P bonds in 11a are within the range of 2.4113(6) A up to 2.4876(6) A with the
shorter values to the central P atom P1. Due to the symmetrical geometry of 1la
compared to 11b, there is also an obvious difference concerning the orientation of the
Cp ligands on the Mo atoms. For 1la the Cp ligands on each Mo-Mo bond adopt an
almost ecliptic arrangement while for 11b they adopt an ecliptic arrangement on the left
side and an almost trans arrangement on the right side of Figure 5. It was described in
the previous chapter that the dicationic species in 11b exhibits very fast dynamic
behavior in solution and can be obtained in an unsymmetrical form during crystallization
(see Figure 5) while it is obtained in a symmetrical form upon precipitation from solution
(derived from 3!P{*H} MAS NMR spectra). Consequently, the symmetric cation of 1la
may correspond to the symmetrical form of the dicationic species of 11b which can be
precipitated from solution. This isomerization mechanism has to be further elucidated in
the future and the characterization of 11c featuring the WCA [FAI] may also give more

insight into this dynamic process.
6.3 Conclusion

In summary, the current study demonstrated that one-electron oxidation of the 28 VE
cyclo-Es triple-decker complexes [(CpRMo)2(,n%:n%-Ee)] (E = P, CpR = Cp(2a), Cp*(2b),
Cs(CH2Ph)s(2c); E = As, CpR = Cp*(3)) is easily achieved by Ag* (E = P) or Cu* (E = As)
leading to isolated cationic 27 VE complexes which retain their triple-decker geometry.
However, the cyclo-Es middle decks show a distortion from the hexagonal geometry with
two opposite E-E bonds either slightly shortened (2a) or elongated (2b, 2c, 3).
This distortion from a hexagonal geometry has also been observed for oxidized
derivatives of benzene.

Reactions of Ag* salts with the P, complex [{CpMo(CO).}.(u,n%:n*-P2)] (6) yield three
coordination compounds with a Ag:6 ratio of 1:1 (11), 1:2 (12) and 2:3 (13). While the

structural motif of 12 is well-known for several anions, 11 shows an unprecedented
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dicationic complex exhibiting labile CH-Cl, and toluene ligands which makes it a potential
starting material for the preparation of organometallic-organic hybrid materials by
introducing organic linkers. Additionally, 13 represents the first homoleptic coordination
polymer of Ag* and 6.

Singe Ag* could not oxidize the P, complex 6 we developed two synthetic routes
which yield the strong oxidants [Thia][TEF] (10b) and [Thia][FAI] (10c) in good yields.
With the help of [Thia]® we could successfully oxidize the P, complex which was shown
to dimerize via P-P bond formation yielding a dicationic complex
[{Cp2M02(CO)a}2(pa,n?:n%n%n*-P4)]?* showing a central zigzag P4 chain in the solid state.
This cationic P4 chain could be structurally characterized as a symmetric (C)) and an
unsymmetric isomer in 1la and 11b. The cationic P4 chain complex shows a very
dynamic behavior and the exact nature of the species in solution has to be further
elucidated.
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6.5 Supporting Information

Preparation of the described compounds

General considerations

All manipulations were carried out under an inert atmosphere of dried nitrogen using standard
Schlenk and drybox techniques. CH2Clz and CD2Cl. were dried over CaHa, toluene and alkanes
were distilled from Na, K or Na/K alloy. Dried solvents were also taken from a solvent purification
system from MBraun. SOz was purchased from Linde and was condensed onto the reactants at
—196 °C. NMR spectra were recorded in CD2Cl2 on a Bruker Avance 300 MHz NMR spectrometer
(*H: 300.132 MHz, 3'P: 121.495 MHz, 13C: 75.468 MHz, 1°F: 282.404 MHz) or a Bruker Avance
400 MHz NMR spectrometer (*H: 400.130 MHz, 3'P: 161.976 MHz, 3C: 100.613 MHz) with
external references of SiMes (*H, 13C), CCIsF (1°F) and HsPO4 (85%, 31P). X-Band EPR spectra
were recorded on a MiniScope MS400 device from Magnettech GmbH with a frequency of
9.5 GHz equipped with a rectangular resonator TE102. Mass spectra were recorded by the MS
department of the University of Regensburg on a ThermoQuest Finnigan TSQ 7000 mass
spectrometer (ESI) or a Finnigan MAT 95 mass spectrometer (El, FD). The ESI mass spectrum of
11b was measured on a Waters Micromass LCT ESI-TOF mass-spectrometer by Valentin Vass.
IR spectra were recorded as KBr discs of in CH2Cl> solution using a Varian FTS-800 FT-IR
spectrometer. Elemental analyses were performed by the micro analytical laboratory of the
University of Regensburg. Commercially available reagents were purchased and used without
further purification. The synthesis and characterization of 1, 2c and 4e have been performed by
Dr. Fabian Dielmann and have been discussed before in his PhD-thesis. The crystal structure of
11b has been described before by Dr. Stefan Welsch in his PhD-thesis. A detailed discussion
about the oxidation of the P> complex 6 (11b) can be found in chapter 5. The oxidation of 2b (4c,
4d) has been described in chapter 3. The preparation of [Thia][TEF] (10b) has been described in
chapter 5.

Preparation of [{CpB"Mo(CO)2}.] (1): A mixture of [Mo(CO)s] (4.09 g, 15.48 mmol, 1 eq.) and
CpB"™H (8.00 g, 15.48 mmol, 1 eq.) in decalin (100 mL) was heated to reflux with stirring in a round
bottom flask. The reaction progress was monitored by IR spectroscopy. After 10 h the deep red
solution was allowed to cool to room temperature. The solvent was removed under reduced
pressure. Subsequent column chromatographic workup (silica gel, toluene, 3 x 25 cm) afforded a
red oily product. For further purification, it was dissolved in CH2Clz, layered with the threefold
amount of n-hexane and stored in a freezer at —35 °C. The resulting red crystals of 1 were
washed with warm n-pentane (4 x 20 mL) and dried in vacuum. Crystals of 1 suitable for a single
crystal X-ray diffraction analysis were obtained from toluene. Yield 5.97 mg (58%). *H NMR
(400 MHz, CsDs, 300 K) 6/ppm 6.84 - 6.89 (m, 15H, CH), 6.69 - 6.74 (m, 10H, CH), 4.16 (s, 10H,
CH2); TH NMR (400 MHz, CD:Clz, 300 K) &/ppm 6.93 — 7.03 (m, 15H, CH), 6.67 - 6.71 (m, 10H,
CH), 3.89 (s, 10H, CHz); 13C{*H} NMR (100.6 MHz, CD2Cl2, 300 K) 6/ppm 239.0 (CO), 139.5 (Ph),
129.2 (Ph), 128.4 (Ph), 126.4 (Ph), 109.1 (Cp), 31.9 (CH2). Anal. calcd. for [{CpBE"Mo(CO)2}]:
C, 75.55; H, 5.28. Found: C, 75.31; H, 5.06. LIFDI-MS (toluene), m/q (%): 1335.5 (100) [M]*;
EI-MS (70 eV, toluene), m/q (%): = 1335.1 (3) [M]*, 1307.1 (5) [M-CO]*, 1278.1 (2) [M—(CO)]*,
1249.1 (3) [M—(CO)z]*, 1221.2 (25) [M—(CO)4]*, 611.1 (66) [CpB"Mo]*, 91 (100) [C7H7]*. IR(KBr)
cm-1: 3105 (vw), 3085 (w), 3061 (m), 3027 (m), 3004 (vw), 2922 (w), 1870 (vs), 1834 (vs),
1602 (m), 1584 (w), 1495 (s), 1454 (m), 1182 (w), 1076 (w), 1030 (m), 733 (s), 696 (s), 531 (w),
487 (m), 460 (w).

Preparation of [(CpB"Mo0)2(11,n%:n%-Ps)] (2¢): A stirred mixture of [{CpB"Mo(CO)2}-] (1) (3.00 g,
2.25 mmol, leq.) and P4 (1.54 g, 12.4 mmol, 5.5 eq.) in DIB (200 mL) was heated to reflux for
24 h. The yellow to brown reaction mixture was allowed to cool to room temperature. The solvent
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was removed upon distillation under vacuum, and the resulting brown, oily residue was dried for
another 2h wunder reduced pressure. Column chromatographic workup on silica gel
(n-hexane/toluene (1:1), 27 x 4 cm) afforded a first fraction of unreacted 1. A solvent mixture of
n-hexane/toluene (2:1) eluted a brown mixed fraction of 1 and 2c. A final yellow fraction of 2c was
isolated using pure toluene as eluent. Further purification of the combined fraction was achieved
by recrystallization from hot toluene. Crystals of 2c suitable for single crystal X-ray diffraction
analysis were obtained from toluene solutions. Yield 1.51 g (48%). 'H NMR (400 MHz, CD2Clz,
300 K) o/ppm 6.72 (t, 3Jnn = 7.7 Hz, 5H, Hpara), 6.57 (dd, 3Jnn = 7.7 Hz, 10H; Hmeta), 5.95 (d, 3JnH =
7.7 Hz, 10H, Hortno), 2.49 (s, 10H, CH2); 3'P{*H} NMR (162.0 MHz, CD2Clz, 300 K) &/ppm —-316.0
(s, Ps); 3tP{*H} NMR (162.0 MHz, CsDs, 300 K) &/ppm —315.1 (s, Ps); 3C{*H} NMR (100.6 MHz,
CD2Clz, 300 K) &/ppm 139.3 (Ph), 128.9 (Ph), 127.8 (Ph), 126.0 (Ph), 101.4 (Cp), 35.1 (CH>).
Anal. calcd. for [(CpB"Mo0)2P¢]: C, 68.19; H, 5.01. Found: C, 68.46; H, 5.04. LIFDI-MS (toluene),
m/q (%): 1409.3 (100) [M]*; EI-MS (70 eV, CH:Cl:/toluene), m/q (%): = 1408.8 (100) [M]*,
1318.8 (11) [M-C7H7]*, 1227.8 (5) [M—(C7H7)2]*, 705.0 (10) [M]?>*. IR(KBr) cm=% 3105 (vw),
3085 (w), 3059 (m), 3026 (m), 3002 (vw), 2914 (w), 1946 (w), 1879 (w), 1802 (w), 1602 (m),
1495 (s), 1451 (m), 1440 (m), 1182 (w), 1155 (w), 1076 (m), 1030 (m), 969 (w), 732 (s), 696 (s),
616 (w), 585 (w), 485 (m), 461 (w).

Preparation _of [(CpMo0)2(u,n%:n8-Pe)][TEF] (4a): [(CpMo)2(u,n%:n%-Ps)] (2a) (95 mg, 0.187 mmol,
1 eq.) was stirred for 3 h in 250 mL CH2Clz at room temperature which afforded a turbid light
brown solution. [Ag(CH2CI2)][TEF] (217 mg, 0.187 mmol, 1 eq.) was dissolved in 15 mL CH2Clz
and slowly added to the stirred solution of [(CpMo)2(l,n%:n8-Pe)]. The color of the solution turned
to dark violet and the formation of a silver mirror could be observed. After 1 h of stirring the
solution was filtered, concentrated to 20 mL and carefully layered with the fivefold amount of
n-pentane. Storage at +4 °C afforded compound 4a as violet needles in the course of a few days.
The crystals are washed with n-pentane and dried in vacuum. Yield 185 mg (67%). 'H NMR
(400 MHz, CD2Cl2, 300 K) &/ppm 11.55 (s, br, Cp); 3*P{*H} NMR (162.0 MHz, CD2Cl2, 300 K) no
signal can be resolved from 1200 to —1200 ppm; ¥C{*H} NMR (100.6 MHz, CD2Cl2, 300 K) &/ppm
121.61 (q, Ycr = 293 Hz, CF3), 79.40 (br, C(CF3)3), 73.97 (s, Cp); *F{*H} NMR (282.4 MHz,
CD2Cl2, 300 K) &/ppm = —75.31 (s, CFs). X-band EPR (77 K, CD2Cl2) giso = 2.025, (77 K, solid)
Oiso = 2.003. Evans-method pet = 1.68 us (one unpaired electron). Anal. calcd. for
[(CpMO0)2P6][TEF]: C, 21.17; H, 0.68. Found: C, 21.22; H, 0.76. ESI-MS (CH2Cl): cations,
m/q (%): 507.7 (100) [(CpMo0)2Ps]*; anions, m/q (%): 967.1 (100) [TEF]~. IR(KBr) cm~1: 3134 (w),
3091 (vw), 3082 (vw), 1429 (w), 1352 (m), 1301 (s), 1276 (vs), 1242 (vs), 1219 (vs), 1170 (m),
1011 (w), 974 (vs), 835 (m), 819 (w), 756 (vw), 728 (s), 447 (w).

Preparation of [(CpMo)2(1,n%:n%-Pe)][FAIl (4b): [(CpMo)2(U,n%:n8-Ps)] (2a) (25 mg, 0.05 mmol,
1 eq.) was suspended in 20 mL CH2Clz to form a turbid light brown solution. [Ag(CH2Cl2)][FAI]
(79 mg, 0.05 mmol, 1 eq.) was dissolved in 5 mL CH2Cl2 and slowly added to the stirred solution
of [(CpMo)2(1,n®:n%-Ps)]. The color of the solution turned to dark violet and the formation of a black
precipitate (probably Ag®) could be observed. After 3 h of stirring the solution was filtered and
carefully layered with the twofold amount of n-pentane. Storage at +4 °C afforded compound 4b
as violet needles in the course of two days. The crystals were washed with n-pentane and dried in
vacuum. Yield 74 mg (78%). *H NMR (300 MHz, CD:Cl2, 300 K) &/ppm 11.54 (br, Cp);
S1P{*H} NMR (162.0 MHz, CD2Cl2, 300 K) no signal can be resolved from 1200 to —1200 ppm;
B3C{IH} NMR (100.6 MHz, CD2Clz, 300 K) o/ppm 74.27 (br, Cp); *F{*H} NMR (282.4 MHz,
CD2Cl2, 300 K) &/ppm =-112.5 (d, JFr= 274 Hz, 2F), —=117.1 (d, Jr,F= 279 Hz, 2F), -121.5 (d, JFrF
=277 Hz, 2F), =127.7 (s, 2F), =130.6 (d, J&r = 273 Hz, 2F), —136.8 (d, Jer = 277 Hz, 2F), —141.1
(d, Jrr = 277 Hz, 1F), —154.2 (t, JrFr = 22 Hz, 1F), -164.8 (t, JrF = 18 Hz, 2F), —172.0 ppm
(s, AIF). X-band EPR (77 K, CD2Cl2) giso = 2.026. Evans-method pett = 1.59 ps (one unpaired
electron). Anal. calcd. for [(CpMo)2Ps][FAI]-(CH2Cl2): C, 28.59; H, 0.61. Found: C, 28.59; H, 0.66.
ESI-MS (CH:Cl2): cations, m/q (%): 507.8 (100) [(CpMo0)2Ps]*; anions, m/q (%): 1381.1 (100)




114| SI1: 6. Oxidation of E, ligand complexes

[FAI-. IR(KBr) cm=t: 3125 (w), 1652 (m), 1532 (s), 1485 (vs), 1428 (w), 1323 (m), 1309 (w),
1267 (m), 1244 (m), 1204 (vs), 1185 (s), 1155 (m), 1136 (w), 1103 (m), 1034 (w), 1018 (vs),
954 (vs), 910 (m), 850 (vw), 833 (m), 810 (vw), 766 (m), 729 (m), 635 (W), 527 (W), 469 (w).

Preparation of [(Cp®"Mo0)2(11,n%:n8-Pe)I[TEF] (4€): A mixture of [(CpB"Mo)2(u,n%:n%-Ps)] (2¢) (60 mg,
0.0426 mmol, 1 eq.) and Ag[AKOC(CF3)s}4] (46 mg, 0.0426 mmol, 1 eq.) in CH2Cl2 (15 mL) was
stirred in the absence of light for 15 h at room temperature. The resulting green solution was
concentrated to 1.5 mL, filtered and layered with the same amount of a solvent mixture
(CH2Cl2/n-pentane 4:1) and subsequently with the fourfold amount of n-pentane. Storage at
—35 °C affords compound 4e as dark green plates in the course of one month. The obtained
crystals are washed with n-pentane (3 x 2 mL) and dried in vacuum. Yield 82 mg (81%). 'H NMR
(400 MHz, CD2Clz, 300 K) &/ppm 6.97 (m, 5H, Hpara), 6.92 (M, 10H, Hmeta), 6.45 (M, 10H, Hortho),
5.94 (s, 10H; CHz); 31P{*H} NMR (162.0 MHz, CD2Cl2, 300 K) no signal can be resolved from
1200 to —1200 ppm; 3C{*H} NMR (100.6 MHz, CD2Cl, 300 K) &/ppm 142.53 (Ph), 129.86 (Ph),
129.44 (Ph), 126.82 (Ph), 121.65 (q, *Jcr = 293 Hz; CF3), 100.61 (Cp), 23.87 (CH2); °F{*H} NMR
(282.4 MHz, CD2Clz, 300 K) &/ppm = —75.29 (s, CF3). X-band EPR (77 K, CD2Cl2) giso = 2.023.
Evans-method et = 1.57 us (one unpaired electron). Anal. calcd. for [(CpB"Mo)2Pe][TEF]:
C, 48.52; H, 2.97. Found: C, 48.59; H, 2.72. ESI-MS (CH:Cl2): cations, m/q (%): 1410.5 (100)
[(CpB"Mo0)2P¢]*; anions, m/q (%): 967.2 (100) [TEF]~. IR(KBr) cm=l: 3105 (vw), 3090 (vw),
3065 (w), 3032 (w), 3002 (vw), 2917 (w), 1604 (w), 1497 (m), 1445 (w), 1352 (m), 1297 (s),
1277 (vs), 1240 (vs), 1220 (vs), 1166 (w), 1030 (w), 975 (vs), 831 (w), 728 (s), 696 (m), 537 (w),
485 (w), 447 (w).

Preparation of [(Cp*Mo0)2(u,n%:n8-Ase)l[BF4] (5): [(Cp*Mo)2(u,nt:nt-Ass)] (3) (91 mg, 0.1 mmol,
1 eq.) was suspended in 10 mL CHzCl to form a turbid brown solution. [Cu(MeCN)4][BF4] (32 mg,
0.1 mmol, 1eqg.) was dissolved in 5 mL CH2Cl2 and slowly added to the stirred solution of
[(Cp*Mo0)2(u,n8:n®-Ase)]. The color of the solution turned to dark green and the formation of a black
precipitate (probably Cu® could be observed. After 3 h of stirring the solution was filtered and
carefully layered with the fivefold amount of n-hexane. Storage at +4 °C afforded compound 5 as
dark green crystals after several days. The crystals were washed with n-hexane and dried in
vacuum. Yield 84 mg (84%). *H NMR (300 MHz, CD2Cl2, 300 K) o&/ppm 2.64 (br, Cp*);
UB{*H} NMR (128.4 MHz, CD2Cl2, 300 K) &/ppm -1.39 (s, BF4); ¥C{*H} NMR (100.6 MHz,
CD2Cl2, 300 K) o/ppm 87.11 (s, CsMes), —0.81 (s, CsMes); °F{*H} NMR (282.4 MHz, CD2Cl>,
300 K) &/ppm = —151.6 (1°BF4), —151.7 (BF4). X-band EPR (77 K, CD2Cl2) no signal detectable.
Evans-method pet = 1.66 ps (one unpaired electron). Anal. calcd. for [(Cp*Mo0)2Ase][BF4]:
C, 24.05; H, 3.03. Found: C, 23.98; H, 3.07. ESI-MS (CH2Cl2): cations, m/q (%): 911.7 (100)
[(Cp*Mo)2Ase]*; anions, m/q (%): 86.9 (100) [BF4]~. IR(KBr) cm=: 2951 (w), 2904 (w), 1474 (w),
1458 (vw), 1418 (w), 1377 (s), 1303 (vw), 1281 (vw), 1241 (vw), 1223 (vw), 1092 (m), 1054 (vs),
1038 (m), 1013 (m), 976 (vw), 801 (vw), 520 (vw).

Preparation of [Agz(u,n*:n-6)2(n*-CH2Cl2)(n?-C7Hs)][FAll2_ (7): [{CpMo(CO)2}a(l,n%:n?*-P2)] (6)
(25 mg, 0.05 mmol, 1eq.) was dissolved in 10 mL of CH2Cl.. [Ag(CH2CI)][FAIl (79 mg,
0.05 mmol, 1 eq.) was dissolved in 5 mL of CH2Cl> and slowly added to the stirred solution of 6.
The red solution turns cloudy and some orange precipitate is formed. After stirring for 2 h at room
temperature, the solution was filtrated and carefully layered with the fourfold amount of toluene.
Storage at +4 °C affords orange crystals of 7 at the solvent mixing zone after several days. The
crystals were washed with toluene and dried in vacuum. Yield 18 mg (18%). Anal. calcd. for
[Ag(Cp2M02(C0O)4P2)(CH2Cl2)(C7Hs)os][FAI]: C, 30.88; H, 0.76. Found: C, 30.88; H, 1.15. ESI-MS
(CH2Cl2): cations, m/q (%): 1100.6 (100) [Ag(6)2]*; anions, m/q (%): 1381.2 (100) [FAI]-. IR(KBr)
cm-1; 3122 (w), 2007 (vs), 1968 (vs), 1652 (w), 1533 (m), 1486 (vs), 1422 (w), 1323 (w), 1308 (w),
1267 (m), 1242 (m), 1204 (vs), 1187 (s), 1154 (m), 1135 (w), 1104 (m), 1033 (w), 1019 (s),
1006 (m), 955 (vs), 911 (w), 838 (w), 770 (w), 729 (w), 635 (vw), 625 (vw), 457 (vw).
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Preparation _of [Ag2(u,n:n-6)2(n2-6)][FAI] (8): [{CpMo(CO)z2}2(l.n%n?P2)] (6) (50 mg, 0.1 mmol,
2 eq.) was dissolved in 10 mL of CH2Cl.. [Ag(CH2CL)][FAI (79 mg, 0.05 mmol, 1eqg.) was
dissolved in 5 mL of CH2Clz and slowly added to the stirred solution of 6. The clear red solution
was stirred for 2 h at room temperature, filtrated and carefully layered with the fourfold amount of
toluene. Storage at +4 °C affords compound 8 as clear red blocks in the course of one week. The
crystals were washed with n-hexane and dried in vacuum. Yield 94 mg (76%). Anal. calcd. for
[Ag(Cp2M02(CO)4P2)2][FAIl: C, 30.98; H, 0.81. Found: C, 30.75; H, 1.02. ESI-MS (CH2Cl):
cations, m/q (%): 1100.7 (100) [Ag(6)2]*; anions, m/q (%): 1381.3 (100) [FAI]-~. IR(KBr) cm=
3132 (w), 2008 (vs), 1981 (vs), 1940 (vs), 1652 (w), 1532 (m), 1485 (vs), 1424 (w), 1327 (w),
1309 (w), 1267 (m), 1243 (m), 1204 (vs), 1186 (s), 1154 (m), 1136 (w), 1105 (m), 1034 (w),
1018 (s), 956 (vs), 910 (w), 824 (w), 767 (w), 752 (vw), 729 (w), 635 (vw), 559 (vw), 522 (vw),
455 (vw).

Preparation of [Ad2(u4,n*:n*-6)2(u,n* N -6)[TEF2n_(9): [{CpMo(CO)2}2(u,n%:n?-P2)] (6) (50 mg,
0.1 mmol, 1 eq.) was dissolved in 5 mL of CH2Cl2. [Ag(CH2CI2)][TEF] (116 mg, 0.1 mmol, 1.5 eq.)
was dissolved in 5 mL of CH2Clz and slowly added to the stirred solution of 6. After 12 h stirring at
room temperature a small amount of brown precipitate formed which could be dissolved again by
adding 5 mL of CH2Clz. The clear red solution was filtered and layered with the eightfold amount
of toluene. After one day at room temperature compound 9 already crystallizes in the form of red
plates at the solvent mixing zone. Storage at +4 °C for three weeks resulted in further crystalline
product. The supernatant solution was decanted off, the crystals were washed two times with
toluene and dried in vacuum. Yield 85mg (70%). Anal. calcd. for
[Ag2(Cp2M02(CO)4P2)3][TEF]2-(C7Hs): C, 26.00; H, 1.02. Found: C, 26.04; H, 1.09. ESI-MS
(CH2Cl2): cations, m/q (%): 1100.7 (100) [Ag(6)2]*; anions, m/q (%): 967.1 (100) [TEF]-. IR(KBr)
cm=t 3129 (w), 1993 (vs), 1968 (vs), 1942 (s), 1426 (w), 1353 (m), 1303 (vs), 1276 (vs),
1242 (vs), 1219 (vs), 1172 (m), 1066 (vw), 974 (vs), 831 (m), 728 (s), 559 (vw), 510 (vw), 453 (w).

Preparation of [Thia][FAI] (10c):

Method 1: Thia[SbFe] (135 mg, 0.30 mmol, 1 eq.) and Li[FAI] (450 mg, 0.32 mmol, 1.1 eq.) were
placed in a Schlenk flask equipped with a Young valve. Subsequently ~20 mL of CH2Cl. (stored
over CaHz) were condensed onto the solids at —196 °C. The flask was closed under reduced
pressure. Upon dissolution of the compounds the formation of a deep violet solution could be
observed. The flask was sonicated for 2 h. In order to precipitate the ionic product the reaction
mixture was filtered over diatomaceous earth directly into ~100 mL of stirred n-hexane. Thereby,
the formation of a small amount of pink precipitate could be observed. The supernatant solution
was decanted off, the solid was washed with 100 mL of n-hexane and dried in vacuum. The solid
was dissolved in 20 mL of CH2Cl2 and the cloudy light pink solution was filtered and carefully
layered with 80 mL of n-hexane. After storage at +4 °C compound 10c was obtained as very thin
pink needles in the course of several days. From these crystals we were able to determine the
solid state structure of 10c but the yield was very low since a large percentage of the product was
lost during the process because of its low solubility in CH2Clz. Therefore, no yield was determined
for this preparation method.

Method 2: A double schlenk flask equipped with two Young valves and a G4 frit plate in the
middle was loaded on one side with a stirring bar, thianthrene (151 mg, 0.7 mmol, 1.2 eq.),
NO[SbFs] (160 mg, 0.6 mmol, 1 eq.) and Li[FAI] (1 g, 0.72 mmol, 1.2 eq.). SOz (~10 mL) was
condensed onto these solids under reduced pressure at —196 °C. The flask was closed under
reduced pressure and the cooling was removed. Upon dissolution the reaction turns from light
blue to dark blue and finally to dark violet when everything is dissolved. After stirring at room
temperature over night the dark violet solution was filtered over the G4 frit to the other side. The
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SOz was condensed back onto the remaining dark purple residue by cooling to —196 °C and
subsequently filtered again to the other side after stirring at room temperature for 10 min. This
procedure was repeated four times until the stirred solution had only a light purple color. Finally,
the SOz was removed and remaining solid was dissolved in 20 mL MeCN to form a deep violet
solution. This solution was transferred into 200 mL of pure toluene which resulted in a clear purple
solution. The amount of solvent was reduced under reduced pressure until a dark precipitate
formed and a light pink solution remained. The supernatant solution was decanted off and the
residue washed two times with 50 mL of toluene and one time with Et2O and subsequently dried
in vacuum to afford a pink to violet fine powder. Yield 683 mg (72%). *H NMR (400 MHz, CD2Cl,
300 K) no signals detectable for [Thia]*; °F{*H} NMR (282.4 MHz, CD3CN, 300 K) &/ppm =
-111.6 (d, Jrr= 277 Hz, 2F), -116.1 (d, JrF = 279 Hz, 2F), -120.9 (d, JrF = 278 Hz, 2F), -127.7
(s, 2F), —129.7 (d, JrF = 275 Hz, 2F), -136.4 (d, JrF = 277 Hz, 2F), -140.7 (d, JrF = 277 Hz, 1F),
—153.8 (t, JrF = 22 Hz, 1F), —164.5 (t, JrF = 18 Hz, 1F), —170.5 (s, AlIF). Elemental analysis shows
a possible impurity with thianthrene (~11%). Anal. calcd. for [Thia][FAI]: C, 36.09; H, 0.50, S, 4.01.
Anal. calcd. for [Thia][FAI]-(thianthrene)o.11: C, 36.53; H, 0.55, S, 4.39. Found: C, 36.54; H, 0.71,
S, 4.49. Positive ion MS, m/qg (%): 215.9 (100) [Thia]*. Negative ion MS, m/q (%): 1381.2 (100)
[FAl-. IR(KBr) cm: 3620 (vw), 3165 (vw), 3089 (vw), 3039 (vw), 3005 (vw), 2967 (vw),
2928 (vw), 2850 (vw), 2866 (vw), 2537 (vw), 2490 (vw), 2411 (vw), 1653 (m), 1534 (m), 1522 (w),
1484 (vs), 1436 (vw), 1422 (vw), 1324 (m), 1307 (m), 1264 (s), 1244 (s), 1205 (vs), 1185 (s),
1155 (s), 1134 (m), 1105 (s), 1033 (m), 1019 (s), 1005 (m), 954 (vs), 910 (m), 850 (w), 810 (w),
766 (m), 748 (s), 730 (m), 666 (w), 648 (w), 635 (w), 625 (w), 600 (w), 536 (w), 525 (w), 498 (w),
428 (vw).

Preparation of [{CpMo(CO)a}ta(Ua,n*:n%n%n?-Pa)][SbFel2  (11a): [{CpMo(CO)2}2(,n%:n*-P2)] (6)
(99 mg, 0.2 mmol, 2 eq.) was dissolved in 15 mL of CH2Cl. at —35 °C. [Thia][SbFes] (90 mg,
0.2 mmol, 2 eq.) was dissolved in 40 mL of CH2Cl> at —35 °C and slowly added to the stirred
solution of 6. The turbid dark reaction mixture was stirred at —30 °C for 20 min. When the stirring
was stopped, a dark green precipitate and a clear light orange solution (small excess 6) could be
observed. The supernatant solution was decanted off and the crude product was washed two
times with toluene (~30 mL) and dried in vacuum. This affords 11a as a dark green powder. Yield
117 mg (80%). 'H NMR (400 MHz, CDsCNz2, 273 K, decomposition!) é/ppm 5.74 (br, Cp), 3.15
(br), 1.93 (br); 31P{*H} NMR (162.0 MHz, CD3CNz2, 273 K, decomposition!) d/ppm 3.2 (br, w% =
1300 Hz), —-42.2 (s, presumably 6); 33C{tH} NMR (100.6 MHz, CD3sCN2, 273 K, decomposition!)
O/ppm 220.53 (s, CO), 92.45(s, Cp); Anal. calcd. for [{Cp2M02(CO)sP2}2][SbFs]2: C, 22.98;
H, 1.38. Found: C, 22.93; H, 1.54.

X-ray crystallography

General considerations

All crystal manipulations were performed under mineral oil. The diffraction experiments were
performed at low temperatures accomplished by nitrogen cooling on either a Gemini (R) Ultra or a
SuperNova or a GV1000 diffractometer from Rigaku (former Agilent Technologies or Oxford
Diffraction) using either Cu-Kq or Mo-Kq radiation. Crystallographic data together with the details
of the experiments are presented in Tables 1-4. The cell determination, data reduction and
absorption correction for all compounds were performed with the help of the CrysAlis PRO
software.ll The full-matrix least-square refinement against F2 was done with ShelXL.[? Graphical
material was created with the free software Olex2.13! All cif files are provided on the provided DVD.
The crystal structure of 4d has been reported before.®! Details of the crystal structures
determinations of 10b and 11b are presented in chapter 5.



Sl: 6.

Table 1. Crystallographic details for 1, 2c and 4a.

Oxidation of En

ligand complexes |117

Identification code 1 2c 4a

formula C93H85M0204 CsonMOzPe

weight [g'mol™] 1519.54 1409.06

Temperature [K] 123.0(3) 123.00(14)

crystal system monoclinic monoclinic hexagonal P
space group P2i/c P2,/c

a[Al 16.0635(7) 10.33712(12) 20.3534(8)
b [A] 13.5669(9) 30.8196(3) 20.3660(8)
c[A] 17.4719(7) 20.5929(3) 10.4626(4)
al] 90 90 90
B 91.639(4) 102.4830(13) 90
v [° 90 90 120
Volume [A3] 3806.1(3) 6405.50(13) 3757.7(2)
4 2 4

Peaic [gem) 1.326 1.461

p [mm™] 0.384 4.978

F(000) 1580.0 2896.0

crystal size [mm?] 0.483 x 0.443 x 0.333 0.387 x 0.326 x 0.244

diffractometer Gemini R Ultra Gemini R Ultra

absorption correction gaussian gaussian

Tomin/ Trmax 0.862 /0.902 0.273/0.469

radiation [A] MoK, CuK,

20 range [°] 6.796 to 65.922 7.228 to 141.642

completeness 0.997 0.996

reflns collected/unique 47909/ 13094 44777 | 12017

Rint/Rsigma 0.0726 / 0.0545 0.0425/0.0237

data/restraints/parameters 13094 / 0/ 457 12017/0/ 793

GOF on F? 1.083 1.019

R1/WR; [I = 20(1)] 0.0581/0.1681 0.0331/0.0881

R1/WR; [all data] 0.0825/0.1770 0.0368 / 0.0908

max/min Ap [e-A?] 2.39/-1.37 0.91/-0.38

Table 2. Crystallographic details for 4b, 4c and 4e.

Identification code 4b 4c 4e

formula C95H25A|2C|6F92MO405P12 ngH74A|C|4F36MOZO4PG
weight [g-mol~] 4033.22 2546.05
Temperature [K] 123(1) 100.1(9)
crystal system monoclinic monoclinic P monoclinic
space group C2/c C2/c
alAl 13.1706(1) 11.5938(3) 28.8769(4)
b [A] 18.5816(2) 42.4088(10) 17.2960(2)
c[A] 51.0054(5) 22.8996(6) 20.3093(3)
al] 90 90 90
B 92.016(1) 104.18(1) 97.0217(13)
v [°] 90 90 90
Volume [A3] 12474.9(2) 10916.0(5) 10067.5(2)
z 4 4
Pealc [g-cm) 2.148 1.680
Y [mm™ 7.779 5.072
F(000) 7792.0 5092.0
crystal size [mm?] 0.382 x 0.321 x 0.247 0.409 x 0.275 x 0.233
diffractometer Gemini R Ultra Gemini R Ultra
absorption correction analytical gaussian
Tomin/ Trmax 0.165/0.338 0.348/0.539
radiation [A] CuKq CuK,
20range [°] 8.24 t0 131.64 7.18 to 141.908
completeness 0.984 0.998
reflns collected/unique 18288 /10672 41482 / 9520
Rint/Rsigma 0.0300/0.0379 0.0551/0.0322
data/restraints/parameters 10672 /73 /1091 9520/0/681
GOF on F? 1.033 1.037
R1/WR; [I 2 20(1)] 0.0325/0.0847 0.0464 /0.1275
R1/WR; [all data] 0.0363 / 0.0896 0.0502 / 0.1303
max/min Ap [e-A?] 0.71/-0.72 1.36/-0.81
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Table 3. Crystallographic details for 5, 7 and 8.

ligand complexes

Identification code 5 7 8
formula CaoHaoASsBEMo, CasHaoAGAICTF 16M0,O7P5 C150.22H56.36Ag2A1>Clo 36F o2
MogO2,Ps
weight [g'mol™] 998.65 2162.31 5366.78
Temperature [K] 123.00(14) 123.00(10) 123.01(10)
crystal system orthorhombic monoclinic monoclinic
space group Ibam P2,/c C2/c
alAl 11.5548(12) 12.8202(2) 29.9487(4)
b [A] 15.4212(18) 19.0679(4) 21.10640(19)
c[A] 15.239(2) 27.8091(4) 33.3294(4)
al] 90 90 90
B 90 95.7340(10) 113.6367(15)
v [° 90 90 90
Volume [A%] 2715.3(6) 6764.0(2) 19300.4(4)
z 4 4 4
Pealc [g-cm] 2.443 2.123 1.847
u [mm] 8.217 8.286 7.829
F(000) 1892.0 4184.0 10391.0
crystal size [mm?] 0.220 x 0.145 x 0.120 0.150 x 0.150 x 0.035 0.125 x 0.106 x 0.047
diffractometer Gemini R Ultra SuperNova SuperNova
absorption correction gaussian analytical gaussian
Tomin/ Trmax 0.323/0.476 0.483/0.779 0.500/0.748
radiation [A] MoK, CuKq CuK,
20 range [] 6.892 to 58.576 6.93 to 146.238 6.616 to 144.528
completeness 0.988 0.986 0.987
reflns collected/unique 3641/1614 23992/ 13025 35811 /18317
Rint/Rsigma 0.0341/0.0479 0.0419/0.0535 0.0286 / 0.0412
data/restraints/parameters 1614/01/ 85 13025/0/ 1073 18317 /4 /1357
GOF on F? 1.112 1.021 1.042

Ri/WR; [I 2 20(1)]
R1/WR; [all data]

0.0384/0.1094
0.0496/0.1111

0.0513/0.1301
0.0647/0.1433

0.0484/0.1286
0.0609 / 0.1396

max/min Ap [e-A)] 2.12/-0.93 2.741-1.34 1.51/-1.11
Table 4. Crystallographic details for 9, 10c and 11a.

Identification code 9 10c 11a

formula CaoH37.2A92A|2C|o,3F72M050Pz§ C43H3A|F4503Sz C32H26F12M04N203P4Sb2
weight [g-mol~] 3745.82 1597.64 1545.69
Temperature [K] 100.05(10) 122.99(19) 122.9(4)
crystal system monoclinic triclinic monoclinic
space group 12/a P-1 P2:/n
a[Al 19.44134(16) 11.4701(7) 13.01592(16)
b [A] 17.47231(13) 21.1297(5) 7.86686(8)
c[A] 34.8842(2) 22.6211(8) 22.5280(2)
al] 90 103.452(3) 90
BI° 101.9624(7) 98.248(4) 99.6948(11)
v [°] 90 96.990(4) 90
Volume [A3] 11592.33(15) 5208.0(4) 2273.80(4)
Zz 4 4 2
Pealc [g-cm) 2.146 2.038 2.258
u [mm™] 10.554 3.095 20.280
F(000) 7203.0 3116.0 1468.0
crystal size [mm?] 0.215 x 0.154 x 0.138 0.315 x 0.039 x 0.024 0.162 x 0.076 x 0.051
diffractometer Gemini Ultra GV1000 Gemini Ultra
absorption correction gaussian gaussian gaussian
Tonind Tmax 0.229/0.406 0.601/0.933 0.105/0.517
radiation [A] CuKq CuKy4 CuK,
20 range [°] 6.87 to 133.988 5.156 to 149.812 7.354 to 133.956
completeness 0.983 0.984 0.992
reflns collected/unique 26464 /10155 32133/20011 20568 / 4035

I:'aim/F'asigma
data/restraints/parameters
GOF on F?

R1/WR; [all data]

max/min Ap [e-A?]

0.0200/0.0212
10155/ 312/ 1180
1.055
0.0577/0.1662
0.0632/0.1711
1.60/-1.76

0.0761/0.1056
20011/0/1801
1.050

0.0767 /0.2202
0.1209/0.2342
0.91/-0.81

0.0341/0.0287
4035/0/290
1.103

0.0186 / 0.0407
0.0203 /0.0415
0.53/-0.41
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Figure 1. Data collection frames from the single crystal X-ray diffraction measurement of 4a. Each
reflection lies on a ring of X-ray intensity. From this data set no structure solution could be obtained. This
phenomenon is reproducible for 4a, even after recrystallization from CH2Clz/alkanes.

Computational Details

Details about the computations of [(Cp*Mo)2(u,n%:n%-Pe)]%* ([2b]%*) are presented in chapter 1.
Figure 2 shows the isosurfaces of the frontier molecular orbitals for [(CpMo)2(u,n%:n%-Pe)]¥*
([2a]%*). All calculations have been performed with the TURBOMOLE program packagel®! at the
RI-EIBP86[7/def2-TZVP®E! |evel of theory, followed by single point calculations without the
RI approximation. The Multipole Accelerated Resolution of Identity (MARI-J)[ approximation was
used in the geometry optimization steps.

LUMO HOMO HOMO-1 LUMO HOMO/SOMO HOMO-1
(-2.247 eV) (-4.606 eV) (-4.607 eV) (-8.048 eV) (-8.455 eV) (-9.138 eV)

Figure 2. Isosurfaces of the frontier molecular orbitals in 2a (a) and [2a]* (b) (a-spin).

The inspection of the frontier molecular orbitals in the model complex [(CpMo)2(u,n%:n%-Ass)] (A)
shows, that the HOMO and HOMO-1 orbitals are basically degenerate and represent As-As
bonding orbitals with contribution of molybdenum d orbitals. By elimination of one electron the
HOMO-1 orbital in A is converted to the Singly Occupied Molecular Orbital (SOMO) in A* (see
Figure 3). This leads to the reduction of the As-As bond order (two opposite As-As bonds) and to
the observed bis-allylic distortion. This behavior is also nicely described by the Wiberg Bond
Indices. The WBI for all As-As bonds in A (As-As distance 2.397 — 2.410 A) are roughly the same
and vary from 0.76 to 0.80 whereas in A* the WBI corresponding to the elongated As-As bonds
(2.475 — 2.479 A) are 0.58 — 0.60 and 0.85 — 0.88 for the other As-As bonds (As-As distance
2.360 — 2.363 A). The WBI for the Mo-Mo bond (2.680 A and 2.713 A in A and A*, respectively) is
0.94 in A and 0.95 in A*. According to Mulliken population analysis the spin density in A* is mainly
localized on both Mo centers (0.32 e each), with minor contribution from the Ass middle deck. The
behavior of the Cp* substituted analog [(Cp*Mo)2(u,n®:n8-Ase)] (B) is very similar. The WBI of the
As-As bonds in [(Cp*Mo)2(u,n%:n8-Ase)] (B) vary from 0.77 to 0.79 (As-As distances: 2.401 — 2.402
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A) whereas for the Mo-Mo bond it is 0.96 (Mo-Mo 2.676 A). In [(Cp*Mo)2(u,nt:n8-Ase)]* (B*) the
WBI of the shorter As-As bonds (2.361 A) is 0.87 while for the longer As-As bonds (As-As 2.476
A) is 0.60. The WBI of the Mo-Mo bond (WBI: 0.96) remains unchanged by going from B to B*.
Just like in the Cp derivative A*, the spin density is evenly distributed on each Mo centers (0.34 e)
with minor contribution from the Ase middle deck. The DFT calculations of the cyclo-Ase
complexes always showed an imaginary frequency of low energy which was retained even after
several calculations.

LUMO+1 LUMO HOMO LUMO+1 LUMO SOMO
(-2.000 eV) (-2.410 eV) (-4.497 eV) (-6.080 eV)

HOMO-1 HOMO-2 HOMO-3 HOMO-1 HOMO-2 HOMO-3
(-4.498 V) (-5.415 eV) (-5.779 eV) (-8.807 eV) (-9.264 eV) (-9.664 eV)

Figure 3. Isosurfaces of selected molecular orbitals of [(CpMo)2(u,n®:n%-Ase)] (a) and alpha-spin MOs of
[(CpMo)2(u,n®:n-Ass)]* (b). Calculated at the BP86/def2-TZVP level of theory.
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7 Organometallic polyphosphorus and -arsenic ligands
as linkers between pre-assembled linear Cu'

fragments

Abstract: A simple and straightforward synthesis of a new linear trinuclear
Cu' cluster with polyphosphine ligands is presented. The reaction of this
pre-organized Cus precursor with E, ligand complexes (E =P, As; n=2, 5)
affords discrete complexes exhibiting end-on n!-coordination of the
E: ligands or one-dimensional coordination polymers featuring o-1,3-bridging
Es rings, respectively.

7.1 Introduction

In recent years, molecular wires have attracted increasing attention as promising
nanostructured materials for molecular electronic, optical, and chemical devices.!?34
Among these, homoleptic polymetallic linear arrays featuring multidentate bridging
ligands and short intermetallic distances have been synthesized, bearing in some case
conductive or semi-conductive behaviors.[>¢7891011121314] yet the general access to
such polymetallic molecular wires remains complicated as it is mostly hindered by the
rather low structural control of the synthetic methods applied, which often led to
polyhedral cluster cores instead of linear arrays. Therefore, there is interest to develop
new synthetic approaches toward such polymetallic supramolecular arrays.
The P, organometallic ligand complexes Al, B1 (Scheme 1)5% have been used
previously as very versatile linking moieties between monovalent metal centers to afford
spherical nano-sized supramolecular aggregatesi?’1819202l a5 well as 1D and 2D
coordination polymers.?22324 However, these ligand complexes as well as their arsenic
As, analogs A2, B2 (Scheme 1)?>?¢ have not yet been used to built-up extended
molecular wires bearing polymetallic linear arrays with short metal-metal contacts.
Herein we describe the reaction of E, ligand complexes Al, A2, B1 and B2 (A1, B1: E =
P; A2, B2: E = As, Scheme 1) with a new trimetallic Cu' linear precursor bearing short
intermetallic distances to produce linear molecular wires. In a field where organic N, O or
S donor ligands are the most commonly used linkers, this heteroleptic approach gives
the opportunity to investigate: i) the effect of the variation of the nuclearity and geometry
of the organometallic E, ligand complexes on the dimension of the supramolecular

entities formed; ii) the nature of the coordination modes adopted by the E. ligands in
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such molecular assemblies; iii) how the variation of the pnictogen donor atom
coordinated on Cu' metal centers can alter intermetallic distances compared to the

original linear trimetallic fragment.

7.2 Results and Discussion

Ph ',’h Ph )
Ph\é/\P/\FL/Ph
g ¥ \"Cl'w l \"C"’I /
oc—Mo Mo——CO Fe CuN - oL Yoy
e ~ E——F f \
oo\ ] e S *
E E P. P P
E E \E, Ph/f\/\-\/l\}:'h
Ph Ph Ph
Al:E=P,A2. E=As B1:E=P,B2E=As 1

Scheme 1. Representation of the molecular structures of the used En ligand
complexes Al, A2 and B1, B2 as well as the newly synthesized trimetallic
Cu' entity 1 [Cus(p-Cl)2(dpmp)2]*.

A straightforward synthetic approach allowed us to obtain the new compound
[Cus(p-Cl)2(dpmp)2][BF4] (1) by self-assembly of 2eg. of dpmp (dpmp =
bis(diphenylphosphinomethyl)phenylphosphine), 2eq. of CuCl and 1eq. of
[Cu(CH3CN)4][BF4] in CH2Cl,. Subsequent vapor diffusion of n-pentane into the crude
solution afforded 1 as colorless crystals. The *H as well as the 3!P{*H} NMR spectra of
isolated crystals of compound 1 dissolved in CD.Cl, suggest dynamic coordination
behavior of the dpmp ligand coordinated on Cu' metal centers at room temperature.?]

The solid state structure of 1 shows a [Cus(u-Cl)2(dpmp)2]* unit (see Figure l1a),
containing an almost linear trinuclear Cu' fragment (Cul-Cu2-Cu3; 159.5°) stabilized by
two bridging nt:nt:nt-dpmp ligands and two additional bridging Cl atoms.
The Cu-Cu distances in 1 are short (2.8386(4) and 2.8782(4) A) suggesting
intramolecular metallophilic interactions. The terminal Cu* cations are coordinatively
unsaturated and exhibit distorted trigonal planar geometries with the sum of the bond
angles being 358.9° and 359.7°, respectively. Conversely, the internal Cu' metal center

has a distorted tetrahedral coordination sphere.
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Figure 1. Crystal structures of the complexes 1 (a) and the isostructural complexes 2 (E = P) and 3
(E = As) (b). The anion, hydrogen atoms and solvent molecules are omitted for clarity. Selected distances [A]
1/2/3: Cul-Cu2 2.8782(4)/2.8359(7)/2.8304(8), Cu2-Cu3 2.8386(4)/3.3572(6)/3.2176(8), 2: Cu3-P1
2.3693(10), P1-P2 2.0869(14), 3: Cu3—-Asl 2.5295(7), As1-As2 2.3097(8).

A related [Cus] complex [Cus(p-Cl)2(dpmp)2(MeCN)2] [ClO4]H20O containing MeCN
ligands coordinated to the terminal Cu' metal centers (Cul and Cu3) was described
previously, and shows larger intermetallic distances (ca. 3.2 A).?8l This suggests that the
terminal, trigonal planar Cu' metal centers of 1 might be reactive and, therefore,
compound 1 represents a priori an interesting linear [Cus] building block for
supramolecular chemistry exhibiting close Cu---Cu contacts and potentially free, reactive,
terminal coordination sites. Inspired by these observations, we intended to connect the
[Cus] clusters of 1 by Enligand complexes Al, A2, B1, B2 (Scheme 1) (E =P, As).
The addition of the tetrahedrane complexes Al or A2 to a solution of 1 in CH,Cl, affords
clear red solutions of the products 2 and 3, respectively. Vapor diffusion of n-pentane
into CH.Cl, solutions afforded orange (2) or dark red (3) crystals which can be isolated in
good yields. Interestingly, the reported MeCN containing trinuclear Cu' complex?® does
not react with E, ligand complexes, what underlines the need of vacant coordination sites
for supramolecular aggregation. The *H NMR spectra of 2 and 3 show a set of signals for
the dpmp ligands of the [Cus] unit very similar to those recorded for 1 and one singlet
assignable to the Cp rings of A1 or A2. The 3P{*H} NMR spectra of 2 and 3 show a set
of signals for the [Cus] moiety slightly down field shifted compared to the signals
registered for 1. Additionally, 2 shows one singlet for the P, unit of A1 at —65.6 ppm
which is shifted 21 ppm upfield compared to the free ligand.!® Single crystal X-ray
diffraction analysis reveals isolated [Cus(u-Cl)2(dpmp)2(nt-L)]* (L=A1(2), A2(3))
complexes (see Figure 1b). The isostructural compounds 2 and 3 bear one tetrahedrane
complex Al or A2, coordinated to one terminal, distorted tetrahedral coordinated
Cu atom of an almost linear [Cus] unit (Cul-Cu2-Cu3; 2: 164.81° 3: 164.72°).

Therefore, the overall structure of the trimetallic core present in 1 is preserved upon
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these reactions. The other terminal Cu atom (Cul in Figure 1b) exhibits a distorted
trigonal planar geometry with the sum of angles being 358.6°(2) or
358.7°(3), respectively. The coordination environment of the central Cu* cation can best
be described as distorted tetrahedral. The coordination of A1 or A2 as terminal ligands
results in an elongation of the adjacent Cu---Cu distance inside the [Cus] chain while the
E—E bond lengths of the coordinated E: ligands are almost unchanged compared to
those of the free complexes (2: 2.0869(14) A, A1: 2.079(2) Al 3: 2.3097(8) A, A2:
2.305(3) Ay, Therefore, the intermetallic distances Cul—Cu2/Cu2—-Cu3 are distinctly
different with 2.8359(7) /3.3572(6) A in 2 and 2.8304(8) /3.2176(8) A in 3, respectively.
To investigate the influence of the coordination of the E, ligand complexes on the
intermetallic distances found in the [Cus] cluster of 2 and 3, DFT calculations on the
model compound [Cus(dmmp)2(u-Cl2(n*-A1)]" (dmmp = bis(dimethylphosphino)methyl-
phosphane) were performed.?® The results show that the closer ligand Al approaches
the Cu3 atom, the longer the Cu2—Cu3 distance gets (labeling according to Figure 1Db). In
contrast, the Cul—Cu2 distance is unaffected by the coordination of A1 to Cu3 and can
be very well compared with the starting compound 1. The solid state structures of 2 and
3 show that the elongation of the Cu2—Cu3 distance is more pronounced in the case of
the P ligand Al instead of the As; ligand A2. Supporting this observation, the calculated
dissociation energies of the E, ligand in [Cus(u-Cl)2(dpmp)2(n*-L)]* (L = AL(2):
36.5 kJ-mol™, A2(3) 31.7 kJ-mol™) are slightly higher for L = Al (2) suggesting a
stronger interaction of the P, fragment with the [Cus] unit.

As a next step, we focused our attention on the use of the sandwich complexes
[Cp*Fe(r-Es)] (E = P (B1), As(B2)). The addition of complexes B1 or B2 to 1 in CH.Cl,
afforded a clear green solution of the product 4 and a clear brown solution of
derivative 5, respectively. Vapor diffusion of n-pentane into CH,Cl, solutions afforded
light green (4) or brown (5) crystals as needles. The *H NMR spectra of 4 and 5 in
CD.ClI, show in addition to the set of signals for the dpmp ligands one singlet assignable
to the Cp* rings of B1 or B2 at a similar chemical shift compared to the free complexes.
The *'P{*H} NMR spectra of the derivatives 4 and 5 in CD,Cl, show a set of signals for
the dpmp ligands of the [Cus] cluster slightly down field shifted compared to the signals
observed for compound 1. Only one singlet for the cyclo-Ps ligand B1 at 149.9 ppm is
detected, which is shifted 3 ppm upfield compared to the free ligand.*® Single crystal
X-ray diffraction analysis reveals that 4 and 5 are isostructural and consist of a
one-dimensional coordination polymer of almost linear [Cus] units (Cul-Cu2-Cu3,;
4: 168.78°; 5: 169.12°) connected by cyclo-Es complexes (see Figure 2) with the general
formula [Cus(dpmp)2(p-Cl)2{p-L}]n[BFa4]n (L = B1 (4), B2 (5)).
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Figure 2. Section of the structures of the isostructural coordination polymers 4 (E = P) and 5 (E = As).
The anion, hydrogen atoms and solvent molecules are omitted for clarity. Selected distances 4/5 [A]:
Cul-Cu2 3.2975(8)/3.2135(8), Cu2-Cu3 3.3389(8)/3.0345(8), Cul-E1 2.3743(11)/2.5036(7), Cu3-E3
2.3271(10)/2.5980(8).

The cyclo-Es ligands B1 and B2 are bridging two Cu centers in a 0-1,3-coordination
mode. This ¢ coordination mode is unprecedented for the cyclo-Ass ligand B2. For the
phosphorus compound B1 the 1,3-coordination mode was only observed towards
coordination with Cr(CO)s and Cul.?**° The intermetallic distances Cul-Cu2 /Cu2—Cu3
are different with 3.2975(8)/3.3389(8) A in 4 and 3.2135(8)/3.0345(8) A in 5, revealing
shorter Cu-Cu distances for the Ass ligand complex B2 as organometallic linker.
The E-E bond lengths of the cyclo-Es ligands in both compounds are very uniform.
The calculated energies for the dissociation of B1 and B2 for the monomeric complexes
[Cus(dpmp)2(U-Cl2{n*-L}]" (L = B1, B2) of 41.2 kJ-mol™ (4) and 31.9 kJ-mol™ (5) are
relatively low which is in agreement with the observed dynamic coordination behavior of
the complexes in solution.?? We previously described a preferred n?-coordination mode
of the [Cp*Fe(n°-Ass)] ligand B2 towards Cu' cations.®Y The fact that B2 exhibits a
o coordination mode is probably caused by steric repulsion of the phenyl substituents of
the dpmp ligand and the Cp* ligand. According to DFT calculations, a n?-coordination of
B2 to the [Cug] cluster is disfavored by 17.0 kJ-mol™.[2%

7.3 Conclusion

In  conclusion, a simple route to prepare the cationic building block
[Cus(dpmp)2(u-Cl2]" (1) is presented. The [Cus] cluster 1 features two vacant
coordination sites, which allows the reaction with the E, and Es ligand complexes
resulting in the isolation of discrete complexes 2 and 3 and one-dimensional coordination
polymers 4 and 5, respectively. Surprisingly, the polyphosphorus and -arsenic

complexes show the same n'-coordination of the E; ligands Al and A2, and even more
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astonishing, the same and rarely observed bridging o-1,3-coordination of the Es ligands
which is so far unprecedented for the cyclo-Ass complex B2. The intermetallic
Cu---Cu distances of the [Cus] cluster are dependent on the strength of the coordination
to the terminal Cu atoms. The stronger the E-Cu coordination, the longer the adjacent
Cu—Cu distance.

This study demonstrates the preparation of easily accessible extended metal atom
chains and exemplifies the potential of E, ligand complexes as connecting moieties
resulting from their adjustable bonding modes. The solubility and dynamic coordination
behavior of the isolated compounds show the features of the [Cus] cluster 1 as well as
the E. ligand complexes to act as building blocks in supramolecular chemistry.
These observations will likely allow for a large variety of new supramolecular assemblies

in the future. Parts of this development is presented in the following chapter.
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7.5 Supporting Information

Syntheses of the described compounds

General considerations

All manipulations were carried out under an inert atmosphere of dried nitrogen using standard
Schlenk and drybox techniques. THF was dried with Na. MeCN, CH2Cl> and CD2Cl. were dried
over CaHz. NMR spectra were recorded in CD2Cl2 on a Bruker Avance 300 MHz NMR
spectrometer (*H: 300.132 MHz, 3'P: 121.495 MHz, 3C: 75.468 MHz, °F: 282.404 MHz) or a
Bruker Avance 400MHz NMR spectrometer (*H: 400.130 MHz, 3!P: 161.976 MHz,
13C: 100.613 MHz, 1B: 128.378 MHz). IR spectra were recorded as KBr discs using a Varian
FTS-800 FT-IR spectrometer. Electron spray ionization mass spectra were recorded by the MS
department of the University of Regensburg on a ThermoQuest Finnigan TSQ 7000 mass
spectrometer. Elemental analyses were performed by the micro analytical laboratory of the
University of Regensburg.

Preparation of [Cus(u-Ch2(dpmp)o]*[BFs]- (1): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg (leq.,
0.1 mmol) [Cu(MeCN)4][BF4] and 20 mg (2eq., 0.2 mmol) CuCl were weighed into a Schlenk flask
and 10 mL CH:Cl> were added under constant stirring. The cloudy solution turns clear in the
course of five minutes. After 24 hours of stirring at room temperature, this solution can either be
used for further reaction with the desired P, or As, ligands or filtrated and layered with n-pentane.
This affords colorless crystals in 73 % yield (99 mg). *H NMR (400 MHz, CD2Cl2) d 7.70 - 6.58
(m, 50H, Ph), 3.81 - 3.00 (multiple overlapping signals, CH>); 31P{*H} NMR (162.0 MHz, CD2Cl>)
d -6.54 (m, small signal), —11.17 (m, small signal), —-14.30 (m, RPPhg), —17.27 (br, R2PPh);
1B{1H} NMR (128.4 MHz, CD2Cl2) d —0.95 (°BF4); 3C{tH} NMR (100.6 MHz, CD:Cl>) 133.65 -
127.49 (multiple signals, Ph), 28.16 (CH2). IR(KBr) cm=%:3072 (vw), 3052 (w), 3020 (vw),
2955 (vw), 2924 (vw), 2896 (vw), 2854 (vw), 1587 (vw), 1574 (vw), 1485 (m), 1436 (s), 1377 (m),
1333 (vw), 1310 (vw), 1278 (vw), 1189 (vw), 1159 (vw), 1099 (s), 1084 (m), 1065 (m), 1028 (m)
999 (m), 794 (m), 739 (s), 691 (s).

General preparation procedure of the compounds 2-5: A solution of 1 was prepared as described
above. After 24 hours of stirring the P, or As, ligand complex (0.1 mmol, 1eq.) was dissolved in a
small amount of CH2Cl> and added dropwise to this solution. This reaction was degassed five
times and stirred for another 24 hours. Afterwards the solution was filtered and n-pentane
diffusion into the solution afforded the crystalline products in a course of several days.

Isolation of [Cus(u-Ch2(dpmp)2{(us,n*:n%:n3-P2)Mo2(CO)2Cp2}[BF4] (2): 50 mg Al (1 eg., 0.1 mmol)
added in a small amount of CH2Cl2 to a 1:1 stoichiometric solution of 1. After 24 hours stirring,
subsequent filtration and layering with n-pentane, compound 2 was isolated as orange to red
plates in 51 % vyield (95 mg, 0.051 mmol). *H NMR (300 MHz, CD2Cl2) d 7.70 - 6.55 (m, 50H, Ph),
5.11 (s, 9H, Cp), 3.63 (m, 3.5H, CH2), 3.38 (m, 1H, CH2), 3.10 (m, 3.5H, CH2); 3'P{*H} NMR
(121.5 MHz, CD2Clz) d —6.68 (br m, small signal), —11.35 (br m, small signal), —15.28 (m, RPPh2),
—19.72 (br, R2PPh), —65.60 (s, P2); ®F NMR (282.4 MHz, CD2Cl2) d —148.75 (1°BF4), —148.81
(1*BF4); 3C{*H} NMR (75.5 MHz, CD2Clz) 226.53 (CO), 134.61 - 128.15 (multiple signals, Ph),
87.52 (Cp), 30.48 (CH>). Positive ion MS, m/q (%): 1273.2 (100) [CusCl2(dpmp)z]*. Negative ion
MS, m/q (%): 1447.3 (100) [CusClx(dpmp)2(BF4)2]~. IR(KBr) cm1: 3117 (vw), 3079 (vw), 3052 (w),
3005 (w), 2987 (w), 2954 (vw), 2917 (vw), 2851 (vw), 2000 (m), 1991 (m), 1965 (vs), 1925 (s),
1908 (s), 1848 (m), 1629 (w), 1485 (m), 1435 (s), 1377 (w), 1098 (s), 1084 (s). Anal. calcd for
CusClz(dpmp)2{Cp2M02(CO)4P2}(BF4)(CH2Cl2)o.3: C, 49.95; H, 3.67. Found: C, 49.98; H, 3.62.
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Isolation of [Cus(u-Ch2(dpmp)2o{(us,n:n?:n?-As2)M0o2(C0O)2Cp2H[BF4]  (3): 59mg A2 (leq.,
0.1 mmol) added in a small amount of CH2Cl to a 1:1 stoichiometric solution of 1. After 24 hours
stirring, subsequent filtration and layering with n-pentane, compound 3 was isolated as dark red
blocks in 43 % yield (84 mg, 0.043 mmol). 'H NMR (300 MHz, CD2Cl2) d 7.72 - 6.54 (m, 50H, Ph),
5.11 (s, 8H, Cp), 3.81 - 3.00 (multiple overlapping signals, CH2); 3'P{’H} NMR (121.5 MHz,
CD2Cl2) d —=7.12 (br m, small signal), —11.35 (br m, small signal), —14.53 (m, RPPh), —17.42
(br, R2PPh); 1°F NMR (282.4 MHz, CD2Cl) d —149.67 (°BF4), —149.73 (}BF4); 3C{*H} NMR
(75.5 MHz, CD2Cl2), 131.05 - 126.25 (multiple signals, Ph), 84.99 (Cp). Positive ion MS, m/q (%):
1273.0 (100) [CusClz(dpmp)2]*, 1879.4 (0.55) [Cu4Cls(dpmp)s]*, 1979.2 (0.25) [CusCla(dpmp)s]*.
IR(KBr) cm~1: 3081 (vw), 3053 (W), 2955 (vw), 2919 (vw) 2898 (vw), 2851 (vw), 1978 (w), 1954
(vs), 1913 (s), 1896 (s), 1630 (w), 1485 (w), 1435 (m), 1378 (w), 1098 (m), 1084 (m). Anal. calcd
for CusClz(dpmp)2{Cp2M02(CO)4As2}(BF4)(CH2Cl2): C, 46.74; H, 3.48. Found: C, 46.88; H, 3.65.

Isolation of [Cua(u-Cha(dpmp)2{(uz,n*:nt:n5-Ps)FeCp*}n[BFal,_(4): 35mg B1 (1eq., 0.1 mmol)
added in a small amount of CH2Clz to a 1:1 stoichiometric solution of 1. After 24 hours stirring,
subsequent filtration and layering with n-pentane, compound 4 was isolated as green rods in
47 % vyield (81 mg, 0.047 mmol). *H NMR (300 MHz, CD2Cl») d 7.72 - 6.55 (m, 50H, Ph), 3.81 -
3.01 (multiple overlapping signals, CH2), 1.42 (s, 14H, Cp*); 3'P{*H} NMR (121.5 MHz, CD:Cl2)
d 149.91 (s, Ps), —6.92 (br m, small signal), —=11.33 (br m, small signal), —14.62 (m, RPPhz2),
-18.35 (br, R:PPh); 19F NMR (282.4 MHz, CD:Cl) d -149.35 (1°BF4), —149.40 (‘BF4);
I3C{'H} NMR (75.5 MHz, CD2Cl2) 134.84 - 128.31 (multiple signals, Ph), 91.82 (Cp*) 30.23 (CH2),
11.06 (CHs). Positive ion MS, miq(%): 1272.9 (100) [CusClx(dpmp)z]*, 1782.3 (3.0)
[CusCl2(dpmp)s]*. Negative ion MS, m/q (%): 87.1 (100) [BF4]~. IR(KBr) cm~1:3072 (vw), 3051 (w),
3017 (vw), 2954 (vw), 2908 (vw) 1436 (m), 1376 (w), 1124 (w), 1097 (w), 1084 (m), 1026 (w)
1000 (w), 791 (w), 738 (m), 690 (m), 669 (m). Anal. calcd for
CusClo(dpmp)2{Cp*FePs}(BF4)(CH2Cl2)13: C, 49.76; H, 4.19. Found: C, 49.73; H, 4.26.

Isolation of [Cus(u-Cl)2(dpmp)2{(us,nt:nt:n3-Ass)FeCp*}n[BFaln_(5): 57 mg B2 (1 eq., 0.1 mmol)
added in a small amount of CH2Cl> to a 1:1 stoichiometric solution of 1 which resulted in an
immediate color change from olive green color of complex B2 to dark red. After 24 hours stirring,
subsequent filtration and layering with n-pentane, compound 5 was isolated as brown blocks in
36 % yield (70 mg, 0.036 mmol). *H NMR (300 MHz, CD2Cl2) d 7.70 - 6.55 (m, 50H, Ph), 3.81 -
3.03 (multiple overlapping signals, CH2), 1.37 (s, 13H, Cp*); 3P{*H} NMR (121.5 MHz, CD2Cl)
d —6.82 (br m, small signal), —11.34 (br m, small signal), —14.44 (m, RPPh), —17.25 (br, R2PPh);
9F NMR (282.4 MHz, CD2Cl2) d —149.36 (°BFa), —149.41 (*BF4); 3C{*H} NMR (75.5 MHz,
CD2Cl2) 134.71 - 128.06 (multiple signals, Ph), 88.01 (Cp*) 30.32 (CH2), 12.27 (CHa). Positive ion
MS, m/q (%): 2583.6, (20) [CusCls(dpmp)s]*; 1977.8, (10) [CusCls(dpmp)s]*; 1879.6, (5)
[CusCls(dpmp)s]*; 1273.0, (100) [CusClz(dpmp)z2]*; 665.1, (5) [Cu2Cl(dpmp)]*; 619.2, (17)
[CusCl(dpmp)2]?t; 569.1, (3) [Cu(dpmp)]*. Negative ion MS, m/q (%): 87.2, (100) [BFai].
IR(KBr) cm-1: 3072 (w), 3051 (m), 3019 (vw), 3005 (vw), 2986 (vw), 2952 (w), 2899 (w), 2360
(vw), 2342 (vw), 1625 (w), 1587 (w), 1574 (w), 1484 (m), 1435 (vs), 1375 (m), 1124 (m), 1098 (s),
1084 (vs), 1064 (s), 1026 (m), 999 (m). Anal. calcd for CusClz(dpmp)2{Cp*FeAss}(BF4)(CH2Cl2):
C, 44.77; H, 3.76. Found: C, 44.80; H, 4.01.

Preparation of [Cus(u-Chz(dpmp)2(MeCN).1*[BF4]- (6): The literature reports of one structurally
characterized related trinuclear Cu' complex ([Cus(u-Cl)2(dpmp)2(MeCN)2]*[ClO4]-+H20).[1 We
were able to synthesize the same cationic complex with [BF4]- as an anion. Therefore we followed
a one-pot synthesis to obtain compound 1 with two terminal MeCN ligands.

101 mg (2eqg., 0.2 mmol) dpmp, 32 mg (leqg., 0.1 mmol) [Cu(MeCN)4][BF4] and 20 mg (2eq.,
0.2 mmol) CuCl were weighed into a Schlenk flask and a solvent mixture of 8 mL THF and 2 mL
MeCN were added under constant stirring. The compounds dissolved to form a clear and
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colorless solution in about 30 to 60 seconds. After 24 hours of stirring at room temperature the
solution was filtered vapor diffusion of Et20 into the solution affords colorless crystal in the course
of some days. The mother liquor is decanted off the crystals. The crystals are washed with Et20 a
few times and dried in vacuum for 30 minutes. After this time about 0.6 equivalents of the
coordinated MeCN ligands could be removed from the crystals as indicated by elemental
analysis. By grinding the sample and drying it in vacuum for another 2 hours, the MeCN could
completely be removed. Yield 66% (95 mg). Sample dried for 30 minutes: Anal. calcd for
CusCl2(dpmp)2(MeCN)14(BF4): C, 56.55; H, 4.42; N, 1.38. Found: C, 56.55; H, 4.70; N, 1.35.
Sample grinded and dried for 2 h: Anal. calcd for CusClz(dpmp)2(BF4): C, 56.47; H, 4.29; N, 0.00.
Found: C, 56.27; H, 4.35; N, 0.00. Positive ion MS, m/q (%): 1273.4 (100) [CusCl2(dpmp)2]*,
1175.3 (7) [CuzCli(dpmp)2]*, 669.0 (10) [Cu=Cl(dpmp)]*, 569.1 (8) [Cu(dpmp)]*. Negative ion MS,
m/q (%): 87.1 (100) [BF4]~. IR(KBr) cm-1: 3052 (w), 2956 (vw), 2895 (vw), 1587 (vw), 1574 (vw),
1485 (m), 1436 (s), 1377 (m), 1333 (vw), 1309 (vw), 1278 (vw), 1189 (vw), 1159 (vw), 1099 (s),
1084 (s), 1028 (m) 1000 (m), 793 (m), 738 (s), 691 (s).

Dynamic coordination behavior of the parent [Cus] building block (1): The parent compound
[Cus(u-Ch2(dpmp)2]*[BF4]- (1) is prepared in a straightforward manner by dissolving two
equivalents dpmp and CuCl together with one equivalent of [Cu(MeCN)4][BF4]. The use of
MeCN/THF (1:5) mixtures as solvent afforded the desired building block 1 with terminal MeCN
ligands [Cus(p-Cl)2(dpmp)2(MeCN)2]*[BF4]- (6) (see Figure 1 for a representation of the solid state
structure). A related compound [Cusz(u-Cl)2(dpmp)2(MeCN)2]*[ClO4]*H20 was described in the
literature before, following a different synthetic approach.l! When the substitution of the labile
MeCN ligands by our P, or As, ligand complexes was tried in MeCN/THF mixtures we could
never observe any coordination to the Cu ions.

Therefore, we prepared the parent compound 1 in pure CH2Cl> without THF or MeCN addition.
After stirring CuCl, dpmp and [Cu(MeCN)4][BF4] in CH2Cl. and subsequent vapor diffusion of
n-pentane into the solution, we were able to isolate the parent cationic building block
[Cus(p-Cl)2(dpmp)2]*[BF4]- (1) without MeCN ligands. This was an astonishing result, since the
central cationic cluster [Cus(p-Cl)2(dpmp)z]* is still intact, but is now also exhibiting two vacant
coordination sites on the outer Cu ions. Consequently, we performed our following coordination
chemistry only in CH2Cl2 solution.

When crystals of the pure [Cus(u-Cl)2(dpmp)2]* building block (=[Cus]) are dissolved in CD2Cl2 at
—80 °C the [Cus] cluster remains intact and two broad signals can be identified in the 3'P{*H} NMR
spectrum at —15.3 ppm and at —17.4 ppm in a 2:1 ratio for the dpmp ligand. The 'H NMR
spectrum at —80 °C shows next to the aromatic protons of the phenyl rings two broad signals at
3.06 ppm and at 3.58 ppm for the diastereotopic atoms of the methylene groups of the bridging
dpmp ligands. When the solution is warmed up in the NMR spectrometer the [Cus] cluster seems
to show some dynamic behavior above —20 °C which can be monitored by new signals arising
next to the ones of the [Cus] cluster which is still the major part in solution even at room
temperature. When the same solution is cooled down again, the *H and the 3'P{*H} NMR spectra
do not change and do not show the initial signals for the pure [Cus] cluster. Thus, we assume a
dynamic coordination behavior that needs some thermal energy for breaking the dative Cu—P
bonds and cooling down the solution of the dissociated compounds will not reverse the process to
form the desired coordination complexes. This formation can be realized during the crystallization
process by the addition of the investigated P, and As, ligand complexes to the [Cus] building
block in CH2Cl2 and subsequent vapor diffusion of n-pentane into the solution. This affords the
desired coordination complexes formed from the [Cus] cluster coordinated by the P or As atoms of
the E, ligands. The *H NMR spectra of the isolated products in CD2Clz at room temperature show
the same set of signals as the pure [Cus] building block and an additional singlet for the Cp rings
of [Cp2M02(CO)4(p,n*:n*-E2)] (E = P(Al), As(A2)) or the Cp*ring of [Cp*Fe(n®-Es)] (E = P(B1),
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As(B2)). The 3'P{H} NMR spectrum of complex 2 additionally shows a singlet at —65.6 ppm for
the P2 ligand Al which is shifted 21 ppm upfield compared to the free complex 1. The
31P{IH} NMR spectrum of the one-dimensional coordination polymer 4 also shows a singlet at
149.9 ppm for the Psring of complex B1 which is shifted 3 ppm upfield compared to the free
ligand B1. The observed singlets for the P, ligands in the 3P{*H} NMR spectra of the products 2
and 4 show that the P atoms are equivalent on the NMR timescale and show a dynamic behavior.

All isolated compounds (1-6) always exhibit the cationic building block [Cus(pu-Cl)2(dpmp)2]* and
we never saw any other combination of Cu* and the dpmp ligand in the solid state. The *H NMR
as well as the 3P NMR spectra of isolated crystals of the compounds 1-5 dissolved in CD2Cl: at
room temperature show a dynamic coordination behavior and suggest that the well-defined
arrangement of the described coordination units in the solid state structures are formed during the
crystallization process. From these observations we can conclude, that the [Cuz(u-Cl)2(dpmp)z]*
building block is a very stable aggregate, since it is exclusively observed in the solid state, but in
solution different Cu* species with dpmp and CI- ligands are in equilibrium.

X-ray Crystallography

All crystal preparations were done under mineral oil. The data collection was either performed on
an Agilent Technologies SuperNova diffractometer equipped with a micro focus Cu X-ray source,
an Agilent Technologies Gemini R Ultra equipped with sealed tube Mo and Cu X-ray sources or
on a Bruker Apex Il difractometer equipped with a Mo X-ray source. All measurements were
performed at 150 K or at 123 K by nitrogen cooling. The structure least square refinement was
done with the SHELX program packagel? against F2.

Table 1. Crystallographic details for the compounds 1-3.

Identification code 1 2 3

Empirical formula CesHs2BClsCusF4Ps CgoH72BClsCusF4sM0,0,4Pg CgoH72As,BClsCusFsM0,04Ps
M [gmol™] 1531.14 2027.18 2115.08
Crystal size [mm] 0.18 x 0.13 x 0.04 0.17 x 0.10 x 0.02 0.27 x 0.14 x 0.03
T K] 123(1) 123(1) 123(1)
AA] 1.54178 1.54178 1.54178
crystal system monoclinic monoclinic monoclinic
space group P2:/n P2i/c P2i/c
alAl 12.4596(1) 12.8855(1) 12.8880(2)
b [A] 27.6079(2) 43.5442(4) 43.5784(5)
c[A] 20.0624(2) 14.9499(1) 15.0001(2)
al] 90 90 90
B 104.466(1) 95.216(1) 95.152(2)
v [°] 90 90 90
V [A3 6682.34(10) 8353.49(12) 8390.6(2)
z 4 4 4
Peac [gem™] 1.522 1.612 1.674
u [mm™ 5.096 6.923 7.403
diffractometer SuperNova SuperNova SuperNova
radiation CuKq CuKq CuKq
6 range [°] 3.20-70.07 3.14 -73.67 3.13-66.59
absorption correct. analytical analytical analytical
Trmin / Tmax 0.548/0.832 0.515/0.887 0.262/0.791
reflns collect / unique 38396 / 12632 60821 / 16362 62003 / 14787
reflns obs [I > 2 o(l)] 10855 15012 12776
Rint 0.0236 0.0462 0.0513
parameters / restraints 781/0 1055/ 110 1078/ 103
GOF on F? 1.123 1.065 1.037
Ri/WRz [I > 2 ofl)] 0.0299/ 0.0869 0.0506 / 0.1293 0.0465/0.1178
R1/wR; (all data) 0.0369 / 0.0950 0.0548/0.1315 0.0534/0.1214
max / min Ap [eA3] 0.866 / —0.764 1.732/-1.124 0.784 /-1.024
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Table 2. Crystallographic details for the compounds 4-6.

Identification code 4 5 6

Empirical formula C74H73BClL,CusF4FePq; C76H77AssBClsCusFsFePs CesHesBCl,CusF4N,Ps
M [gmol] 1707.21 2096.81 1443.39
Crystal size [mm] 0.43 x0.17 x 0.11 0.13 x 0.11 x 0.06 0.60 x 0.45 x 0.33
TIK] 123(1) 123(1) 150(1)
AA] 0.71073 1.54178 0.71073
crystal system monoclinic monoclinic triclinic
space group P2i/c P2i/c P-1
alAl 12.5098(3) 12.5858(1) 12.7414(4)
b [A] 25.2944(6) 24.4849(2) 13.4211(4)
c[A] 27.8308(5) 27.9362(2) 21.4040(7)
al] 90 90 85.562(3)
B[] 97.692(2) 98.748(1) 72.949(3)
v [° 90 90 79.079(3)
V A3 8727.2(3) 8508.73(12) 3435.0(2)
Zz 4 4 2
Peaic [gem™2] 1.299 1.637 1.395
u [mm] 1.443 7.545 1.190
diffractometer Gemini R Ultra Gemini R Ultra Bruker Apex Il
radiation MoKq CuKq MoKq
6 range [°] 3.04-27.10 3.20 - 66.64 2.49 -27.38
absorption correct. analytical analytical multi-scan
Tomin ! Tmax 0.705/0.878 0.541/0.792 0.6342/0.7456
reflns collect / unique 64795 /19018 61670/ 14620 24359 / 15299
reflns obs [I > 2 o(l)] 13117 10588 10562
Rint 0.0283 0.0337 0.0418
parameters / restraints 890/ 48 924 /0 807 / 266
GOF on F? 1.046 0.960 1.026
Ri/WRz [I > 2 ofl)] 0.0384/0.1220 0.0379/0.1016 0.0539/0.1417
R1/wR; (all data) 0.0559/0.1272 0.0549/0.1065 0.0831/0.1549
max / min Ap [eA3] 0.930/-0.541 1.234/-1.191 2.045 / -2.093

Structure refinement details

compound 1: The asymmetric unit contains one cationic [Cus] coordination unit, consisting of
three Cu, two Cl atoms and two dpmp ligands as well as the [BF4]~ anion and two CH2Clz solvent
molecules. The structure solution and refinement could be done without difficulty.

compound 2: The asymmetric unit contains one unit of the coordination compound 2 consisting of
the cationic [Cus] complex of two dpmp ligands, three Cu and two Cl atoms coordinated to a
P atom of the Mo complex Al. It also contains a [BFs]- anion and two CH2Cl. molecules. The
solvent molecules are disordered over two positions (50:50) or three positions (49:28:23). The
anion is disordered over two positions (67:33) and the minor part is refined isotropically. During
the refinement process the tetrahedral geometry of the anion was restrained by SADI commands
and several DFIX commands and some EADP constraints were applied to the disordered solvent
molecules.

compound 3: The asymmetric unit contains one [Cus] coordination unit, consisting of three Cu,
two Cl atoms and two dpmp ligands coordinated to one As: ligand complex A2, two disordered
CH:zCl2 solvent molecules and one [BF4]- anion. One phenyl ring of the dpmp ligand is disordered
over two positions with a ratio of 61 % to 39 %. The two solvent molecules are disordered over
two or three positions, respectively with the occupancies of 54:46 and 50:25:25. SADI restraints
as well as EADP constraints were used for the refinement of the solvent molecules.

compound 4: With the aid of PLATON a solvent accessible area was found. The residual
difference Fourier peaks exhibit a geometrical environment resembling the molecular geometry of
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CH2Cl2 molecules. Unfortunately, the refinement of disordered (and restrained) CH2Cl. molecules
did not lead to a satisfactory structure solution. Therefore we treated the residual electron density
with the program SQUEEZER! which showed a solvent accessible void. The midpoint, the size
and the number of electrons in that void were refined and the contribution to the calculated
structure factors of the disordered solvent is taken into account by back-Fourier transformation.
The void is found around (0 0.5 0), the size is 779 A3, and 172 e- were detected. This electron
number corresponds roughly to four CH2Cl. molecules. These four CH2Cl. molecules are not
taken into account for the empirical formula and the calculated density, but for the analytical
absorption correction and the given absorption coefficient. The disordered [BF4]- anion was
restrained with SADI commands to form a tetrahedron. Several disordered phenyl rings were
fixed using the AFIX 66 command. Otherwise, the refinement was not stable or the resulting C-C
bonds did not show physically correct lengths.

compound 5: The asymmetric unit contains one cationic [Cus] coordination unit, consisting of
three Cu, two Cl atoms and two dpmp ligands coordinated to one cyclo-Ass sandwich complex B2
as well as the [BF4]~ anion and two CH2Cl> solvent molecules. The structure solution and
refinement could be done without difficulty.

compound 6:

Figure 1. Crystal structure of compound 6. The [BF4]~ anion, hydrogen atoms and solvent molecules are
omitted for clarity. Selected bond lengths [A] and angles [°]: Cul-Cu2 3.230(6), Cu2-Cu3 3.3239(6), Cul-Cl1
2.3333(11), Cu2-Cl1 2.4282(10), Cu2-Cl2 2.3862(10), Cu3-Cl2 2.3612(11), Cul-N1 2.143(4), Cu3-N3
2.065(4), Cul-Cu2-Cu3 164.73(2).

Figure 1 shows a representation of the cationic complex in compound 6 in the solid state. The
geometry of the coordination compound is in good agreement with the formerly described
complex [Cus(u-Cl)2(dpmp)2(MeCN)2]*[ClO4]*H20.18 The intramolecular Cu-Cu distances are
distinctly elongated compared to the novel [Cus] coordination unit of compound 1 with vacant
coordination sites on the external Cu cations.

structure solution: With the aid of PLATON a solvent accessible area was found, but it was
impossible to refine any reasonable molecule from difference Fourier peaks. Therefore the
midpoint, the size and the number of electrons in that void were refined and the contribution to the
calculated structure factors of the disordered solvent is taken into account by back-Fourier
transformation with the program SQUEEZE[! The void is found around (-0.192 0.052 0.173), the
size is 133 A% and 45 e~ were detected. The void most likely contains one THF molecule. The
geometry of the disordered phenyl rings on the dpmp ligand was fixed to regular hexagons
(AFIX 66). The displacement parameters of these carbon atoms were restrained by ISOR
commands. Otherwise, the refinement was not stable or the resulting C-C bonds did not show
physically correct lengths.




136| SI: 7. P, and As, ligand complexes as linkers

DFT calculations

The results of the calculation concerning the Cu-Cu distances in 1 will presented in the following
chapter. Details of the DFT calculations of this chapter are included in electronic form on the
provided DVD.
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8 Self-assembly of reactive linear Cus building blocks
for supramolecular coordination chemistry and their

reactivity towards En ligand complexes

Abstract: The current study describes the selective and easy one-pot
synthesis of linear trinuclear halide bridged Cu' complexes
[Cus(p-X)2(u-dpmp)2(MeCN)]* (1a: X = CI; 1b: X = Br; 1c: X = 1), stabilized
by the tridentate dpmp ligand, and two terminally coordinated MeCN ligands
obtained by self-assembly reaction in THF/MeCN. By drying these
complexes the MeCN ligands can be removed and the complexes are
directly transformed to the reactive parent trinuclear
[Cus(p-X)2(u-dpmp)2]* (2a-c) building blocks with two vacant coordination
sites on the terminal Cu atoms. An alternative synthesis in CHxCl, directly
yields 2a-c. In the course of this srudy two related isomeric compound 2a*
and 2c* as well as two complexes containing two weakly coordinating CH2Cl,
molecules [Cuz(p-X)2(p-dpmp)2(CH2CL)2]* (X = Br(3b), 1(3c)) could be
structurally characterized. The frameworks of the [Cus(p-X)2(p-dpmp)2]*
complex cations are stable in solution when dissolved at low temperatures
and show dynamic coordination behavior at elevated temperatures involving
equilibria between different species as proved by new signals arising in VT
NMR studies. These equilibria cannot be shifted back by simply decreasing
the temperature but the [Cus(p-X)2(u-dpmp)2]* (X = Cl, Br, 1) complex cations
can be obtained selectively in the solid state upon crystallization.
While reactions of 2a-c with the E; complexes Al and A2 lead to
unsymmetrically substituted [Cus(u-X)2(p-dpmp)2(nt-L)]* (4a-c: X = CI-l, L =
Al; 5: X = Cl, L = A2) complexes, the reactions with the cyclo-P3z complex B
afford zigzag chain polymers  [Cus(p-X)2(pu-dpmp)2(p,n*:n*-B)]n[BFa4]n
(6a: X = CI; 6b: X = Br) and the symmetrically substituted complex
[Cus(p-1)2(p-dpmp)2(nt-B)2]* (7). Reactions of 2a-c with the cyclo-Es
complexes Cl1 and C2 lead to the isolation of the one-dimensional
coordination polymers [Cus(p-X)2(p-dpmp)2(p,n*:nt-L)]a[BFa]n
(8a-b: X = CI-Br, L = C1; 9: X = Cl, L = C2) and the symmetrically substituted
complex [Cusz(u-1)2(pu-dpmp)2(nt-C1),]* (10). All products exhibit the trinuclear
[Cus(p-X)2(u-dpmp)2]* complex cations as the central structural motif.
The variation of the intramolecular Cu-Cu distances inside the
Cus complexes is discussed and supporting DFT computations for the model
complex [Cus(u-Cl)2(dmmp)2{(n*-AL1)}]* (4a’) are presented.

8.1 Introduction

Extended linear arrays of transition metals are currently discussed for their potential

application in molecular electronics. Some examples include self-aggregation of



140| 8. Pre-assembled Cu' chains and E, ligands

dinuclear precursor complexes via intermolecular M—M bond formation (M = Pd,*?
Pt,B48 Rh 67891011 [([1213)) - These linear metal chains however feature various
supporting ligands (see Scheme 1). The most famous and thoroughly studied group of
extended metal atom chains (EMACSs) includes up to eleven metal atoms (homo- or
heterometallic) in one linear array containing polypyridylamide ligands or their derivatives
(Scheme 1 1).[14151617.18,19.2021.22.23] \jglecular chains of Pd atoms can be stabilized by
neutral unsaturated or aromatic organic ligands (Scheme 1 I1).[242526.27.28.29,30,31]
Polydentate phosphines like the tridentate ligand bis(diphenylphosphinomethyl)-
phenylphosphine (dpmp, see Scheme 2) can also stabilize multimetallic complexes.
Especially their Au' complexes have been thoroughly investigated due to their
luminescent properties.[323334353637.381 Complexes of the dpmp ligand have also been
described for different metals like Ag,?° Rhl“ and Ptl41:42:43:444% including the formation of
a hexanuclear Pt string complex.® It was recently reported that the luminescence
intensity of heterometallic Ag'/Au' complexes stabilized by polyphosphine ligands
increases with increasing gold content.*” Utilization of the analogues tetraphosphine
ligand gave access to heterometallic trinuclear complexes*® as well as linear chains of
four M* (M = Ag, Au) cations (Scheme 1 I11)!*9%0 and multinuclear complexes of up to
eight metal centers.515258 Recently, it was demonstrated that hydride bridged
Cu' complexes stabilized by tetraphosphine ligands undergo facile CO; insertion.[>
In 1992, the preparation of the trinuclear halide bridged Cu' complexes
[Cuz(u-X)2(u-dpmp)2(MeCN),]* (X = CI, 1) was described (Scheme 1 1V).5% Although the
intermolecular Cu-Cu distances of 3.3 A do not suggest metal-metal interactions these
complexes exhibit photoluminescence in the solid state and may be valuable building
blocks in supramolecular chemistry. In 2009 the analogues tetranuclear complexes have
also been prepared.

The main challenges in the chemistry of molecular metal chains lies in the
development of rational synthetic methods based on self-assembly which lead to linear
metal arrays instead of polyhedral clusters or product mixtures. Another intriguing goal is
the introduction of additional ligands of varying nature on the terminal metal atoms in
order to form heteroleptic linear metal clusters or extended coordination polymers in a
controllable manner. In this context, the current investigation includes the introduction of
the organometallic E,ligand complexes A1-C2 (see Scheme 2) which contain
substituent free pnictogen atoms (E = P, As), instead of more commonly used organic

linker molecules with N, O or S donor atoms.
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It was shown that these E, ligand complexes are excellent multidentate ligands for

supramolecular chemistry allowing a broad variety of possible coordination modes.

Reactions of the cyclo-Ps complex C1 with Cu' halides result in the formation of

coordination polymerst”%8 and spherical supramolecules which are referred to as

‘inorganic fullerenes’ due to their analogues topology.[5°6061.62.6364 \When [CpRFe(n®-Ps)]

complexes with sterically demanding Cp ligands (Cp®" = Cs(CH:Ph)s,® CpB¢ =

Cs(4-"Bu-CeHa4)s)® are reacted with

Cu' halides, well-soluble and very large

supramolecules are obtained.[67:686%70 The P, complex Al readily forms homoleptic
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dinuclear complexes [M2(A1)4]%" with the monovalent coinage metal cations M* (M = Cu,
Ag, Au) which exhibit dynamic coordination behavior in solution.[’¥ Addition of organic
linker molecules to solutions of these complexes gives access to heteroleptic
organometallic-organic hybrid materials forming polymers, extended frameworks or
isolated rectangles.’273 Additionally, it was demonstrated that introduction of Al
to di- and trinuclear Cu' complexes containing bridging mixed P,N ligands or
polyphosphine ligands affords original coordination modes for Al without collapse of the
pre-assembled multimetallic fragments.[”®! Introduction of the weakly coordinating anion
[A{OC(CF3)s}s]- enables the isolation and characterization of a variety of compounds
showing highly dynamic coordination behavior of E, ligand complexes towards the Lewis
aCidiC CationS CU+,[75] Ag+,[76’77] T|+,[78’79’80] |n+[80,81] and Ga+.[79]

The current study focuses on trinuclear Cu' complexes (see Scheme 1 1V) stabilized
by the tridentate phosphine ligand dpmp (see Scheme 2) and their reactivity. Herein we
describe a simple straightforward synthesis of the trinuclear
[Cus(p-X)2(u-dpmp)2(MeCN),]* (X = ClI, Br, 1) cationic complexes 1a-c containing terminal
MeCN ligands. It is shown that the terminal MeCN ligands can be removed and these
derivatives can easily be transformed to [Cus(pu-X)2(u-dpmp)2]” 2a-c cationic units
exhibiting two vacant terminal coordination sites. Additionally, a direct synthesis of 2a-c
will be presented. These reactive trinuclear complexes are investigated by VT NMR
experiments to get more insight into the existing species in solution. Subsequently, the
coordination chemistry of the E, ligand complexes A1-C2 towards the parent trinuclear
complexes is investigated. The results of this study which have been partly reported in a
preliminary communication,’®? give access to a rational synthesis of discrete and infinite
supramolecular compounds containing the linear parent trinuclear Cu' building blocks
[Cus(p-X)2(u-dpmp)2]*, as well as the possibility of a direct comparison of the

coordination behavior of P, and their analogues As, ligand complexes.
8.2 Results and Discussion

The parent Cus complexes

Syntheses of l1a-c:

The [Cus(p-Cl)2(dpmp)2(MeCN)z]" complex cation was previously prepared as the
[ClO4]” salt after recrystallization of the crude product obtained from heating dpmp and
CuCl in MeOH at 60°C and subsequent metathesis with LiClO..! Herein we present
a simple synthesis (see Scheme 3) based on self-assembly under mild conditions to
yield the trinuclear complexes [Cus(p-X)2(p-dpmp)2(MeCN)o]" (X = Cl(1a), Br(1b), I(1c))
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as [BF4]™ salts as the only products in good yields (65-80%). Dissolution of 2 equiv. CuX
(X=Cl, Br, ), 2 equiv. dpmp and 1 equiv. [Cu(MeCN)4][BF4] in a THF/MeCN (80:20)
mixture affords clear colorless solutions in a few minutes. Diffusion of Et,O into the
filtered solutions affords colorless single crystals which were used to establish the X-ray
structures of la-c. Elemental analysis reveals complete removal of the terminal MeCN
ligands upon drying in vacuum overnight already at room temperature. This gives access
to the parent complexes [Cus(u-X)2(u-dpmp)2]* (X = Cl(2a), Br(2b), 1(2c)) as colorless
powders in the solid state. Our investigations revealed an increased reactivity of 2a-c
compared to la-c as the relatively weak E, ligand complexes were not able to substitute
the terminal MeCN ligands of 1a-c in THF/MeCN solutions. Therefore, we subsequently

developed a direct synthesis of 2a-c in CHxCl..

CH,CI Ph i fh
2 CuX 272 oo P~ S ] _-Ph
+ 2 dpmp Fi P ;’
+ [Cu(MeCN),4][BF 4] X
4 CU\\ ______ ,_,C W ,‘ICU C|/\
Cl-- Cl
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or 0-DFB Et,0 L Ph Ph Ph ]
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— —+ — -+
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Ph Ph L h Ph Ph
[Cus(u-X2)(L-dpmp),][BF 4] [Cu(-X,)(u-dpmp)(n'-MeCN),][BF 4]
X = Cl(2a, 73%), Br(2b, 67%), I(2¢c, 69%); X = Cl(1a, 66%), Br(1b, 76%), I(1c, 66%);

Scheme 3. Syntheses of the trinuclear complexes 1la-c, containing terminal MeCN ligands, the
parent complexes 2a-c as well as the complexes 3b and 3c containing two coordinating CH2Cl2
solvent molecules. Yields are given in parentheses.

Direct synthesis of 2a-c:

When the reactants (2 equiv. CuX (X = CI, Br, I), 2 equiv. dpmp and 1 equiv.
[Cu(MeCN)4][BF4]) are suspended in pure CHCl; or ortho-difluorobenzene (o-DFB) and
stirred at room temperature, the formation of clear colorless solutions can be observed
after 5 min (X = CI), 30 min (X = Br) or 5-6 h (X = I). Subsequent diffusion of alkanes into
the filtered solution vyields the parent trinuclear complexes [Cus(p-X)2(u-dpmp)2]*
(X = Cl(2a), Br(2b), 1(2c)) as colorless crystals in good yields (65-75%).53 Additionally,
[Cus(p-X)2(p-dpmp)2(CH2Clo)2]* (X = Br(3b), 1(3c)) (identified by single crystal X-ray
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structural analysis) which show two terminal n!-coordinating CH.Cl, molecules could also
be observed from these reactions.® These CH.Cl, solvent molecules are removed by

drying the crystals.

X-ray structural analysis of 1a-3c:

Single crystal X-ray diffraction analysis (see Figure 1a) clearly reveals that
monocationic la-c bearing [BF4]~ as counter ions show very similar structures of their
central trinuclear Cu' complexes [Cuz(p-X)2(H-dpmp)2(MeCN),]*.B These discrete
alignments of three Cu' centers are stabilized by two bridging dpmp ligands and two
additional bridging halide anions in the molecular backbone. The coordination
environment of all Cu atoms in la-c can be described as distorted tetrahedral.
The distance of the MeCN ligands towards the terminal Cu atoms are very similar
for 1la-c with ~2.06 A except for N1-Cul in 1a which is slightly longer with 2.1425(1) A.
The intramolecular Cu-Cu distances in the MeCN ligated complexes la-c are too long for
d*°-d*® metallophilic interactions (3.2330(1) A - 3.4388(1) A) and increase with the size of
the halides from la-c. The Cuz chains can be viewed as almost linear with
Cu-Cu-Cu angles between 163° to 165°.

The parent compounds [Cus(u-X)2(p-dpmp)z]* 2a-c are obtained either by removal of
the terminal MeCN ligands from la-c, or from the direct synthesis in CH.Cl, solutions.
In the latter case two different isomers of the central Cus building blocks
[Cus(p-X)2(pu-dpmp)2]* can be present (2a-c and 2a*-c*, respectively) related to each
other by a slightly different configuration of one dpmp ligand. Among the six possible
isomers four of them could be structurally characterized during this study, 2a, 2a*, 2b
and 2c* which will be discussed together.B9 |t has to be noted, that for all compounds
containing any terminal ligands only one isomer of the parent Cus building blocks
(corresponding to 2a-c) is observed. The crystal structures of 2a, 2b and 2c* are
depicted Figure 1b while 2a* is shown in Figure 2a. The removal of the terminal MeCN
ligands of 1a-b results in a drastic shortening of the intramolecular Cu-Cu distances in 2a
(2.7827(5) - 2.8244(4)A) and 2b (2.8470(1) - 2.8995(1) A), while the general
arrangement of the central [Cus(u-X)2(u-dpmp)2]* (X = CI, Br) complex cations is
preserved. Similar short Cu-Cu distances are observed for 2a* and 2c*.
Table 1 summarizes all observed intramolecular Cu-Cu distances for the described
compounds. The aforementioned Cu-Cu distances are within the expected range for
possible d*°-d!® metallophilic interactions of Cu'. The central Cu atom exhibits a distorted
tetrahedral coordination environment. In contrast, the terminal Cu atoms show a
distorted trigonal planar coordination environment. The Cu-Cu-Cu angles of 2a and 2b

are close to 163° while they are a little smaller and close to 159° for 2a* and 2c*.
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Figure 1. a) Crystal structures of the complex cations in 1a-c. b) Crystal structures of the parent compounds
2a, 2b and 2c*.[% H atoms are omitted and C atoms are drawn as small spheres for clarity. Ph ring marked
with * is pointing towards the reader. Selected bond lengths [A] and angles [°]: la: Cul-Cu2 3.2330(1),
Cu2-Cu3 3.3239(1), Cul-N1 2.1425(1), Cu3-N2 2.0651(1), Cul-Cu2-Cu3 164.73(1); 1b: Cul-Cu2 3.4095(7),
Cu2-Cu3 3.3702(7), Cul-N1 2.057(4), Cu3-N2 2.063(3), Cul-Cu2-Cu3 163.42(2); 1c: Cul-Cu2 3.3954(1),
Cu2-Cu3 3.4388(1), Cul-N1 2.0676(1), Cu3-N2 2.0561(1), Cul-Cu2-Cu3 164.25(1); 2a: Cul-Cu2 2.8244(4),
Cu2-Cu3 2.7827(5), Cul-Cu2-Cu3 163.36(1); 2b: Cul-Cu2 2.8470(1), Cu2-Cu3 2.8995(1), Cul-Cu2-Cu3
163.13(1); 2c*: Cul-Cu2 2.8903(1), Cu2-Cu3 2.8836(1), Cul-Cu2-Cu3 159.38(1).

The crystal structures of 3b and 3c are illustrated in Figure 2b and c.4
The complexes contain a central [Cus(-X)2(H-dpmp)2]™ (X = Br(3b), 1(3c)) building block
which shows two terminal CH:Cl, molecules in a n'-coordination mode.
The intramolecular Cu-Cu distances of 3b and 3c are slightly elongated (~0.1 A)
compared to the parent compounds 2b and 2c*. However, they are notably shorter

(~0.5A) compared those observed in the MeCN ligated complexes 1b and 1c.
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The resulting Cu-Cl distances are rather long (~3.2 — 3.3 A), except for Cul-Cl1 in 3b
which is only 2.8765(1) A. The Cu-Cu-Cu angles of 3b and 3c are close to 163°.

\

Figure 2. Crystal structure of 2a*(a), 3b(b) and 3c(c). H atoms are omitted and C atoms are drawn as small
spheres for clarity. Ph ring marked with * is pointing towards the reader. Selected bond lengths [A] and
angles [°]:2a*: Cul-Cu2 2.8782(1), Cu2-Cu3 2.8386(1), Cul-Cu2-Cu3 159.49(1); 3b: Cul-Cu2 3.0061(1),
Cu2-Cu3 2.9341(1), Cul-Cl1 2.8765(1), Cu3-Cl4 3.2425(1), Cul-Cu2-Cu3 163.00(1); 3c: Cul-Cu2
2.9493(10), Cu2-Cu3 2.9167(10), Cul-CI1 3.202(3), Cu3-CI3 3.295(2), Cul-Cu2-Cu3 162.82(4).

Tablel. Summary of the intramolecular Cu-Cu distances and the bond lengths of terminally bound ligands
for all described products.

Compound ligand 1 El E1-Cul Cul-Cu2 Cu2-Cu3 E2-Cu3 E2 ligand2
la MeCN N 2.1425(1) 3.2330(1) 3.3239(1) 2.0651(1) N MeCN
1b MeCN N 2.057(4) 3.4095(7) 3.3702(7) 2.063(3) N MeCN
1c MeCN N 2.0676(1) 3.3954(1) 3.4388(1) 2.0561(1) N MeCN
2a - - - 2.8244(4) 2.7827(5) - - -
2a* - - - 2.8782(1) 2.8386(1) - - -
2b - - - 2.8470(1) 2.8995(1) - - -
2c* - - - 2.8903(1) 2.8836(1) - - -
3b CH,Cl, cl 2.8765(1) 3.0061(1) 2.9341(1) 3.2425(1) Cl  CHuCl,
3c CH.Cl, Cl 3.202(3) 2.9493(10) 2.9167(10) 3.295(2) Cl CH.Cl,
4a - - - 2.8359(1) 3.3572(1) 2.3693(1) P Al
4b - - - 2.8570(1) 3.4616(1) 2.3554(1) P Al
4c - - - 3.0658(15) 3.5190(14) 2.3582(18) P Al

5 - - - 2.8302(1) 3.2176(1) 2.5295(1) As A2
6a B P 2.4573(13) 3.1743(9) 3.2227(9) 2.3670(14) P B
6b B P 2.4829(2) 3.2825(2) 3.3769(2) 2.3515(2) P B

7 B P 2.3433(1) 3.4393(1) 3.4373(1) 2.4041(1) P
8a C1 P 2.3743(1) 3.2975(1) 3.3389(1) 2.3271(1) P C1
8b c1 P 2.3689(1) 3.3536(1) 3.3903(1) 2.3276(1) P c1
10 C1 P 2.407(5) 3.520(3) 3.612(3) 2.331(5) P C1

9 c2 As 2.5980(1) 3.0345(1) 3.2135(1) 2.5036(1) As c2

NMR characterization of the parent complexes [Cus(uU-X)2(u-dpmp)z]* 2a-c in

solution

When crystals of la-c are dried in vacuum, the terminal MeCN ligands can be

removed completely, proved by elemental analysis. While heating or grinding the
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samples leads to a mixture of products (visible in the 3'P{*H} NMR spectrum at low
temperature) drying in vacuum for several hours at room temperature cleanly converts
the MeCN ligated complexes la-c directly to 2a-c in the solid state without destroying
the central [Cus(u-X)2(u-dpmp)2]* complex cations. The solvent loss turns the crystals of
la-c to fine powder of 2a-c. This can be concluded from the observed behavior of the

dried samples of 1a-c in VT NMR experiments shown in Figure 3.
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Figure 3. 'H and 3'P{*H} VT NMR experiments for 2a-c starting from 193 K up to 300 K in CD2Cl solution.
The diastereotopic H atom H” and H® were assigned tentatively. The sharp signals on top of the broad
signals in the *H NMR spectrum of 2¢ arise from residual THF and Et2O from the initial synthesis of 1c. The
compounds 2a-c represent a AA’A”A”’BB’ spin system illustrated in Scheme 4 which result in higher-order
31P{*H} NMR spectra.

When the powders of 2a-c (obtained from drying 1a-c) are dissolved at —80°C in cold
CDCl, the *H NMR spectra of 2a-c show each two broad signals for the diastereotopic
H atoms H” and HE of the four chemically equivalent CH- groups illustrated in Scheme 4.
The 3'P{*H} NMR spectra of 2a-c show two broad signals in a 2:1 ratio for the RPPh;
(P*) and R’2PPh (PB) groups, respectively. When the samples are warmed up in the
spectrometer the formation of new signals in the *H as well as the 3'P{*H} NMR spectra

of 2a-c can be observed above 253 K which is caused by increasing dynamic processes
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of the complex cations in solution. The 3!P{*H} NMR spectra of 2a-c at 300 K can be
viewed as characteristic since they do not change significantly upon the addition of
En ligands (see below). Notably, these thermal evolutions are not reversible as upon
cooling from room temperature solutions, the NMR spectra do not evolve and return to
the initial pattern. This suggests equilibria of different species in solution. However, the
NMR spectra of 2a and 2b at room temperature still show the initial signal patterns of the
parent [Cus(u-X)2(u-dpmp)2]® complexes (X = Cl(2a), Br(2b)) as the major species
(~80%). For X = I(2¢), the initial signals of [Cus(p-1)2(u-dpmp)2]* (2¢) can still be observed
at room temperature, although they only represent about 50% or less of the species in
solution. It has to be emphasized at this point, that by following our synthetic strategy of
pre-assembled [Cus(p-X)2(u-dpmp)2]* building blocks, no other combination of CuX,
dpmp and [Cu’][BF4] could ever be observed in the solid-sate. This conclusively
suggests dynamic coordination behavior of the Cus building blocks at elevated
temperatures in solution but exclusive formation of the parent [Cus(p-X)2(H-dpmp)z]*

complexes upon crystallization.

— B B — +
i /”\Th Th
Ph
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pA PB P4
P | ‘ |\Ph
Ph Ph Ph
L HB HE —

X = Cl(2a), Br(2b), I(2c);

Scheme 4. Schematic representation of the complex
cations of 2a-c for NMR assignments.

Compounds containing the E; ligands Al and A2

Syntheses and characterization of 4a-5:

The P, complex Al has been reported to bridge monocationic metal centers in a
u,n*:n*-mode in several compounds.’ Therefore, the interconnection of the
[Cus(p-X)2(p-dpmp)2]* building blocks 2a-c was attempted by reacting them with the
E> complexes Al and A2. The ligands Al or A2 are dissolved in small amount of CH.Cl,
and directly added to a in situ prepared clear CH2Cl, solution of the parent trinuclear
complexes [Cus(p-X)2(p-dpmp)2]” 2a-c. (see Scheme 5). Diffusion of alkanes into the

filtered CHCl, solutions affords light red crystals of the products 4a-c or dark red crystals
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of 5. The *H and 3'P{*H} NMR spectra of 4a-c and 5 in CD.Cl, solution show sets of
signals which are almost identical to the signals assigned to the [Cus(pu-X)2(u-dpmp)z]*
complex cations 2a-c. In addition a singlet can be observed in the *H NMR spectra for
the Cp rings of Al or A2 respectively. The signal corresponding to the P> ligand of Al in
the 3!P{*H} NMR spectra of 4a-c is significantly broadened and shifted to higher field
(A6 = 21 ppm for 4a, 30 ppm for 4b and 34 ppm for 4c), compared to the free ligand
Al (6 =—42.9 ppm).E7
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L = A1, X =Cl(4a, 51%), Br(4b, 72%), I(4c, 88%);
L= A2, X = CI(5, 42%);

Scheme 5. One-pot synthesis of the compounds 4a-c and 5. Yields are given in
parentheses.

X-ray structural analysis of 4a-c and 5

Single crystal X-ray structural analysis (see Figure 4) clearly reveals that the
compounds 4a-c and 5 show very similar structures. The compounds exhibit central
[Cus(p-X)2(p-dpmp)2]* building blocks with no terminal ligand on Cul while Cu3 is
additionally coordinated in a n-mode by the E. complexes Al or A2, respectively.
Therefore, the coordination geometry of Cul can be described as distorted trigonal
planar while Cu3 adopt a distorted tetrahedral geometry. The intermolecular
Cu-Cu distances Cul-Cu2 and Cu2-Cu3 of each [Cus(p-X)2(n-dpmp)2]* building block
differ significantly due to the coordination of A1 or A2 to Cu3. The Cul-Cu2 distances for
all complexes 4a-c (~2.84 A) and 5 (3.0658(15) A) are quite short suggesting cuprophilic
interactions and can be compared well to the parent complex cations 2a, 2b and 2c*.
While the Cu2-Cu3 distance is the shortest for 5 containing the As; ligand A2 with
3.2176(1) A it increases in the series 4a (X = Cl), 4b (X = Br), 4c (X = 1) from 3.3572(1) A
to 3.5190(14) A with increasing size of the halides. The Cus chains can be viewed as
almost linear with Cu-Cu-Cu angles between 160° to 164° which are not significantly
changed compared to 2a-c*. The Cu3-P1 as well as the P1-P2 bond lengths of 4a-c are
identical with ~2.36 A (Cu3-P1) and ~2.08 A (P1-P2, 2.079(2) A for free A1),
respectively.®”) The As-As distance in 5 (2.3097(1)A) is also unchanged to
free A2 (2.305(3) A).B¥ In conclusion, it can be noted that the introduction of the
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E> complexes Al and A2 to the pre-assembled [Cus(u-X)2(p-dpmp)2]* building blocks did
not afford an interconnection, but 4a-c and 5 can be obtained as the only products by
crystallization without the formation of any other isomers or different combinations of the
starting materials in the solid state. All complexes 4a-5 can be recrystallized without

alteration of the assemblies in the solid state.

Figure 4. Crystal structures of the complex cations in 4a a), 5 b), 4b ¢) and 4c d). H atoms are omitted and
Cand O atoms are drawn as small spheres for clarity. Selected bond lengths [A] and angles [°]: 4a:
Cul-Cu2 2.8359(1), Cu2-Cu3 3.3572(1), Cu3-P1 2.3693(1), P1-P2 2.0869(1), Cul-Cu2-Cu3 164.81(1),
Cu3-P1-P2 128.87(1), CI1-Cu3-P1-P2 106.54(1); 5: Cul-Cu2 2.8302(1), Cu2-Cu3 3.2176(1), Cu3-Asl
2.5295(1), Asl-As2 2.3097(1), Cul-Cu2-Cu3 164.73(1), Cu3-Asl-As2 128.86(1), Cl2-Cu3-Asl-As2
106.53(1); 4b: Cul-Cu2 2.8570(1), Cu2-Cu3 3.4616(1), Cu3-P1 2.3554(1), P1-P2 2.0826(1), Cul-Cu2-Cu3
163.65(1), Cu3-P1-P2 130.35(1), Br1-Cu3-P1-P2 108.82; 4c: Cul-Cu2 3.0658(15), Cu2-Cu3 3.5190(14),
Cu3-P1 2.3582(18), P1-P2 2.084(3), Cul-Cu2-Cu3 160.7(1), Cu3-P1-P2 126.2(1), I12-Cu3-P1-P2 105.6(1).

DFT calculations

All the above described compounds 1la-5 demonstrate that the intramolecular
Cu-Cu distances are drastically affected upon coordination of any ligand to the terminal
Cu atoms. Since the compounds 4a-5 represent the first unsymmetrically substituted
[Cus(p-X)2(p-dpmp)2]* building blocks it is interesting to investigate the geometrical
effects induced by coordination of only one terminal ligand. Therefore, we performed
DFT calculations on the model compound [Cusz(u-X)2(pu-dmmp)2(n*-Al)]* (4@’) (dmmp =
bis(dimethylphosphinomethylene)methylphosphine)) (calculated by restrained geometry

optimizations).® Figure 5a shows the relative energy of the model compound 4a’ with
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the variation of the Cu3-P1 distance (labels according to 4a). The calculations reveal a
minimum at a Cu3-P1 bond length around 2.35 A which is in good agreement to the
determined X-ray structure of 4a. Figure 5b shows the evolution of the intramolecular
Cu-Cu distances (Cul-Cu2 and Cu2-Cu3) as well as the Cu3-CI1 distance with variation
of the Cu3-P1 distance. From this graph it can be clearly seen that an approach of the
P1 atom of Al towards the Cu3 atom induces a drastic increase in the adjacent
Cu3-Cu2 distance while the Cul-Cu2 distance is not changed at all
The Cu3-CI1 distance is only slightly affected.
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Figure 5. a) Variation of the relative energy of [Cus(u-Cl)2(u-dmmp)2(nt-Al)]* (4a’) (dmmp =

bis(dimethylphosphino) methylenephosphine) with the Cu3-P1 distance (restrained geometry optimization).

b) Variations of the Cul-Cu2, Cu2-Cu3 and Cu3-CI1 distances in 4a’ with the Cu3-P1 distance. Calculated at
the BP86/def2-SVP level of theory.
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Compounds containing the cyclo-Ps ligand B

Syntheses and characterization of 6a-7

The E: ligands Al and A2 did not afford an interconnection of the
[Cus(p-X)2(pu-dpmp)2]* building blocks 2a-c but the isolated complexes 4a-c and 5,
instead. In order to realize the connection of 2a-c via P, ligand complexes, the less
sterically demanding cyclo-P; complex B was introduced. The complexes Al and B are
closely related and their analogy can easily be described by exchanging one 15 VE
complex fragment [CpMo(CO),] of Al for an isolobal P atom in B (see Scheme 2).
Complex B was added to in situ prepared clear colorless CH2Cl, solutions of 2a-c in an
equimolar ratio (see Scheme 6). The clear yellow solutions were stirred and
subsequently filtered. Diffusion of alkanes into these solutions afforded clear yellow
needles of 6a (X = CI), and yellow blocks of 6b (X = Br) or 7 (X = I). Subsequent analysis
of 7 revealed a 1:2 stoichiometry of the [Cus(u-1)2(u-dpmp)2]* building block and the
complex B and the synthesis was subsequently reproduced with this ratio to afford 7 as
the only product.®® The *H and 3'P{*H} NMR spectra of 6a, 6b and 7 in CD,Cl, suggest
dissociation in solution and show characteristic signals for the [Cus(p-X)2(p-dpmp)z]*

complex cations. The *H NMR spectra of 6a, 6b and 7 show an additional singlet for the
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Cp ring of B. The 3P{*H} NMR spectra in CD.Cl, solution reveal an additional sharp
singlet at & = —350.7 ppm (6a), —350.7 ppm (6b) and —351.2 ppm (7) which is almost
identical to the free complex B (6 = -351.1 ppm).l87]
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Scheme 6. One-pot syntheses of the one-dimensional polymers 6a, 6b and
the isolated complex 7. Yields are given in parentheses.

X-ray structural analysis of 6a, 6b and 7

Single crystal X-ray structure determination (see Figure 6 a, b) revealed an
isostructural one-dimensional polymeric structure of the compounds 6a (X = Cl) and 6b
(X = Br), respectively in which the central [Cus(u-X)2(u-dpmp)2]™ building blocks are
connected by a cyclo-Ps; ligand of the complex B bridging in a n':n!-coordination
mode.® The coordination polymers 6a and 6b describe a zig-zag chain with alternating
orientations of the [Cus(p-X)2(u-dpmp)2]* building blocks. Surprisingly, the structure
determination of 7 shows a finite complex cation consisting of a central
[Cus(p-1)2(p-dpmp)2]* building block terminated by an n'-coordinating cyclo-Ps complex
on each end instead of a coordination polymer (see Figure 6 c).°*® The intramolecular
Cu-Cu distances of 6a, 6b and 7 are all above 3.17 A and increase with increasing size
of the bridging halides up to ~3.44 A for 7. The Cu-P bond lengths of the terminal
Cu atoms to the P atom of the complex B are not identical on both sides of the
[Cus(p-X)2(p-dpmp)2]* building blocks with average values ranging from 2.35 A to 2.45 A,
The Cu-Cu-Cu angles are between 162° and 167°. In conclusion it can be noted that the
cyclo-P; complex B facilitates the interconnection of the pre-assembled

[Cus(p-X)2(p-dpmp)2]* building blocks (for X = Cl, Br) while it acts as a terminal n-ligand
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towards [Cus(p-1)2(n-dpmp)2]*. Although dissociation takes place in solution, 6a, 6b and 7
can be obtained as the only products by crystallization without the observation of any
other isomers or different combinations of the starting materials in the solid state.
All complexes 6a-7 can be recrystallized without alteration of the assemblies in the

solid state.

Figure 6. Crystal structures of the cationic one-dimensional coordination polymers 6a a) and 6b b) and the
complex cation of 7 c). H atoms are omitted and C and O atoms are drawn as small spheres for clarity.
Selected bond lengths [A] and angles [°]: 6a (final model)®: Cul-Cu2 3.1743(9), Cu2-Cu3 3.2227(9),
Cul-P1’ 2.4573(13), Cu3-P2 2.3670(14), P1-P2 2.1540(17), P2-P3 2.1470(18), P1-P3 2.1426(18),
Cul-Cu2-Cu3 167.69(3), Cul-P1-P2’ 163.01(7), Cu3-P2-P1 135.83(7); 6b: Cul-Cu2 3.2825(2), Cu2-Cu3
3.3769(2), Cul-P1’ 2.4829(2), Cu3-P2 2.3515(2), P1-P2 2.1496(1), P2-P3 2.1458(1), P1-P3 2.1396(2),
Cul-Cu2-Cu3 164.94(1), Cul-P1’-P2’ 162.39(1), Cu3-P2-P1 134.56(1); 7: Cul-Cu2 3.4393(1), Cu2-Cu3
3.4373(1), Cul-P7 2.3433(1), Cu3-P10 2.4041(1), P7-P8 2.1272(1), P7-P9 2.1429(1), P8-P9 2.1552(1),
P10-P11 2.1541(1), P10-P12 2.1302(1), P11-P12 2.1536(1), Cul-Cu2-Cu3 162.18(1), Cu2-Cul-P7
150.34(1), Cu2-Cu3-P10 152.53(1).

Compounds containing the cyclo-Es complexes C1 and C2

Syntheses and characterization of 8a-10

After successful characterization of the finite coordination compounds 4a-c, 5, 7 and
the one-dimensional coordination polymers 6a and 6b from reactions with E» and
cyclo-Ps ligand complexes, subsequently, the larger cyclo-Es complexes C1 and C2
(see Scheme 2) were introduced to the pre-assembled [Cus(u-X)2(pU-dpmp)2]* building
blocks. Therefore, C1 or C2 were added to a in situ prepared clear colorless CH.Cl
solutions of 2a-c in an equimolar ratio (see Scheme 7). The clear green (E = P) or brown
(E = As) solutions were stirred for additional 24 h. After filtration and subsequent alkane
diffusion into these solutions, compounds 8a, 8b and 10 can be isolated as rod-like
green crystals while 9 crystallizes as brown blocks. Analysis of 10 revealed
a 1:2 stoichiometry of the [Cus(u-1)2(u-dpmp)2]* building block and the complex C1.?

The synthesis was subsequently reproduced with this ratio to afford pure 10. The *H and
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31p{*H} NMR spectra of 8a, 8b, 9, and 10 in CD,Cl, suggest dissociation in solution and
show characteristic signals for the [Cus(u-X)2(u-dpmp)z]* complex cations. The *H NMR
spectra show an additional singlet for the Cp* rings of C1 or C2. The 3!P{*H} NMR
spectra of 8a, 8b and 10 in CD:Cl> solution show an additional sharp singlet at
0 =149.9 ppm (8a), 149.9 ppm (8b) and 151.2 ppm (10) similar to the free cyclo-Ps
complex C1 (6 = 153.0 ppm).©!
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Scheme 7. One-pot syntheses of the cationic one-dimensional polymers 8a, 8b, 9 and the
isolated complex cation 10. Yields are given in parentheses.

X-ray structural analysis of 8a, 8b, 9 and 10

Single crystal X-ray structure determination reveals isostructural one-dimensional
coordination polymers of 8a, 8b and 9 (see Figure 7 a-c) with alternating
[Cus(p-X)2(p-dpmp)2]* building blocks (8a, 9: X = CI; 8b: X = Br) and bridging
o-1,3-coordinating cyclo-Es ligand complexes (8a, 8b: E = P; 9: E = As). This bridging
coordination mode has been described previously for C1 towards Cu' centers but was
unprecedented for C2 prior to the characterization of 9.588 Two consecutive
[Cus(p-X)2(u-dpmp)2]* building blocks along the one-dimensional polymeric chain are
rotated by roughly 90°. In contrast, the crystal structure of 10 shows a finite complex
cation with a central [Cus(p-1)2(p-dpmp)2]* building block and two terminal nt-coordinating
cyclo-Ps complexes C1 (cf. cyclo-P; complexes B in 7).*4 The intramolecular
Cu-Cu distances inside the Cus units coordinated to the cyclo-Ps complex C1 are all
above 3.29 A and increase with increasing size of the bridging halides in the order 8a,

8b, 10 from 3.2975(1) A up to 3.612(3) A. The isostructural one-dimensional polymer 9
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containing the cyclo-Ass complex C2 instead exhibits the shortest Cu-Cu distances in
this series with 3.0345(1) A and 3 3.2135(1) A, respectively. The Cu-Cu-Cu angles of the
one-dimensional polymers 8a, 8b and 9 are similar and between 168° and 169°. In
contrast, the complex 10 exhibits a Cu-Cu-Cu angle of only 159.62(8)°. In conclusion it
can be noted that the cyclo-Ps complex C1 facilitates the interconnection of the
pre-assembled [Cus(p-X)2(u-dpmp)2]* building blocks (for X = CI, Br).® Surprisingly, the
cyclo-Ass complex C2 shows the same connectivity towards [Cus(u-Cl)2(u-dpmp)2]* in the
crystal structure of 9, however, resulting in shorter intermolecular Cu-Cu distances than
observed for the analogous cyclo-Ps polymer 8a. In case of the iodine bridged
[Cus(p-1)2(u-dpmp).]* building block, a discrete complex featuring two n*-coordinating
cyclo-Ps ligands C1 is formed.®’2 Although the obtained products of the
[Cus(p-Ch2(p-dpmp)2]* building blocks and the cyclo-Es complexes C1 and C2 dissociate
in solution they can be isolated as the only products by crystallization without the
formation of any other isomers or different combinations of the starting materials in the
solid state. All complexes 8a-10 can be recrystallized without alteration of the assemblies

in the solid state.
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Figure 7. Crystal structures of the one-dimensional coordination polymers 8a a), 9 b), 8b c) and the complex
cation of 10 d). H atoms are omitted and C atoms are drawn as small spheres for clarity. Selected bond
lengths [A] and angles [°]: 8a: Cul-Cu2 3.2975(1), Cu2-Cu3 3.3389(1), Cul-P1’ 2.3743(1), Cu3-P3
2.3271(1), P1-P2 2.1156(1), P2-P3 2.1180(1), P3-P4 2.1143(1), P4-P5 2.1120(1), P1-P5 2.1158(1),
Cul-Cu2-Cu3 168.78(1), Ps(plane)-Ps(plane) 61.09(1); 9: Cul-Cu2 3.0345(1), Cu2-Cu3 3.2135(1), Cul-As?’
2.5980(1), Cu3-As3 2.5036(1), Asl-As2 2.3212(1), As2-As3 2.3200(1), As3-As4 2.3223(1), As4-As5
2.3229(1), Asl-As5 2.3189(1), Cul-Cu2-Cu3 169.12(1), Ass(plane)-Ass(plane) 61.45(1); 8b: Cul-Cu2
3.3536(1), Cu2-Cu3 3.3903(1), Cul-P1’ 2.3689(1), Cu3-P3 2.3276(1), P1-P2 2.1150(1), P2-P3 2.1109(1),
P3-P4 2.1139(1), P4-P5 2.1114(1), P1-P5 2.1126(1), Cul-Cu2-Cu3 167.88(1), Ps(plane)-Ps(plane) 60.14(1);
10: Cul-Cu2 3.520(3), Cu2-Cu3 3.612(3), Cul-P1 2.407(5), Cu3-P6 2.331(5), P1-P2 2.114(7), P2-P3
2.104(7), P3-P4 2.111(7), P4-P5 2.096(8), P1-P5 2.102(7), P6-P7 2.125(6), P7-P8 2.101(7), P8-P9
2.086(10), P9-P10 2.128(8), P10-P6 2.106(7), Cul-Cu2-Cu3 159.62(8), Ps(plane)-Ps(plane) 63.1(1).
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Comparison of intramolecular Cu-Cu distances

All described compounds 1a-10 contain cationic [Cus(p-X)2(u-dpmp)2]* building blocks
in their crystal structures. Table 1 (vide supra) summarizes the intermolecular Cu-Cu
distances as well as the distances to the respective donor atoms of the terminal ligands.
The presented data clearly shows the direct influence of the coordination to the terminal
Cu atoms on the adjacent Cu-Cu distances. The shortest Cu-Cu distances, which are in
the range of d'%-d® metallophilic interactions are observed for 2a-2c* exhibiting no
terminal ligands and two Cu atoms in distorted trigonal planar coordination geometry.
An elongation of the Cu-Cu distances takes place if any ligand is introduced on the
terminal Cu atoms. This phenomenon is even observed for the very weakly coordinating
ligand CH.CIl, in 3b and 3c. Structural analysis of 4a-c and 5 clearly shows that
coordination to only one end of the [Cus(p-X)2(p-dpmp)2]* building blocks results only in
the elongation of the adjacent Cu-Cu distance, while the other is not affected resembling
the short Cu-Cu distances of 2a-2c*. When the same ligands are coordinated on both
sides of the Cus units (1a-c, 3b, 3c, 6a-10) the direct comparison allows the following
conclusion: The shorter the bond length to the terminal ligand (Cu-E) becomes, the
longer will be the respective adjacent Cu-Cu distance inside the Cus unit. Whether this
elongation is either caused by electronic effects via termination of any possible
metallophilic d'°-d° interactions or just by the change of the coordination environment of
the terminal Cu atoms from trigonal planar to tetrahedral cannot be clearly answered at
this point. Similar studies on the alteration of Cr-Cr distances upon coordination of

different terminal ligands have been carried out for trinuclear Cr EMACS.
8.3 Conclusion

In conclusion, the easily feasible and selective preparation of the trinuclear
[Cus(p-X)2(u-dpmp)2]* building blocks and their potential use in supramolecular chemistry
is described. Reactions with selected E, ligand complexes and full characterization of the
products demonstrated the following: 1. Although some of the characterized products
exhibit finite complex cations, the used E, ligand complexes are confirmed as valuable
linking moieties for supramolecular chemistry, which are so far dominated by organic O,
N and S donors. 2. The framework of the pre-assembled [Cus(p-X)2(u-dpmp)2]* complex
cations are stable towards the introduction of varying E, ligand complexes. Additionally, it
has to be noted that although all described syntheses are based on self-assembly of
multi-component systems, the reactions proceed very selectively and no formation of any
side-product could be observed. The comparison of the intramolecular Cu-Cu distances

inside the [Cus(p-X)2(pn-dpmp)2]* complex cations for all compounds demonstrates that
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coordination to the terminal Cu atoms results in an elongation of the adjacent

aforementioned Cu-Cu distances. This behavior is supported by DFT computations for

the model complex [Cus(u-Cl)2(dmmp){(n*-A1)}]* (4a@’). We expect that synthetic

approaches via self-assembly based on the presented findings will lead to a broad

variety of supramolecular coordination compounds containing the readily available

[Cus(p-X)2(u-dpmp)2]* building blocks in the near future. Current investigations already

include the determination of the photo-physical properties of the [Cus(u-X)2(u-dpmp)2]*

complex cations and their adducts.
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The parent compounds 2a-c can exhibit two different isomers regarding the orientation of the central
Ph group of one dpmp ligand (see below for details) which are referred to as 2a-c and 2a*-c*,
respectively. This isomerism was only observed for the parent compounds with vacant coordination
sites on the terminal atoms. During this study no single crystal structures of 2c and 2a* could be
determined.

The analogues complex for X = Cl(3a) could not be structurally characterized.

The crystal structure of l1a is in good agreement with the determined structure of the previously
reported [ClO4]- salt.[55]

While the central Ph ring in 2a and 2b are directed upwards in Figure 1, they are directed towards the
reader in 2c* and 2a* in Figure 1 and 2.

0. J. Scherer, H. Sitzmann, G. Wolmershéauser, J. Organomet. Chem. 1984, 268, C9-C12.

P. J. Sullivan, A. L. Rheingold, Organometallics 1982, 1, 1547-1549.

details can be found in the supporting information of [82].

The dynamic coordination behavior of [Cus(u-I)2(p-dpmp)2]* (see NMR characterization) is the reason,
that in solution only ~50% of the parent Cus building block are present next to other species.
Therefore, we assume, that this trinuclear complex readily reacts with the cyclo-Ps ligand B to form
compound 7 with a 1:2 ratio instead of the analogues polymeric 6¢ with a 1:1 ratio. When a solution
of a 1:1 stoichiometry (2c:B) is kept for a long time, the formation of 7 (1:1 ratio) can be seen followed
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by the formation of colorless crystals after some time (presumably pure 2c). A similar behavior is
observed in the reaction of 2c with the cyclo-Ps complex C1. For this reaction we have some
indications, that we can actually prepare the analogues compound with a 1:1 ratio (2c:C1)
(see below).

Crystals of 6a could only be obtained as very fine needles which lose their crystallinity immediately
after removal from the mother liquor even when mounted in cooled oil. This significantly complicated
the data collection and the structure refinement. The unit cell and space group were assigned to P2i,
a = 14.7809(3) A, b = 20.9944(4) A, ¢ = 15.7059(3) A, B = 95.416(2)°, V = 4852.04(16) A3. The final
model for this structure determination (R1 = 4.0% wR2 = 10.8%) clearly shows the similar
arrangement of 6a and 6b in the solid-state (the structure solution and refinement of 6b could be
done without difficulty).

The reactivity of C1 towards 2c closely resembles the reactivity of complex B. We assume this result
because of the same reasons (see [90]) based on the dynamic coordination behavior of 2c in
solution. When 2c is dissolved at —30°C (see VT NMR study: NMR shows almost 100% of the
compound is present as the parent [Cus(u-1)2(p-dpmp)z]* complex) and reacted with an equimolar
amount of C1, very tiny light green crystals are obtained upon diffusion of alkanes into this solution.
X-ray diffraction allows the determination of a unit cell (monoclinic P, a = 12.4819(19) A,
b = 25.128(3), ¢ = 27.818(7) A, B = 97.68(2), V = 8647(3), 95.12% indexed, 164 reflections collected)
but the diffraction was too weak to enable a structure determination. This unit cell is in good
agreement with the determined unit cells of the three isostructural one-dimensional coordination
polymers 8a, 8b and 9. This conclusively suggests the formation of the analogues polymeric
compound 8c, although we were unable to structurally characterize it.

0. J. Scherer, T. Briick, Angew. Chem. Int. Ed. 1987, 26, 59-59; Angew. Chem. 1987, 99, 59-59.

All crystals that were obtained of compound 10 showed twinning. The central [Cus(p-1)2(p-dpmp)2]*
building block and the cyclo-Ps ligands C1 could clearly be determined without any disorder. The data
reduction by the CrysalisPro Software package lead to comparable results when the data was
integrated for twinned crystals or as a single crystal. Therefore the structure solution of 10 was done
by regular HKLF 4 refinement by ShelX. This may be the cause for the elevated R values, standard
uncertainties and the residual electron density for 10.

J. F. Berry, F. A. Cotton, T. Lu, C. A. Murillo, B. K. Roberts, X. Wang, J. Am. Chem. Soc. 2004, 126,
7082-7096.
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8.5 Supporting Information

Preparation of the described compounds

General considerations

All manipulations were carried out under an inert atmosphere of dried nitrogen using standard
Schlenk and drybox techniques. THF was dried with Na. MeCN, CH2Cl> and CD2Cl. were dried
over CaH:. ortho-difluorobenzene (o-DFB) was distilled from P4O10. NMR spectra were recorded
in CD2Cl2 on a Bruker Avance 300 MHz NMR spectrometer (*H: 300.132 MHz, 31P: 121.495 MHz,
13C: 75.468 MHz, °F: 282.404 MHz) or on a Bruker Avance 400 MHz NMR spectrometer
(*H: 400.130 MHz, 3'P: 161.976 MHz, %C: 100.613 MHz, !B: 128.378 MHz) with external
references of SiMes (*H, 13C), CCIsF (*°F), HaPOa4 (85%, 3'P) and Et-O-BFs (1!B). IR spectra were
recorded as KBr discs using a Varian FTS-800 FT-IR spectrometer. Electron spray ionization
mass spectra were recorded by the MS department of the University of Regensburg on a
ThermoQuest Finnigan TSQ 7000 mass spectrometer. Elemental analyses were performed by
the micro analytical laboratory of the University of Regensburg. Commercially available reagents
were used without further purification. Cu' halides were recrystallized from MeCN prior to use. The
En ligand complexes A1, A2,21 B[ C1B] and C2M as well as the dpmp ligand were prepared
according to the literature procedures including minor alterations. The preparation and full
characterization of the compounds 1a, 2a*, 4a, 5, 8a and 9 was reported previously.!€l

NMR characterization of [Cus(u-Clz(dpmp)2(MeCN).]*[BF4]~ (1a): Due to drying in vacuum the
MeCN ligands are removed. 'H NMR (400 MHz, CD2Cl2, 193 K) &/ppm 8.20 — 6.16 (multiple
signals, 50H, Ph), 3.52 (br, 4H, CH2), 3.06 (br, 4H, CHz2); 3'P{*H} NMR (162.0 MHz, CD2Cl>,
193 K) &/ppm —15.6 (m, 4P, RPPh), —18.2 (br, 2P, R2PPh); 1H NMR (400 MHz, CD2Cl, 300 K)
o/ppm 7.70 - 6.58 (m, 50H, Ph), 3.81 - 3.00 (multiple overlapping signals, CH2); 3!P{*H} NMR
(162.0 MHz, CD2Cl2, 300 K) oé/ppm -6.5 (m, small signal), —11.2 (m, small signal), —14.3
(m, RPPh2), —=17.3 (br, Rz2PPh); *B{{H} NMR (128.4 MHz, CD2Cl2, 300 K) &/ppm —0.95 (BFa);
13C{IH} NMR (100.6 MHz, CD2Cl2, 300 K) o/ppm 133.65 - 127.49 (multiple signals, Ph),
28.16 (CHz2).

Preparation of [Cus(u-Br)2(dpmp)2(MeCN)2J*[BF4]~ (1b): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg
(1eq., 0.1 mmol) [Cu(MeCN)4][BF4] and 29 mg (2eq., 0.2 mmol) CuBr were weighed into a
Schlenk flask and a solvent mixture of 8 mL THF and 2 mL MeCN were added under constant
stirring. The compounds dissolved to form a clear and colorless solution. After 24 hours of stirring
at room temperature the solution was filtered and subsequently layered with the fivefold amount
of Et2O. Storage at +4 °C affords colorless crystal in the course of some days. The mother liquor
is decanted off the crystals. The crystals are washed with Et20O a few times and dried in vacuum
for 30 minutes. After this time the coordinated MeCN ligands could be removed from the crystals
proved by elemental analysis. Yield 116 mg (76%). *H NMR (400 MHz, CD2Cl2, 193 K) &/ppm
8.34 — 6.12 (multiple signals, 50H, Ph), 3.60 (br, 4H, CH2), 3.17 (br, 4H, CHz); 3P{IH} NMR
(162.0 MHz, CD2Cl,, 193 K) &/ppm —16.7 (m, 4P, RPPhy), —21.5 (br, 2P, R2PPh); 'H NMR
(400 MHz, CD2Cl2, 300 K) &/ppm 7.87 - 6.57 (m, 50H, Ph), 3.85 - 3.07 (multiple overlapping
signals, CH2); S'P{tH} NMR (162.0 MHz, CD:Cl2, 300 K) &/ppm -6.5 (m, small signal),
—12.1 (m, small signal), —15.9 (m, RPPhy), —21.5 (br, R2PPh); !B{*H} NMR (128.4 MHz, CD2Cl,
300 K) o/ppm —-0.91 (BF4); 3C{*H} NMR (100.6 MHz, CD2Cl2, 300 K) &/ppm 135.32 - 127.65
(multiple signals, Ph), 31.05 - 28.76 (CH2). Anal. calcd. for CusBrz(dpmp)2(BF4): C, 53.00; H, 4.03.
Found: C, 53.17; H, 4.09. Positive ion MS, m/q (%): 1363.2 (100) [CusBrz(dpmp)2]*, 1319.3 (17)
[CusBrCl(dpmp)z]*, 713.0 (13) [Cu2Br(dpmp)]*, 642.2 (10) [CuzBr(dpmp)2]?*, 569.0 (8)
[Cu(dpmp)]*. Negative ion MS, m/q (%): 87.1 (100) [BFs]~. IR(KBr) cm=* 3072 (w), 3052 (w),
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3021 (vw), 3005 (vw), 2987 (vw), 2925 (vw), 2897 (vw), 2361 (W), 2333 (w), 1624 (w), 1587 (w),
1574 (w), 1484 (m), 1435 (s), 1384 (w), 1124 (m), 1097 (s), 1084 (vs), 1064 (m), 1028 (m),
1000 (w).

Preparation of [Cus(p-1)2(dpmp)2(MeCN).J*[BF4]- (1¢): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg
(1eqg., 0.1 mmol) [Cu(MeCN)4][BF4] and 38 mg (2eq., 0.2 mmol) Cul were weighed into a Schlenk
flask and a solvent mixture of 10 mL THF and 5 mL MeCN were added under constant stirring.
The compounds dissolved to form a clear and colorless solution. After 24 hours of stirring at room
temperature the solution was filtered and subsequently layered with the fivefold amount of Et20.
Storage at +4 °C affords colorless crystal in the course of some days. The mother liquor is
decanted off the crystals. The crystals are washed with Et20 a few times and dried in vacuum for
30 minutes. After this time the coordinated MeCN ligands could be removed from the crystals
proved by elemental analysis. Yield 107 mg (66%). 'H NMR (400 MHz, CD2Cl2, 193 K) &/ppm
7.30 - 6.43 (m, 50H, Ph), 3.60 (br, 4H, CH), 3.35 (br, 4H, CH>); 3P{*H} NMR (162.0 MHz,
CD2Clz, 193 K) &/ppm —18.4 (m, RPPhz), —29.0 (br, R2PPh); *H NMR (400 MHz, CD2Cl2, 300 K)
o/ppm 8.12 - 6.04 (m, 50H, Ph), 4.04 — 2.40 (m, 8H, CH2); 3P{*H} NMR (162.0 MHz, CD:Cl,
300K) o/ppm -6.5 (m, small signal), -11.2 (m, small signal), -17.8 (m, RPPhy),
-25.8 (br, R2PPh), -30.5 (br, R2PPh); B{{H}NMR (128.4 MHz, CD2Cl;, 300 K)
O/ppm —1.05 (s, BFa4); Anal. calcd. for Cuslz2(dpmp)2(BF4): C, 49.78; H, 3.79. Found: C, 49.90; H,
3.84. Positive ion MS, m/qg (%): 1836.8 (20) [Cusla(dpmp)2]*, 1746.9 (8) [CuslsCl(dpmp)z]*,
1646.9 (32) [Cuals(dpmp)2]*, 1555.0 (8) [Cua4l2Cl(dpmp)2]*, 1457.1(100) [Cuslz(dpmp)2]*,
1365.1 (40) [CuzlCl(dpmp)2]*, 1075.3 (2) [Cu(dpmp)z]*, 569.0 (3) [Cu(dpmp)]*. Negative ion MS,
m/q (%): 87.1 (100) [BF4]-. IR(KBr) cm~1: 3072 (w), 3052 (w), 3021 (vw), 3005 (vw), 2988 (vw),
2949 (vw), 2894 (vw), 2359 (w), 2325 (w), 1624 (w), 1587 (w), 1574 (w), 1484 (m), 1435 (vs),
1381 (w), 1124 (m), 1097 (vs), 1084 (vs), 1060 (s), 1027 (m), 999 (m).

Preparation of [Cus(u-Br)2(dpmp)2(CH2Cl)21*[BF4]- (3b) and [Cus(u-Br)2(dpmp)2]*[BFa4]- (2b):
101 mg (2eq., 0.2 mmol) dpmp, 32 mg (1leq., 0.1 mmol) [Cu(MeCN)4][BFs] and 29 mg (2eq.,
0.2 mmol) CuBr were weighed into a Schlenk flask and 10 mL of CH2Clz (3) or 50 mL of o-DFB
(2b) were added and the reaction stirred for 24 hours. The compounds dissolved to form a clear
and colorless solution in ~30min. After 24 hours of stirring at room temperature the solution was
filtered and subsequent layering with the fivefold amount of n-hexane (2b) or gas phase diffusion
of n-pentane into the solution (3) afforded the product 2b or 3 as clear colorless crystals in the
course of some days. The mother liquor is decanted off the crystals. The crystals are washed with
alkanes a few times and dried in vacuum for 30 minutes. Yield 97 mg (3, 67%). For analytical data
see preparation of 1b.

Preparation of [Cus(u-D2(dpmp)2]*[BF4]- (2¢): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg (leq.,
0.1 mmol) [Cu(MeCN)s][BF4] and 38 mg (2eq., 0.2 mmol) Cul were weighed into a Schlenk flask
and 10 mL of CH2Clz were added and the reaction stirred for 24 hours. The compounds dissolved
to form a clear and colorless solution in the course of 5-6 hours. After 24 hours of stirring at room
temperature the solution was filtered and subsequent gas phase diffusion of n-pentane into the
solution afforded 2c as clear colorless crystals in the course of some days. The mother liquor is
decanted off the crystals. The crystals are washed with n-pentane a few times and dried in
vacuum for 30 minutes. Yield 107 mg (69%). For analytical data see preparation of 1c.

Preparation of [Cus(u-Br)>(dpmp)2(n'-ADIHBF4]- (4b): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg
(1eq., 0.1 mmol) [Cu(MeCN)4][BF4] and 29 mg (2eq., 0.2 mmol) CuBr were weighed into a
Schlenk flask and 10 mL of CH2Cl. were added. The solids dissolved under constant stirring in
the course of 30 min. to form a clear colorless solution. After 24 hours of stirring at room
temperature 50 mg (1 eq., 0.1 mmol) of A1l were added and the clear red solution was stirred for
additional 24 hours. Vapor diffusion of n-pentane into the filtered solution at room temperature
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affords 4b as orange needles after several days. The crystals are freed from the mother liquor,
washed with n-pentane a few times and dried in vacuum. Yield 140 mg (72%). 'H NMR (300 MHz,
CD2Clz, 300 K) &/ppm 7.75 — 6.54 (m, 50H, Ph), 5.09 (br, Cp), 3.78 (m, small signal, CH2),
3.62 (m, CH2), 3.46 (m, small signal, CH2), 3.18 (m, CHz); 3P{*"H} NMR (121.5 MHz, CD2Cl,
300 K) &/ppm —6.4 (m, small signal), —12.2 (m, small signal), —17.3 (m, RPPhz), —23.8 (br, Rz2PPh)
—74.4 (br, wY: ~ 500 Hz, P2); °F{*H} NMR (282.4 MHz, CD2Cl>, 300 K) &/ppm —148.9 (br, BF4);
BC{H} NMR (75.5 MHz, CD2Cl2, 300 K) o&/ppm 135.61 — 127.20 (multiple signals, Ph),
87.88 (s, Cp). Anal. calcd. for CusBrz(dpmp)2(A1)(BF4):(CH2Cl2)os: C, 47.41; H, 3.50. Found:
C,47.44; H, 3.54. Positive ion MS, m/q (%): 1363.1 (100) [CusBrz(dpmp)z]*, 1319.1 (11)
[CusBrCl(dpmp)z]*, 1506.9 (3) [Cu4Brs(dpmp)z]*, 1219.1 (6) [CuzBr(dpmp)z]*. Negative ion MS,
m/q (%): 1537.2 (100) [CusBrz(dpmp)2(BFa4)2]-, 1491.3 (14) [CuzBrCl(dpmp)2(BF4)2]-. IR(KBr) cm-:
3118 (vw), 3080 (vw), 3052 (w), 3005 (vw), 2987 (vw), 2951 (vw), 2894 (vw), 1990 (w), 1964 (vs),
1924 (s), 1911 (s), 1630 (w), 1485 (w), 1435 (m), 1419 (w), 1378 (w), 1098 (m), 1084 (m),
1027 (w), 1000 (w).

Preparation of [Cus(u-N2(dpmp)2(n*-AD*[BF4]- (4c): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg (1eq.,
0.1 mmol) [Cu(MeCN)4][BF4] and 38 mg (2eq., 0.2 mmol) Cul were weighed into a Schlenk flask
and 10 mL of CH2Cl. were added. The solids dissolved under constant stirring in the course
of 5 to 6 hours to form a clear colorless solution. After 24 hours of stirring at room temperature
50 mg (1 eq., 0.1 mmol) of A1 were added and the clear red solution was stirred for additional
24 hours. Vapor diffusion of n-pentane into the filtered solution at room temperature affords 4c as
orange to red needles after several days. The crystals are freed from the mother liquor, washed
with n-pentane a few times and dried in vacuum. Yield 180 mg (88%). *H NMR (300 MHz, CD:Cl>,
300 K) &/ppm 8.57 - 6.03 (m, 50H, Ph), 5.09 (s, Cp), 3.58 (br, 4H, CH>), 3.34 (br, 4H, CHy);
31P{1H} NMR (121.5 MHz, CD2Clz, 300 K) &/ppm —20.2 (m, RPPhy), —31.2 (br, R2PPh), —78.4
(br, wY¥2 ~ 450 Hz, P2); °F{*H} NMR (282.4 MHz, CD2Cl2, 300 K) o&/ppm -149.71 (‘°BF4),
—149.76 (}'BF4); ¥C{*H} NMR (75.5 MHz, CD2Cl2, 300 K) &/ppm 135.20 — 127.30 (multiple
signals, Ph), 88.01 (s, Cp). Anal. calcd. for Cuslz2(dpmp)2(Al)(BF4)-(CH2Cl2)os: C, 45.27; H, 3.34.
Found: C, 45.17; H, 3.37. Positive ion MS, m/q (%): 1457.2 (100) [Cusl2(dpmp)2]*, 1365.2 (17)
[CusICl(dpmp)2]*, 1838.8 (12) [Cusla(dpmp)2]*, 1747.0 (2) [CuslsCl(dpmp)z]*, 1647.0 (43)
[Cuals(dpmp)2]*, 1555.1 (4) [Cual2Cl(dpmp)2]*, 1267.2 (30) [Cuz2l(dpmp)2]*, 1175.3 (1.5)
[Cu2Cl(dpmp)2]*. Negative ion MS, m/q (%): 1631.2 (100) [Cuslz(dpmp)2(BFa4)2]-, 1539.3 (24)
[CusICl(dpmp)2(BF4)2]-, 2012.6 (12) [Cusla(dpmp)2(BF4)]-, 1922.0 (6) [CuslsCl(dpmp)2(BFa)2]-,
1822.3 (40) [Cuals(dpmp)2(BFa4)2]-, 1732.2 (5) [Cual2Cl(dpmp)2(BFa)2]~. IR(KBr) cm=%: 3110 (vw),
3072 (vw), 3051 (w), 3005 (vw), 2988 (vw), 2953 (vw), 2923 (vw), 2891 (vw), 2852 (vw),
1995 (m), 1950 (vs), 1941 (vs), 1918 (vs), 1852 (m), 1635 (w), 1484 (w), 1435 (s), 1380 (w),
1097 (m), 1084 (m), 1063 (m), 1028 (w), 1000 (w).

Preparation of [Cus(u-Cl)2(dpmp)a(u,n*:nt-B)]*a[BF4]= (6a): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg
(1eq., 0.1 mmol) [Cu(MeCN)4][BF4] and 20 mg (2eq., 0.2 mmol) CuCl were weighed into a
Schlenk flask and 10 mL of CH2Cl. were added. The solids dissolved under constant stirring in
the course of 5min. to form a clear colorless solution. After 24 hours of stirring at room
temperature 31 mg (1 eq., 0.1 mmol) of B were added and the clear yellow solution was stirred for
additional 24 hours. Careful layering with the fivefold amount of n-pentane and subsequent
storage at +4 °C affords 6a as thin yellow needles after several days. The mother liquor is
decanted off, the crystals are washed with n-pentane a few times and dried in vacuum. Yield
123 mg (74%). *H NMR (300 MHz, CD2Clz, 300 K) é/ppm 7.92 — 6.50 (m, 50H, Ph), 5.25 (s, Cp),
3.71 (br, CH2), 3.38 (br, small signal, CH2), 3.11 (br, CH>); *P{*H} NMR (121.5 MHz, CD:Cl>,
300K) o/ppm -6.6 (m, small signal), -11.4 (m, small signal), -14.5 (m, RPPhy),
—-18.5 (br, R2PPh), —350.7 (s, P3); *F{*H} NMR (282.4 MHz, CD2Cl>, 300 K) &/ppm —149.35
(1°BF4), —149.40 (BF4); 8C{*H} NMR (75.5 MHz, CD2Cl;, 300 K) o&/ppm 135.01 — 128.04
(multiple signals, Ph), 86.31 (s, Cp). Anal. calcd. for CusClz(dpmp)2(B)(BF4)-(CH2Cl2)o.3: C, 50.48;
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H, 3.78. Found: C, 50.39; H, 3.99. Positive ion MS, m/q (%): 1273.3 (100) [CusCl2(dpmp)2]*.
Negative ion MS, m/q (%): 86.7 (100) [BF4]~. IR(KBr) cm~1: 3143 (vw), 3115 (vw), 3071 (vw),
3050 (w), 3017 (vw), 3005 (vw), 2986 (vw), 2950 (vw), 2889 (vw), 2017 (vs), 1955 (vs), 1587 (w),
1574 (w), 1484 (m), 1435 (vs), 1420 (vw), 1380 (m), 1332 (vw), 1310 (vw), 1279 (vw), 1186 (vw),
1150 (vw), 1098 (s), 1080 (vs), 1028 (m), 1000 (m), 838 (vw), 828 (vw), 792 (s), 766 (m),
717 (vs), 690 (vs), 555 (vw), 508 (s), 475 (s), 444 (w).

Preparation of [Cus(u-Br)2(dpmp)a(u,n*:nt-B)[*n[BFal-n (6b): 101 mg (2eg., 0.2 mmol) dpmp, 32 mg
(1eq., 0.1 mmol) [Cu(MeCN)4][BF4] and 29 mg (2eq., 0.2 mmol) CuBr were weighed into a
Schlenk flask and 10 mL of CH2Cl2 were added. The solids dissolved under constant stirring in
the course of 30 min. to form a clear colorless solution. After 24 hours of stirring at room
temperature 31 mg (1 eq., 0.1 mmol) of B were added and the clear yellow solution was stirred for
additional 24 hours. Vapor diffusion of n-pentane into the filtered solution at room temperature
affords 6b as thin yellow needles after several days. The mother liquor is decanted off, the
crystals are washed with n-pentane a few times and dried in vacuum. Yield 119 mg (68%).
H NMR (400 MHz, CD2Cl2, 300 K) &/ppm 7.74 - 6.58 (m, 50H, Ph), 5.26 (s, Cp), 3.74 (br, CH>),
3.45 (br, small signal, CHz), 3.21 (br, CH); 3'P{*H} NMR (162.0 MHz, CD2Cl2, 300 K)
o/ppm —6.3 (m, small signal), —12.1 (m, small signal), —15.9 (m, RPPhz), —22.0 (br, R2PPh),
—350.7 (s, P3); B¥3C{*H} NMR (100.6 MHz, CD2Clz, 300 K) &6/ppm 222.24 (s, CO), 134.87 - 127.55
(multiple  signals, Ph), 86.26 (s, Cp), 30.62 (br, CH2). Anal. calcd. for
CusBrz(dpmp)2z(B)(BF4)-(CH2Cl2)os: C, 47.64; H, 3.58. Found: C, 47.71; H, 3.55. Positive ion MS,
m/q (%): 1363.1 (100) [CusBrz(dpmp)2]*, 1319.1 (12) [CusBrCl(dpmp)2]*, 2156.8 (0.2)
[CusBra(dpmp)s]*, 2112.9 (0.06) [CusBrsCl(dpmp)s]*, 2013.1 (0.5) [CusBrs(dpmp)s]*, 1969.1 (0.15)
[CusBr2Cl(dpmp)s]*, 1650.8 (0.75) [CusBras(dpmp)2]*. Negative ion MS, m/q (%): 1537.4 (100)
[CusBrz(dpmp)2(BF4)2]-, 1493.4 (14) [CusBrCl(dpmp)2(BFa4)2]~, 1681.2 (13) [Cu4Bra(dpmp)2(BFa4)2]".
IR(KBr) cm-% 3118 (vw), 3072 (vw), 3050 (w), 3005 (vw), 2987 (vw), 2949 (vw), 2917 (vw),
2891 (vw), 2850 (vw), 2361 (w), 2342 (w), 2018 (vs), 1956 (vs), 1636 (m), 1484 (m), 1435 (vs),
1420 (w), 1384 (w), 1124 (m), 1098 (s), 1084 (vs), 1028 (m), 1000 (m).

Preparation of [Cus(u-N2(dpmp)2(nt-B)21*[BF4]- (7): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg (1eq.,
0.1 mmol) [Cu(MeCN)4][BF4] and 38 mg (2eq., 0.2 mmol) Cul were weighed into a Schlenk flask
and 10 mL of CH2Cl. were added. The solids dissolved under constant stirring in the course
of 5 to 6 hours to form a clear colorless solution. After 24 hours of stirring at room temperature
62 mg (2 eq., 0.2 mmol) of B were added and the clear yellow solution was stirred for additional
24 hours. The solution was filtered, carefully layered with pristine CH2Cl2 (~5mL) and
subsequently layered with the fivefold amount of n-pentane. Storage at +4 °C affords 7 as yellow
blocks after some days. The mother liquor is decanted off, the crystals are washed with n-pentane
a few times and dried in vacuum. Yield 191 mg (88%). 'H NMR (300 MHz, CD2Cl2, 300 K)
o/ppm 8.60 - 6.02 (m, multiple overlapping signals, Ph), 5.29 (s, Cp), 3.72 — 2.21 (multiple
overlapping signals, CH2); 31P{*H} NMR (121.5 MHz, CD2Cl., 300 K) &/ppm —4.6 - —=36.1 (multiple
overlapping signals, dpmp) -351.2 (s, Ps); °F{*H} NMR (282.4 MHz, CD:Cl2, 300 K)
O/ppm —151.38 (1°BF4), —151.44 (*1BFa); 13C{*H} NMR (75.5 MHz, CD2Cl2, 300 K) &/ppm 135.40 -
127.69 (multiple signals, Ph), 86.29 (s, Cp). Anal. calcd. for Cuszl2(dpmp)2(B)2(BF4):(CH2Cl2)o.s:
C, 42.73; H, 3.15. Found: C, 42.73; H, 3.18. Positive ion MS, m/q (%): 1457.1 (100)
[Cuslz(dpmp)z]*, 1365.2 (16) [CuslCl(dpmp)2]*, 2344.6 (0.5) [Cusls(dpmp)s]*, 2153.8 (2.5)
[Cuals(dpmp)s]*, 2031.2 (1) [Cuels(dpmp)2]*, 1837.0 (13) [Cusla(dpmp)2]*, 1746.9 (0.5)
[CuslsCl(dpmp)z]*, 1647.0 (30) [Cuals(dpmp)z]*, 1554.7 (2) [Cual2Cl(dpmp)2]*, 1267.3 (16)
[Cual(dpmp)2]*, 759.0 (6) [Cuz2l(dpmp)]*, 665.1(73) [Cusl(dpmp)?]>*. Negative ion MS,
m/q (%):87.3 (100) [BF4]~. IR(KBr) cm~1: 3108 (vw), 3072 (vw), 3050 (w), 3004 (vw), 2988 (vw),
2944 (vw), 2886 (vw), 2361 (vw), 2335 (vw), 2000 (vs), 1943 (vs), 1636 (w), 1484 (m), 1435 (s),
1420 (m), 1380 (w), 1096 (s), 1083 (s), 1061 (m), 1028 (m), 1000 (m).
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Isolation of [Cus(u-Br)2(dpmp)a(p,n:n*-CH]*n[BF4a]7 (8b): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg
(1eq., 0.1 mmol) [Cu(MeCN)4][BF4] and 29 mg (2eq., 0.2 mmol) CuBr were weighed into a
Schlenk flask and 10 mL of CH2Cl2 were added. The solids dissolved under constant stirring in
the course of 30 min. to form a clear colorless solution. To this solution 35 mg (1 eq.,
0.1 mmol) C1 was added. After 24 hours stirring, subsequent filtration and gas-phase diffusion of
n-pentane, compound 8b can be obtained as fine green rods. Yield 74 mg (41%). 'H NMR
(300 MHz, CD2Clz, 300 K) é/ppm 7.76 — 6.56 (m, 50H, Ph), 3.74 (m, CHz), 3.45 (br, small signal,
CHy), 3.22 (br, CH2), 1.41 (s, Cp*); 31P{*H} NMR (121.5 MHz, CD2Cl2, 300 K) &/ppm 149.9 (s, Ps),
—6.4 (m, small signal), —12.2 (m, small signal), —16.2 (m, RPPhy), —22.2 (br, R2PPh); 1°F{*H} NMR
(282.4 MHz, CD2Clz, 300 K) 6/ppm —148.81 (°BFa4), —148.87 (*'BF4); *C{*H} NMR (75.5 MHz,
CD2Clz, 300 K) o/ppm 135.50 — 127.15 (multiple signals, Ph), 11.06 (s, Cp*). Anal. calcd. for
CusBrz(dpmp)2(C1)(BF4)-(CH2Cl2)12: C, 47.58; H, 4.00. Found: C, 47.57; H, 3.99. Positive ion MS,
m/q (%): 1363.1 (100) [CusBrz(dpmp)z]*, 1319.2 (16) [CusBrCl(dpmp)z]*. Negative ion MS,
m/q (%):87.3 (100) [BF4]~. IR(KBr) cm: 3144 (vw), 3072 (vw), 3049 (w), 3018 (vw), 3005 (vw),
2951 (vw), 2898 (vw), 1587 (vw), 1574 (vw), 1483 (m), 1435 (s), 1377 (m), 1323 (vw), 1309 (vw),
1278 (vw), 1264 (vw), 1189 (vw), 1161 (vw), 1096 (s), 1083 (s), 1026 (m), 992 (m), 917 (vw),
844 (vw), 790 (s), 764 (m), 737 (vs), 689 (vs), 651 (vw), 504 (m), 475 (m).

Isolation of [Cus(u-N2(dpmp)2(n*-C1),][BF4] (10): 101 mg (2eq., 0.2 mmol) dpmp, 32 mg (1eq.,
0.1 mmol) [Cu(MeCN)4][BF4] and 38 mg (2eg., 0.2 mmol) Cul were weighed into a Schlenk flask
and 10 mL of CH2Cl> were added and the reaction stirred for 24 hours. The solids dissolved under
constant stirring in the course of 5-6 hours to form a clear colorless solution. To this solution
69 mg (2 eqg., 0.2 mmol) C1 was added. After 24 hours stirring, subsequent filtration and gas-
phase diffusion of n-pentane, compound 9 can be obtained as fine green rods. Yield 162 mg
(72%). 'H NMR (300 MHz, CD2Cl2, 300 K) &/ppm 8.59 - 6.02 (m, multiple overlapping signals,
Ph), 4.03 — 2.21 (multiple overlapping signals, CHz), 1.41 (s, Cp*); %'P{*H} NMR (121.5 MHz,
CD2Cl2, 300K) O/ppm 151.2 (s, Ps), —4.7 - =31.1 (multiple overlapping signals, dpmp);
9F{1H} NMR (282.4 MHz, CD2Cl, 300 K) &/ppm —150.93 (*°BF4), —150.98 (}'BF4); 13C{*H} NMR
(75.5 MHz, CD2Clz, 300 K) &/ppm 135.76 — 128.15 (multiple signals, Ph), 10.99 (s, Cp*). Anal.
calcd. for Cuslz(dpmp)2(B)2(BF4):(CH2Cl2)2s: C, 42.43; H, 3.83. Found: C, 42.24; H, 3.85. Positive
ion MS, m/q (%): 1457.3 (100) [Cusl2(dpmp)2]*, 1365.3 (4) [CuslCl(dpmp)2]*, 2725.9 (0.4)
[Cu7le(dpmp)s]*, 2635.0 (0.05) [CurlsCl(dpmp)s]*, 2535.6 (0.3) [Cusls(dpmp)]*, 2343.9 (0.4)
[Cusla(dpmp)s]t, 2153.9 (2) [Cuals(dpmp)s]*, 2029.2 (1) [Cusls(dpmp)z]*,  1837.1(12)
[Cusla(dpmp)2]*, 1747.1(0.4) [CuslsCl(dpmp)z2]*, 1647.1(36) [Cusls(dpmp)2]*, 1552.7 (3)
[Cual2Cl(dpmp)2]*, 1267.3 (16) [Cuzl(dpmp)2]*, 761.1 (2) [Cuzl(dpmp)]*, 665.1 (49) [Cusl(dpmp)z2]>*.
Negative ion MS, m/q (%):87.2 (100) [BF4]~. IR(KBr) cm=t: 3050 (w), 2950 (w), 2904 (w),
1962 (vw), 1890 (vw), 1810 (vw), 1586 (w), 1573 (vw), 1483 (m), 1434 (s), 1375 (m), 1332 (vw),
1309 (vw), 1277 (vw), 1137 (vw), 1158 (vw), 1139 (vw), 1095 (s), 1070 (s), 1025 (s), 992 (m),
914 (vw), 790 (m), 737 (vs), 689 (vs).

X-ray structural analysis

All crystal preparations were done under mineral oil. When the samples lose their crystallinity by solvent loss the
crystals were prepared under a constant flow of cooled nitrogen at approximately 170-200 K. The data collection
was either performed on an Agilent Technologies SuperNova diffractometer equipped with a micro focus Cu X-ray
source, an Agilent Technologies Gemini R Ultra or Gemini Ultra equipped with sealed tube Mo and Cu X-ray
sources or on a Bruker Apex Il diffractometer equipped with a Mo X-ray source. All measurements were performed
at 150 K or at 123 K by nitrogen cooling. The structure least square refinement was done with the SHELX program
packagel® against F2. All crystallographic data and details about the measurements can be found in the Table 1-4
at the end of the experimental section. The crystal structures of la, 2a* 4a, 5, 8a and 9 have been reported
previously.® Details can be found there.
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Table 1. Crystallographic data for 1b, 1c, 2a and 2b.
Identification code 1b 1c 2a 2b
formula C72H73,3GBB|'2CU3F4N20P5 C70H57BCU3F4|2N3P5 C55H508C|4CU3F4P5 C54HsgBBrzCU3F4P5
weight [g'mol™] 1605.75 1667.35 1446.18 1450.19
Temperature [K] 122.9(4) 123(1) 123.02(10) 123(1)
crystal system triclinic triclinic monoclinic monoclinic
space group P-1 P-1 P2,/c C2/c
a[Al 12.9373(2) 14.1918(2) 15.60512(13) 25.9617(2)
b [A] 13.4542(2) 15.0336(3) 31.7652(2) 15.6931(1)
c[A] 21.4483(2) 21.1593(4) 14.05170(13) 29.5724(3)
al] 88.2465(11) 94.291(2) 90 90
B 73.3789(11) 107.910(2) 114.0862(11) 94.798(1)
v [° 77.9023(14) 102.175(2) 90 90
Volume [A3] 3496.17(9) 4151.42(15) 6358.95(11) 12006.15(17)
4 2 2 4 8
Pealc [g:cm] 1.525 1.334 1511 1.605
p [mm™] 4.147 8.283 4.565 4.738
F(000) 1631.0 1664.0 2944.0 5840.0
crystal size [mm?] 0.257 x 0.189 0.205 x 0.076 0.367 x 0.195 0.284 x 0.175
x 0.117 x 0.058 x 0.161 x 0.108
diffractometer Gemini Ultra SuperNova SuperNova Gemini R Ultra
absorption correction gaussian analytical gaussian analytical
Tomin/ Trmax 0.498/0.720 0.349/0.688 0.356 /0.614 0.421/0.664
radiation CuKq CuKq CuKq CuKq
20range [°] 6.722 to 132.584 6.08 to 141.54 6.8 t0 134.134 6.58 to 148.44
completeness 0.987 0.970 1.000 0.994
reflns collected/unique 42446 | 12125 15495 / 15495 133342/ 11350 32633 /11669
Rint/Rsigma 0.0462 / 0.0381 0.0406 / 0.0373 0.0659 / 0.0204 0.0214/0.0198
data/restraints/parameters 12125/19/ 837 15495/ 73/ 808 11350/ 4 /824 11669 /0/ 721
GOF on F? 1.138 1.021 1.044 1.092
R1/WR; [I = 20(1)] 0.0347 /0.0967 0.0365 / 0.0960 0.0324/0.0888 0.0256 / 0.0715
R1/WR; [all data] 0.0449/0.1157 0.0458/0.1017 0.0342/0.0899 0.0281/0.0726
max/min Ap [e-A?] 0.76 / -0.80 1.85/-0.85 0.84 /-0.56 0.37/-0.56
Table 2. Crystallographic data for 2c*, 3b and 3c.
Identification code 2c* 3b 3c
formula C132H12482C|3CU5F3|4P12 C57H64BBr2C|6CU3F4P6 CeeHezBC|4CU3F4|2P5
weight [g-mol] 3428.08 1704.97 1714
Temperature [K] 123(1) 123(1) 122.9(6)
crystal system monoclinic monoclinic triclinic
space group P2i/c P2i/n P-1
alAl 20.1590(2) 12.6490(4) 14.1533(2)
b [A] 12.8028(1) 44.9781(15) 15.0547(2)
c[A] 27.5537(2) 13.0564(4) 21.4267(3)
al] 90 90 95.7164(11)
B[] 97.607(1) 111.149(3) 106.7947(13)
v [°] 90 90 101.5198(12)
Volume [A3] 7048.80(10) 6927.8(4) 4222.06(11)
z 2 4 2
Pealc [g-cm) 1.615 1.635 1.348
u [mm™] 11.012 6.282 9.193
F(000) 3400.0 3424.0 1700
crystal size [mm?] 0.173 x 0.055 x 0.036 0.212 x 0.179 x 0.091 0.254 x 0.118 x 0.060
diffractometer SuperNova SuperNova Gemini Ultra
absorption correction analytical analytical gaussian
Trmin/ Trmax 0.363/0.791 0.391/0.635 0.216/0.588
radiation CuKq CuKq CuKq
20range [°] 6.48 to 130.16 7.52t0 136.5 6.72 t0 131.98
completeness 0.991 0.986 0.993
reflns collected/unique 36500 / 11906 22543112521 55752 / 14597
Rint/Rsigma 0.0265 / 0.0258 0.0289/0.0355 0.0558 / 0.0506
data/restraints/parameters 11906 /109 /817 12521/0/802 14597 /81788
GOF on F? 1.057 1.127 0.956

RyWR: [1 = 20(1)]
R1/WR; [all data]
max/min Ap [e-A?]

0.0419/0.1269
0.0487/0.1324
2.46/-0.96

0.0375/0.0982
0.0484 /0.1022
1.29/-1.07

0.0553/0.1451
0.0666 / 0.1504
2.41/-1.09
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Table 3. Crystallographic data for 4b, 4c and 6b.
Identification code 4b 4c 6b
formula C80H7zBBr2C|4CU3F4M0204P3 C81H74BC|5CU3F4|2M0204P3 C72HesBBr2C|2CU3F4MOOZP9
weight [g'mol™] 2116.08 2295.01 1845.07
Temperature [K] 123(1) 123(1) 123(1)
crystal system monoclinic orthorhombic monoclinic
space group P2i/c P2,2:2, P2,
a[Al 12.8572(2) 14.9976(2) 12.7309(7)
b [A] 43.8609(9) 19.9846(3) 21.1741(15)
c[A] 14.9221(4) 29.7143(5) 14.8684(13)
al] 90 90 90
B 95.004(2) 90 110.373(7)
v ] 90 90 90
Volume [A3] 8382.9(3) 8906.0(2) 3757.3(5)
4 4 4 2
Pealc [g-cm] 1.677 1.712 1.631
p [mm™] 7.429 11.946 2.384
F(000) 4216.0 4528.0 1844.0
crystal size [mm?] 0.147 x 0.034 x 0.013 0.226 x 0.076 x 0.020 0.746 x 0.224 x 0.066
diffractometer SuperNova SuperNova Gemini R Ultra
absorption correction analytical analytical analytical
Tomin/ Trmax 0.567/0.924 0.346/0.790 0.349/0.883
radiation CuKq CuKq MoKq
20 range [] 6.9 to 130.16 6.6 to 142.12 6.42 to 53.68
completeness 0.990 0.981 0.976

reflns collected/unique
Rint/RSigma
data/restraints/parameters
GOF on F?

R]_/WRZ [| > 20'(|)]

R1/WR; [all data]

26227/ 14144
0.0464 / 0.0604
14144127/ 1044
0.988
0.0497/0.1267
0.0613/0.1356

49296 / 16640
0.0544 / 0.0483
16640/ 0/ 1000

1.027
0.0480/0.1282
0.0513/0.1313

17526 / 11560
0.0722/0.0890
11560/ 1/ 865
1.027
0.0378/0.0834
0.0438/0.0870

max/min Ap [e-A?] 1.10/-0.66 1.90/-0.94 0.74/-0.80
Flack parameter - —0.014(4) —0.012(5)
Table 4. Crystallographic data for 7, 8b and 10.

Identification code 7 8b 10

formula Cge,eHagBC|3,2CU3F4|2M0204P12 C74H73BBT2CU3F4F€P11 Cge,nggz,saBCsz,saCUgF4Fez|zple
weight [g-mol] 2400.99 1796.11 2430.47
Temperature [K] 123(1) 150(2) 123.0(2)
crystal system monoclinic monoclinic monoclinic
space group P2:/n P2,/c P2:/n
alAl 23.7223(2) 12.4888(3) 24.5036(5)
b [A] 15.1243(1) 25.2517(7) 15.3314(3)
c[A] 26.4420(2) 28.0939(11) 26.5971(6)
al] 90 90 90
B 99.932(1) 97.053(3) 98.126(2)
v [°] 90 90 90
Volume [A3] 9344.77(13) 8792.8(5) 9891.5(4)
z 4 4 4
Peac [g'cm] 1.707 1.357 1.632
Y [mm™] 11.338 2.031 11.902
F(000) 4768.0 3624.0 4857.0
crystal size [mm?] 0.290 x 0.074 x 0.047 0.181 x 0.074 x 0.063 0.188 x 0.068 x 0.034
diffractometer SuperNova Bruker Apex Il SuperNova
absorption correction analytical multi-scan gaussian
Tomin/ Trmax 0.206 / 0.672 0.886 / 1.000 0.322/0.700
radiation CuKq CuKq CuKq
20 range [] 6.76 to 147.46 3.28't0 54.2 6.672 to 133.7
completeness 0.979 0.996 0.961
reflns collected/unique 65727/ 18479 79512 /19309 51872/ 16887
Rint/Rsigma 0.0441/0.0268 0.0537/0.0410 0.0671/0.0456
data/restraints/parameters 18479 /283 /1157 19309 / 200/ 969 16887 / 55/1132
GOF on F? 1.011 1.085 1.089

RyWR: [1 = 20(1)]
R1/WR; [all data]
max/min Ap [e-A?]

0.0593/0.1659
0.0627/0.1688
2.49/-1.38

0.0560 / 0.1555
0.0743/0.1696
0.89/-1.91

0.1027 /0.2593
0.1111/0.2633
2.51/-1.96
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All crystals that were obtained of compound 10 showed twinning. The central [Cus(p-I)2(u-dpmp)z2]*
building block and the cyclo-Ps ligands C1 could clearly be determined without any disorder. The data
reduction by the CrysalisPro Software package lead to comparable results when the data was
integrated for twinned crystals or as a single crystal. Therefore the structure solution of 10 was done
by regular HKLF 4 refinement by ShelX. This may be the cause for the elevated R values, standard
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9 A comparative study of the coordination behavior of
cyclo-Ps and cyclo-Ass ligand complexes towards the
trinuclear Lewis acid complex (perfluoro-ortho-

phenylene)mercury

Abstract: Reactions of the cyclo-Es sandwich complexes [Cp*Fe(n°-Ps)] (1)
and [Cp*Fe(n®-Ass)] (2) with the planar Lewis acid trimeric (perfluoro-ortho-
phenylene)mercury [(0-CsF4Hg)s] (3) afford compounds that show distinctly
different assemblies in the solid state. The phosphorus ligand 1 forms
dimeric coordination units with two molecules of 3, with one P atom of each
Ps positioned in close proximity to the center of a molecule of 3. In contrast to
the coordination behavior of 1, the arsenic analog 2 shows simultaneous
interaction of three As atoms with the Hg atoms of 3. A DFT study and
subsequent AIM analyses of the products suggest that electrostatic forces
are prevalent over donor-acceptor interactions in these adducts, and may
play a role in the differences in the observed coordination behavior.
Subsequently, a series of [CpRFe(n®-Ps)] (CpR = CsHs.ntBun, n = 1-3, 6a-c)
sandwich complexes was prepared and also reacted with [(0-CeFsHQ)s].
The obtained products 7a-c with increasing steric demand of the CpR ligands
show no significant change of the assembly in the solid state compared to
the Cp* analog 4. All products were characterized by single crystal X-ray
structure analysis, mass spectrometry, and elemental analysis as well as
NMR spectroscopy and IR spectrometry.

9.1 Introduction

The research area of substituent-free group 15 element ligands in the coordination
sphere of transition metal complexes has shown to be a prosperous field in
chemistry.2345 Some of these complexes possess planar Es, Es4, Es and Es rings.
From their appealing symmetry, to the lively discussion of their possible
aromaticity,®7:8910 these main group ligands induce a fascination to chemists on their
own. Among these, the ferrocene analogues sandwich complexes [Cp*Fe(n°-Es)]
(E=P (1), E = As (2))**2 pearing a planar Es ring as an end deck are even of special
interest as ligands in supramolecular coordination chemistry, since they show a large
variety of coordination modes of the cyclo-Es moieties depending on the nature of the
used Lewis acid. While reactions of the cyclo-Ps complex 1 with strongly coordinating
Cu' halides leads to an abundance of coordination polymers,***4 and also spherical

aggregates,'>16171819 the As analog 2 leads only to the isolation of coordination



1721 9. cyclo-Es complexes and [(0-HgCsF4)3]

polymers so far.?9 In these products the P atoms are mainly o coordinating the
Cu centers via their lone pairs while the Ass ring mainly shows m coordination via
As-As bonds. The reaction of 1 with Ag*ions under weakly coordinating conditions
affords a soluble one-dimensional coordination polymer.?Y! Recently, we were able to
show that both Es complexes 1 and 2 reveal a similar n*>-coordination of the Es end deck
to the group 13 cations TI* and In*.[?223 Since investigations of the reactivity of cyclo-Ps
and cyclo-Ass complexes including a direct comparison are rare, it seems worthwhile to
analyze their coordination chemistry towards the unusual Lewis acid trimeric (perfluoro-

ortho-phenylene)mercury [(0-CsF4HQ)s] (3).24
a) b)

R F R F
7S M _
=\ F Hg Hg F = v
FF

;

a2
[(0-HgCqF,)s] (3)

Lewis acid/base adduct  double-sandwich complexes
@® = Lewis base M = Fe, Ni;

Scheme 1. a) The planar Lewis acid 3 can simultaneously interact through all three Hg atoms with Lewis
bases; b) Double-sandwich complexes built from 3 and the simple metallocenes [CpzFe] and [Cp2Ni].

The latter is a planar, electron deficient molecule containing three sterically available
Hg atoms in close proximity. Compound 3 forms weak Lewis acid/base adducts with a
large variety of O, N and S-donor Lewis bases as well as some anions
(scheme 1 a).[?52¢1 Additionally, it readily builds up alternating binary stacks with different
electron rich aromatic hydrocarbons?7:28293031.32 gnd forms double-sandwich complexes
with the metallocenes [Cp2Ni] and [CpzFe] (Scheme 1 b).B¥ Accordingly, we reported the
reaction of 3 with the triple-decker complex [(CpMo)2(u,n%:n®-Ps)] bearing two Cp rings
and a cyclo-Ps middle-deck.®4 In this case, the obtained products show
a one-dimensional polymeric structure which are based on weak P-Hg interactions and
no Hg-Cp interactions are observed.

The presented results raise the question how the ferrocene analog cyclo-Es
complexes 1 and 2 will interact with the planar Lewis acid 3. Will they form Lewis
acid/base adducts via the lone pairs of the group 15 elements or will they show
a 1T interaction of the aromatic Es ligands comparable to pure ferrocene? To address this
guestion we reacted the cyclo-Es complexes 1 and 2 with [(0-CsF4HQ)3] (3) in CH2Cl» and
subsequently determined the solid state structure of the products. To gain further insight
into the Hg-E interactions, the electrostatic potentials of the complexes 1-3 were
obtained from DFT calculations. Additionally an atoms in molecules (AIM) analyses was

performed at the experimentally determined geometries. To investigate the impact of
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sterical demand to these compounds, we prepared a series of cyclo-Ps sandwich
complexes [CpRFe(n®-Ps)] (CpR = CsHsntBun, n = 1-3, 6a-c) with increasing sizes of the
Cp ligands and subsequently reacted them with compound 3. The resulting adducts
were analysed by X-ray crystallography and a Hirshfeld surface analysis was performed

to better compare the involved intermolecular contacts in the solid state.
9.2 Results and Discussion

Synthesis of the compounds 4, 5, 7a-c

Since [(0-CsF4HQ)s] (3) forms Lewis acid/base adducts with donor solvents like THF or
MeCN, the syntheses were all conducted in CH2Cl. to prevent any competition between
the Enligand complexes and the solvent molecules. Nevertheless, in some other
reactions we could isolate two solvates of [(0-CeFsHQ)s] containing only CH.Cl»
(see supporting information). For the current study, the E,ligand complexes were
combined with a stoichiometric (1:1) amount of [(0-CesF4HQ)s] and the mixture was
dissolved in pure CH.Cl,. After filtration the solvent was evaporated to the limit of
solubility. The supersaturated solution was stored at +4 °C or —30 °C which afforded

crystals of the compounds 4, 5, 7a-c in a matter of several hours to some days.

Synthesis of the sandwich complexes [CpRFe(n®Ps)] (CpR = CsHsntBun,
n = 1-3, 6a-c)

For the present work all three complexes were prepared by a thermolysis of
[CpRFe(CO).). with P4 in decalin. Chromatographic workup afforded the pure compounds

as dark green solids.

General considerations

The solid state structures of the formed assemblies are based on weak interactions of
the Hg atoms of [(0-CeF4HQ)s] and the phosphorus or arsenic atoms of the sandwich
complexes [Cp*Fe(n°-Es)]. The van der Waals (vdW) radius of Hg in different compounds
is discussed in the literature with reported values ranging from 1.7 A up to 2.2 A.[35:36.37.38]
In the following discussion the shortest value of 1.7 A is taking as a reference.
Therefore, Hg—E distances that are within the sum of the vdW radii® of 3.6 A for E=P
or 3.7 A for E = As are highlighted by fragmented blue lines in the Figures 1, 2 and 6.

When the starting compounds 1 and 3 are dissolved in CH2Cl., the solution shows the
dark green color of the pure complex 1. The crystals which were obtained by storing a

concentrated solution at —30 °C are pleochromic showing a green to brown color.
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Compound 4 crystallizes in the triclinic space group P-1. The solid state structure is

depicted in Figure 1.

Figure 1 Solid state structure of 4; selected bond lengths [A] and
angles [°]: Hgl-P1 3.2878(9), Hg2-P1 3.3592(9), Hg3-P3 3.5281(11),
Hgl'-P3 3.5265(10), angle Ps-plane - Hg3-plane 62.29(2).

In 4 the Psring of 1 is approaching the center of the three Hg atoms of 3 with the
phosphorus atom P1 and on the other side, the atom P3 is coordinating to the second
Hgs-moiety. The P-P bond lengths are very uniform with an average value of 2.111(4) A,
which is the same as in the starting compound 1 with 2.120(5) A.?Y The angle enclosed
by the cyclo-Ps plane and the Hgs plane constitutes 62.29(2) °. The observed assembly
resembles the weak Lewis acid/base adducts that are formed from 3 with several Lewis
bases and significantly differs from a cofacial arrangement that was found for the
double-sandwich complexes formed by [Cpz.Fe] and 3.2 The closest Hg-P distance
Hgl-P1 of 3.2878(9) A is a bit longer than the closest Hg-P contact (3.195(3) A) found in
the polymeric chains of [(0-CsFsHg)*{(CpMo).(u,n%:n%-Pe)}]n but the other found Hg-P
distances can be compared well with this one.4 The shortest intermolecular P---P
distance is 3.9443(13) A and all others lie above 4 A. In summary, the best description of
the solid state structure of 4 is the enclosure of two cyclo-Ps sandwich complexes by two
planar molecules of 3 held together by weak Hg---P interactions.

In CD.Cl, solution at room temperature 4 shows a singlet in both the H NMR
spectrum and the 3P{*H} NMR spectrum. The signal is only shifted 0.04 ppm upfield in
the case of the methyl protons and 2.5 ppm downfield in the case of the phosphorus
atoms compared to the free complex 1. When going to 193 K, these shifts increase to
0.13 ppm upfield for the *H and 7.6 ppm downfield for the 3P nuclei. In all experiments
we could not resolve any coupling to the NMR active **°*Hg (I = 1/2, 16.84% natural

abundance) or 2'Hg (I = 3/2, 13.22% natural abundance) nuclei. The *F NMR spectrum
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shows two multiplets that correspond to the fluorine atoms of 3 in ortho and para position
to the Hg atoms.[*® The mass spectrum (FD or ESI) of 4 shows no adduct in the gas
phase. Only the starting materials 1 and 3 can be detected. Thus, the small differences
of the chemical shifts and the absence of any coupling in the NMR spectra as well as the
absence of any product peaks in the mass spectrum are in good agreement with the
expected weak Hg---P interactions.

During the further investigation we also added the cyclo-Ass complex 2 to the
Lewis acid 3. The brown solution of both compounds in CH:Cl; could easily be
distinguished from the olive green color of the pure sandwich complex 2. The obtained
crystals of compound 5 show a medium brown color. The solid state structure is shown

in Figure 2.

Figure 2. Solid state structure of 5; selected bond lengths [A] and
angles [°]: Hgl-Asl1 3.4059(4), Hg2-As2 3.3014(4), Hg3-Asl 3.6325(5),
Hg3-As5 3.4201(5), angle Ass-plane - Hg3-plane 10.68(2).

Compound 5 crystallizes in the triclinic space group P-1. The As-As bond lengths are
very uniform with an average value of 2.326(6) A which is the same as 2.327(6) A found
in the starting compound 2.2° The assembly of the Ass ring significantly differs from the
Ps ring in 4. The angle enclosed by the Ass plane and the Hgs plane of 10.68(2)° shows
an almost parallel arrangement. The center of the Hgs triangle is not situated directly
below the center of the Assring, but rather to the arsenic atom Asl. The resulting
Hg-As distances show four contacts below the sum of the vdW radii with the closest one
between Hg2 and As2 with 3.3014(4) A. The assembly can best be described as a
coordination of three As atoms to the Hgs platform. The observation of different

assemblies for 1 and 2 with the weak Lewis acid 3 was surprising, since we observed a
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similar n°-coordination mode of the Es end-decks of 1 and 2 to the weak Lewis acids
TI* and In* before.?®l There is no second molecule of 3 stacked directly on top of the
sandwich complex 2 to form a double-sandwich structure like it was observed for
ferrocene. Nevertheless, there is a close contact (3.383(2) A) of a carbon atom of the
Cp* ring to a carbon atom of a fluorinated phenyl ring of the next molecule of 3 which
may indicate possible stabilizing m-m-interaction of the electron rich Cp* ring to the
electron deficient molecules of 3 or even F-H interaction to the methyl groups.

In order to better understand the difference in the nature of the Hg-E interactions in
4 and 5, their constituent compounds 1, 2, and 3 were first subjected to optimization by
DFT methods.m The computed magnitudes of the respective HOMO-LUMO gaps
between 1 and 3 and 2 and 3 of 3.70 and 3.36 eV suggest that efficient mixing of the
HOMOs of 1 and 2 with the LUMO of 3 is not likely to be prevalent in 4 and 5. Instead,
we envisage that electrostatic and dispersion forces may play a large role in the
stabilization of these adducts. To investigate the role played by electrostatic forces in
4 and 5, we decided to inspect the electrostatic potential surfaces of the individual
components shown in Figure 3. For 1 and 2, a distinct accumulation of negative
character is observed at the center of the Es ring. This feature is reminiscent of that
observed for simple aromatic units such as benzene or the cyclopentadienide ligands of
metallocenes.*! A closer inspection of the surfaces shows a greater accumulation of
negative character at the phosphorus atoms in 1. This accumulation of negative
character appears to be directly aligned with the phosphorus lone pairs that point
outward from the center of the Ps ring. Such areas of negative electrostatic potential
concentrations are much less developed on the surface of the Ass ring in 2, a difference
that we assign to the more electropositive character of arsenic and the more diffuse
nature of its orbitals. Bearing in mind that the electrostatic potential surface at the center
of the 3 is positive,’?64? formation of the adducts 4 and 5 is driven, at least in part, by
electrostatic forces as shown by the complementarity of the surfaces that come into
contact in the adducts.

The side-on coordination of the phosphorus complex 1 to the center of 3 in adduct 4
can be correlated to the concentration of negative charges on each of the phosphorus
atoms. Similarly, the more co-planar arrangement of the Ass ring and Hgs plane in 5 is
proposed to result from the complementarity of the negative and positive electrostatic

potential concentration at the centers of the Ass and Hgs units, respectively.
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Figure 3. Electrostatic potential surfaces of compounds 1, 2, and 3.

Figure 4. xyz plots of 4 (left) and 5 (right), including selected bond critical points located via AIM analysis.
Bond critical points are shown in blue.

Table 1. Calculated features of the electron density distribution at selected BCPs in compound 4.

BCP No. d(A-BCP) d(B-BCP) p(chp) Vzp(chp) H(chp)/ p(chp)
(A-B) (Al Al [e-A] [e-A] [Eve] ¢
1 (Hgl-P1) 1.657 1.630 0.105 0.876 0.012 0.048
2 (Hg2-P1) 1.664 1.696 0.101 0.835 0.020 0.046
3 (Hg3-P1) 1.754 1.776 0.072 0.620 0.055 0.046
4 (Hg1’-P3) 1.737 1.789 0.072 0.622 0.065 0.051

Table 2. Calculated features of the electron density distribution at selected BCPs in compound 5.

BCP No. d(A-BCP) d(B-BCP) p(chp) VZ,D(I'BCP) H(I'Bcp)/ p(chp) e
(A-B) (Al (Al [e-A™] [e-A~9] [Ene™]
1 (Hgl-Asl) 1.698 1.707 0.091 0.757 0.044 0.031
2 (Hg2-As2) 1.654 1.648 0.109 0.885 0.018 0.052
3 (Hg3-As5) 1.695 1731 0.096 0.762 0.027 0.344

In an effort to further investigate the nature of the Hg-E interactions in 4 and 5, atoms
in molecules (AIM)¥ analyses were carried out at the experimentally determined
geometries. XYZ plots featuring selected bond critical points between the cyclo-Es units
and 3 are shown in Figure 4. Relevant features of the calculated electron density
distributions for selected Hg-E bond critical points (BCP) found in 4 and 5 are shown in
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Tables 1 and 2, respectively. Tables of the electron density distribution features at all
bond critical points found between units of 1 and 3 and 2 and 3 are provided in the
supporting information. In 4, four bond critical points were found between the cyclo-Ps
moiety of 1 and the two molecules of 3, as shown in Figure 4. P1, which is positioned
above the center of a unit of 3, shares a BCP with each of the proximal Hg atoms, with
the electron densities at the critical points ranging from 0.072-0.105 e A3. A critical point
with similar electron density (0.072 e A®) was also found between P3 and Hg1’ of the
second unit of 3. In compound 5, AIM analysis found three BCPs between the cyclo-Ass
moiety of 2 and 3. The three As atoms closest to 3 (Asl, As2, and As5) each share a
single critical point with a proximal Hg atom, with the electron densities at these critical
points ranging from 0.091-0.109 e A=,

The values of the electron density, p(r), found at the Hg-E BCPs in both 4 and 5 are
relatively small, being similar in magnitude to those found for weak hydrogen bonds.*#
The positive values of the Laplacian of the electron density at the Hg-E BCPs, V?p(rscp),
are also suggestive of closed shell interactions. The relatively small magnitude of the p(r)
and V2p(rscp) values found at the bond critical points are not conclusive evidence of the
weakness of the Hg-E interactions, as p(r) values tend to become smaller with increasing
diffuseness of the electrons involved.*>! However, the positive values of H(rsce)/o(rsce),
the total energy density at the BCP relative to p(r),*®! found at the Hg-E BCPs suggest
that any donor-acceptor#647 contribution to the Hg-E bonding is weak.“®! Instead, we
note that positive H(rscp)/p(rece) values are usually encountered in systems stabilized by
electrostatic and/or van der Waals interactions.*® Hence, while donor-acceptor bonding
cannot be entirely neglected in 4 and 5, electrostatic forces as supported by the
preceding potential map analysis must play a prevalent role in the formation of these
adducts. Dispersion forces, which are inherently more difficult to visualize, may also play
an important role.

The ellipticity values (g), which provide information on the anisotropy of electron
density perpendicular to the bond path, at the Hg-P BCPs in 4 are small and uniform,
indicating no preferential plane of electron density accumulation. This is a characteristic
of o interactions, in agreement with the orientation of the phosphorus lone pairs toward
the mercury atoms. In contrast to those found in 4, the ellipticities at the Hg-As BCPs in 5
are not uniform. The ellipticity value of 0.344 found at the BCP between Hg3 and As5 is
substantially larger than the values obtained for the two other Hg-As BCPs. Considering
the relative uniformity of the p(r) values found for all three Hg-As BCPs, the large
ellipticity value found for the Hg3-As5 BCP suggests the involvement of an As-As 1 bond

in the interaction with Hg3.
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Whether the different assembly of the cyclo-Ps and the cyclo-Ass complexes towards
the planar Lewis acid 3 might be caused by packing effects due to the longer
As-As bonds (=2.33 A) compared to the P-P bonds (=2.12 A) is hard to answer.
Considering all the presented experimental data we can assume the Hg---P interactions
found in 4 to be weak. Both Es complexes 1 and 2 exhibit two degenerate orbitals as
their HOMO which are localized on the Es rings.?” Consequently, we rationalized that it
might be possible to direct the Ps complex to also show an almost cofacial arrangement
to the molecular plane of the Lewis acid 3. Therefore, we followed a synthetic approach
by increasing the steric bulk of the Cp®ligand on the cyclo-Ps sandwich complex to
induce a change of its orientation towards the Hgs plane of 3 in the solid state. For this
reason we decided to compare complexes with mono-, di- and trisubstituted
tert-butyl-cyclopentadienyl ligands [Cp'Fe(n°-Ps)] (6a), [Cp"Fe(n°-Ps)] (6b),
[Cp™Fe(n®-Ps)] (6¢). The compounds are obtained by reacting the suitable
CpR substituted dimeric iron-dicarbonyl complexes [CpRFe(CO).]. with white phosphorus

at elevated temperature.

Figure 5. Solid state structures of the complexes [Cp’'Fe(n®-Ps)] 6a (left), [Cp"Fe(n°-Ps)] 6b
(middle), [Cp"Fe(n®-Ps)] 6¢ (right); (top) viewing direction perpendicular to the Ps plane
revealing a nearly eclipsed arrangement of the Cp rings to the Ps rings for all three complexes.
(bottom) side view of the complexes 6a-c.

The determined solid state structures of the compounds 6a-c are shown in Figure 5.
All three analyzed complexes 6a-c show the expected sandwich structure with two
parallel five-membered rings. Table 3 summarizes some geometric data for a better
comparison. The distances between the Fe atom and the center of both rings are

increasing very little when the size of the Cp ligand is increasing. When looking at the top
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row in Figure 5 it can be seen that the Ps rings are almost in eclipsed position with the
Cprings in all cases. This could be explained by steric effects when looking closer at the
bottom row, since two methyl groups of each tert-butyl group are pointing between two
P atoms of the Psrings. The volume of the complexes was determined by dividing the
unit cell volume by the number of molecules within the cell. Here it can be seen, that
each additional tert-butyl group adds about 100 A3 to the size of the complexes.

Table 3. Selected lengths [A]: d(Ps-Fe) and d(Cp-Fe) describe the distances
of Fe to the center of the five-membered rings.

d(Ps-Fe) d(Cp-Fe) volume
complex
P [A [A [A%
6a 1.5396(2) 1.7026(2) 338.6
6b 1.5514(13) 1.7122(13) 436.5
6¢C 1.5615(2) 1.7174(2) 530.2

With these cyclo-Ps complexes 6a-c in hand, we prepared and fully characterized the
compounds 7a-c formed in the reaction of the cyclo-Ps complex with [(0-CsFsHQ)s] in a
1:1 stoichiometry. The solid state structures of 7a-c are shown in Figure 6. The obtained
compounds each exhibit a similar assembly like it was found in 4 with two cyclo-Ps

complexes enclosed by two molecules of 3 held together by weak Hg---P interactions.

Figure 6. Solid state structures of [{Cp'Fe(n°-Ps)}+{(0-CsF4HQg)3}] (7a) (a),
[{Cp"Fe(n>-Ps)}+{(0-CeFaHg)s}] (7b) (b), [{Cp™Fe(n®-Ps)}+{(0-CsFaHg)s}] (7c) (c);
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There are small differences in the assemblies caused by the steric demand of the
Cp ligands, but the general arrangement of the cyclo-Ps ring towards the molecular plane
of 3 did not change dramatically, although the central phosphorus atom in 7c (Figure 6c)
shows only two contacts below the sum of the vdW radii to the Hg atoms of 3.

Figure 7. Representation of the Hirshfeld surfaces (HS) of the planar Lewis acid 3 in the
compounds 4 (a + ¢) and 5 (b + d). The first row shows dnorm values mapped onto the HS while the second
row shows the shape index. Highlighted in yellow are the contact areas of the planar molecule 3 with the
cyclo-Es ligands of [Cp*Fe(n®-P)s] in a) and [Cp*Fe(r°-As)s] in b), respectively.

In order to better visualize the different interaction of the cyclo-Ps and the cyclo-Ass
ligand towards the planar Lewis acid 3 we performed a Hirshfeld surface
analysis#9595152] of all described compounds.®® Figure 7 shows a representation of the
Hirshfeld surfaces (HS) of the planar Lewis acid 3 which is facing the cyclo-Es ligands 1
or 2 derived from the solid state structures of compound 4 (a + c¢) and 5 (b + d),
respectively. While the first row shows dnom values which are used to identify close
intermolecular contacts mapped onto the HS, the second row displays the corresponding
shape index. The yellow ellipses highlight the contact regions to the pnictogen atoms of
the cyclo-Es ligands. Figure 7a and c¢ exhibit a pronounced indentation of the HS in the
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center of the molecule for compound 4. Figure 7a additionally shows three close
contacts as white to red dots in this region on the HS which arise from interaction of the
three Hg atoms of 3 with one P atom of the Ps ring.®¥ In Figure 7b we can identify a
contact area, highlighted in yellow, which shows five small indentations for compound 5
instead. These can be seen even better in the representation of the respective shape
index in Figure 7d, which resembles a rather face to face arrangement of the Ass plane
to the Hgs plane.

A detailed HS analysis including decomposed fingerprint plots of all described
compounds enabled us to further analyze and compare important intermolecular
distances. Figure 8 shows the fingerprint plots of the planar Lewis acid 3 in the

compounds 4 and 5 with highlighted regions of contact atom pairs.53l
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Figure 8. Fingerprint plots of the Hirshfeld surfaces of the planar Lewis acid 3 in the
compounds 4 (left) and 5 (right); Regions of the shortest intermolecular distances
depending on particular atom pairs are highlighted.

The fingerprint plots of the Lewis acid 3 show some similar features for all
compounds. While F-H and C-H distances naturally represent the shortest intermolecular
contacts, the Hg-Hg contacts are already at the edge of Hg-Hg interactions and only
contribute less than 2% to the Hirshfeld surface. In compound 7c there are no Hg-Hg
contacts at all. However, the Hg-P and Hg-As distances represent short intermolecular
contacts for their respective atom types below the sum of the vdW radii (see general
considerations). The Hg-P contact area generally contributes about 4-5% to the Hirshfeld
surface in all cyclo-Ps compounds (4, 7a-c) and does not change upon Cp ligand
exchange of the Ps complexes. In contrast, the F-H and F-F contacts for example are
significantly influenced by the respective cyclo-Ps complex (rising H content of the
Cp ligand results in rising F-H contact area).® Therefore, in accordance with the
single crystal X-ray structure analyses, it can be assumed, that the observed

arrangement in the solid state of two cyclo-Ps sandwich complexes enclosed by two
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planar Lewis acidic molecules 3 is relatively stable and it can resists a considerable

increase in size of the adjacent ligands on the cyclo-Ps sandwich complexes.
9.3 Conclusion

A systematic comparison of the coordination behavior of the cyclo-Es complexes
[Cp*Fe(n®-Ps)] (1) and [Cp*Fe(n®-Ass)] (2) towards the planar trinuclear Lewis acid
[(0-CeF4HQ)3] (3) is presented. While one phosphorus atom of the Psring of 1 interacts
simultaneously with all three Hg atoms of 3 resembling a weak Lewis acid/base adduct,
the analogous cyclo-Ass complex 2 is interacting with the Hg atoms of 3 via only three As
atoms instead showing an almost cofacial arrangement of the Ass plane to the Hgs plane
of 3 in the solid state. The assemblies are supported by weak Hg-E interactions which
are in agreement with the small shifts in the NMR spectra as well as the absence of any
adduct signals in the mass spectra of 4 and 5.

Large energy gaps between the HOMOs of 1 and 2 and the LUMO of 3, along with
the complementarity of their respective electrostatic potential surfaces, suggests that
electrostatic forces play a prominent role in the stabilization and coordination behavior of
4 and 5. AIM analyses of 4 and 5 corroborate the observed weakness of the Hg-E
interactions, and suggest the involvement of an As-As m bond in the Hg-cyclo-Ass
interactions in 5.

Subsequently, we prepared and fully characterized the cyclo-Ps sandwich complexes
6a-c as well as their adducts with the Lewis acid 3 (7a-c). By determining the solid state
structure and performing a detailed Hirshfeld surface analysis for all compounds we
could demonstrate that the general arrangement which was found for compound 4 is
relatively stable and can resists a considerable increase of steric demand of the cyclo-Ps
complexes. A comparison of the HS of compound 4 and 5 shows quite different contact
areas as expected.

In conclusion the presented results show that although the characterized compounds
are only supported by weak interactions instead of strong covalent dative bonds we can
observe the preference of ¢ interaction of the cyclo-Ps complex 1 and i interaction of the

cyclo-Ass complex 2.

Notes

T The complexes for n = 2, 3 were reported before.[5>5¢] During this work the first solid state structure
for a complex with n = 2 and a new polymorph for n =3 could be analyzed by X-ray diffraction
analysis.

Tt Calculations were performed using the Gaussian program with the B3LYP functional and mixed basis
sets: Hg, cc-pVTZ-PP; P/Fe/As, 6-311++G**; F, 6-31G(d‘); C/H, 6-31G).
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9.5 Supporting Information

General considerations

All experiments were performed under an atmosphere of dry argon or nitrogen using standard
Schlenk and drybox techniques. Commercially available reagents were used as received without
further purification. Solvents were freshly distilled under nitrogen from CaHz (CH2Clz, CD2Cl2),
Solution NMR spectra were recorded on a Bruker Avance 400 spectrometer (*H: 400.130 MHz,
31p: 161.976 MHz, 13C: 100.613 MHz). The chemical shifts & are presented in parts per million
ppm and coupling constants J in Hz. The following samples were used for external reference:
TMS (*H, 3C), CFClIs (*°F), H3PO4 85 % (3'P). IR spectra were recorded on a VARIAN FTS-800
FT-IR spectrometer. Mass spectra were recorded by the MS department of the University of
Regensburg on a ThermoQuest Finnigan TSQ 7000 mass spectrometer (ESI) or a Finnigan MAT
95 mass spectrometer (El, FD). The solid substances were grinded together with dried KBr and
pressed to pellets. The starting materials 1, 2 and 3 were prepared according to the literature
procedure.!!]

Syntheses of the compound 6a-c

The preparation of the starting cyclo-Ps sandwich complexes is easily done following the same
procedure as it was done for the Cp* analogues complex. Table 1 shows the quantities and yields
for the different reactions.

Procedure: Solid P4 is weighed into a round bottom flask together with solid [CpRFe(CO)z]. and
decalene is added. The resulting mixture was refluxed for 3 h. During this time a color change
from dark red to olive green to dark brown is observed. The solvent is evaporated under reduced
pressure. The solid remainder was dissolved in a small amount of CH2Cl2, some silica gel added
and the solvent removed until a free flowing brown powder remained. Column chromatographic
workup on silica with pure n-hexane afforded only a green band. Other side products were not
isolated for this work. The green solution was reduced to a minimum and stored at —30 °C. After
one day 6a and 6 c form dark green blocks but 6b can only be isolated as a light green powder.
The mother liqguor is removed and the crystals dried in vacuum. To grow crystals of 6b,
a saturated solution in Et2O at room temperature was cooled to —30 °C.

Table 1. Summaryof the quantities used for the preparation of 6a-c.

m([CpRFe(CO).]2) n([CpRFe(CO).].) m(P4) n(Py4) V(decalene) Yield  Yield
ld] [mmol] ] [mmol] [mL] [a] (%]
Cp'FeP5 3.8 8.2 4.1 33.1 200 0.46 8.5
Cp"FeP5 5.2 9.0 5.0 40.4 200 2.34 335
Cp"FeP5 0.28 0.40 0.30 242 50 0.16 45

Analytical data for 6a-c

[Cp'Fe(n°-Ps)] (6a): Yield 460 mg (8.5 %). *H NMR (CsDs) &/ppm = 0.89 (s, Me, 9H), 3.41 (s, CpH,
2H), 3.55 (s, CpH, 2H); 3C{*H} NMR (CeDe) &/ppm = 30.05 (s, Me), 31.05 (s, CMe3), 73.72
(s, CpH), 65.20 (s, CpH), 110.87 (s, Cp'Bu); 3P{*H} NMR (CsDs) &/ppm = 168.20 (s, Ps). Anal.
calcd. for [CoH13FePs]: C, 32.57; H, 3.95. Found: C, 32.52; H, 3.98. EI-MS (CH2Cl2) m/q (%) =
331.9 (100) [M]*, 269.9 (82) [M=2P]*. IR (KBr) #/cm-L = 3089 (w), 2956 (m), 2927 (w), 2898 (W),
2861 (w), 1480 (m), 1456 (w), 1396 (m), 1361 (m), 1273 (w), 1149 (w), 1037 (w), 905 (w),
842 (m).
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[Cp"Fe(n°-Ps)] (6b): Yield 2.34 g (33.5 %). 'H NMR (CsDs) &/ppm = 1.01 (s, Me, 18H), 3.63
(s, CpH, 2H), 3.65 (s, CpH, 1H); 3C{*H} NMR (CsDs) &/ppm = 30.36 (s, Me), 31.52 (s, CMe3),
70.34 (s, CpH), 72.10 (s, CpH), 109.79 (s, Cp'Bu); 3P{*H} NMR (CsDs) &/ppm = 166.44 (s, Ps):
31p NMR (CsDs) &/ppm = 166.43 (s, Ps). EI-MS (CH2Clz) m/q (%) = 388.0 (100) [M]*, 326.0 (98)
[M=2P]*. IR (KBr) #/cm=t = 2957 (m), 2927 (vw), 2900 (w), 2862 (W), 1486 (w), 1458 (w),
1367 (W), 1360 (M), 1251 (w), 1163 (w), 1051 (w), 863 (m), 845 (m).

[Cp™Fe(n®-Ps)] (6¢): Yield 160 mg (45 %). 'H NMR (CsDs) 6/ppm = 1.08 (s, Me, 9H), 1.20 (s, Me,
18H), 3.95 (s, CpH, 2H); 3C{H} NMR (CsDs) &/ppm = 30.57 (m, Me), 31.62 (s, CMes),
33.28 (s, CMes), 33.42 (m, Me), 73.10 (s, CpH), 104.60 (s, Cp'Bu), 106.66 (s, Cp'Bu);
S1P{*H} NMR (CeDe) O/ppm = 165.24 (s, Ps). Anal. calcd. for [Ci7H20FePs]: C, 45.97; H, 6.58.
Found: C, 45.96; H, 6.53. EI-MS: m/q (%): 444.0 (100) [M]*, 382.0 (65) [M—2P]*, 386.9 (12)
[M=CaHg]*. IR (KBr) #/cm=t = 2957 (m), 2920 (w), 2864 (w), 1491 (vw), 1460 (vw), 1363 (W),
1247 (vw), 1169 (vw), 1020 (vw).

Syntheses of the compounds 4, 5 and 7a-c

Since CH:Cl: is considered as a very weak donor, the reactions were performed in this solvent.
Furthermore, all used cyclo-Es ligand complexes and also the Lewis acid [(0-CsF4HQ)3] show a
good solubility in CH2Cl-.

For the preparation of the compounds 4, 5 and 7a-c, the cyclo-Es ligand complexes were weighed
together with solid [(0-CsFaHg)s]. The used amounts for all reactions can be found in Table 2.
CH2Cl2 was added while stirring the reaction until the solution turned clear (about 10 to 20 mL).
This solution was filtered into another flask and the solvent was slowly evaporated while stirring.
The solid that forms above the solvent was repeatedly dissolved again. When the solid starts to
dissolve only very slowly, the solution is warmed to room temperature. When the solution is
completely clear again, the flask is stored at +4 °C or —30 °C. The crystals usually form on the
walls of the flask above the solvent at +4 °C or inside the solution at —30 °C.

Table 2. summary of the quantities used for the preparation of compounds 4, 5, and 7a-c.

m(CpRFeEs) n(CpRFeEs) m(Hg3C13F12) n(HggclaFlz) Yield Yield

complex 0
[mg] [mmol] [mg] [mmol] [mg] (%]
Cp*FeP5 35 0.1 105 0.1 87 62
Cp*FeAs5 57 0.1 105 0.1 124 77
Cp'FeP5 33 0.1 105 0.1 67 49
Cp"FeP5 39 0.1 105 0.1 76 53
Cp"'FeP5 45 0.1 105 0.1 94 63

Analytical data for the compounds 4, 5, 7a-c

[{Cp*Fe(n®-Ps)}+{(0-CsFaHQq)s}] (4): Yield 87 mg (62 %). *H NMR (CD2Cl2) &/ppm = 1.38 (s, Cp*);
BC{*H} NMR (CD2Clz) 6/ppm = 91.93 (s, Ccp), 10.95 (s, CHs); °F NMR (CD2Cl2) &/ppm =
-120.66 (m, o-F), -155.34 (m, p-F); S3P{H} NMR (CD:Cl2) &/ppm = 155.32 (s, Ps);
31P NMR (CD2Cl2)0/ppm = 155.32 (s, Ps). Anal. calcd. for [HgaCisFi2][CioHisFePs]: C, 24.16;
H, 1.09. Found: C, 24.18; H, 1.10. FD-MS (CHCl>) m/q (%) = 346.1 (100) [Cp*FePs]*, 1046.3 (50)
[HgsCisFi2]*. IR (KBr) #/cm=t = 2978 (vw), 2959 (vw), 2909 (vw), 1616 (w), 1583 (w), 1475 (vs),
1419 (s), 1377 (w), 1289 (m), 1088 (m), 1005 (m), 816 (W).

NMR spectra at different temperatures for compound 4: *H NMR (CD2Clz, 300 K) &/ppm
1.39 (s, CHa); *H NMR (CD2Clz, 193 K) &/ppm = 1.22 (s, CHz); 3P NMR (CD2Cl2, 300 K) &/ppm
154.8 (s, Ps); 3P NMR (CD2Clz, 193 K) 6/ppm = 156.7 (s, Ps).
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NMR spectra at different temperatures for the free ligand complex 1: 'TH NMR (CD2Clz, 300 K)
O/ppm = 1.43 (s, CHs); 'H NMR (CD2Clz, 193 K) &/ppm = 1.35 (s, CHz); 3P NMR (CD2Clz, 300 K)
O/ppm = 152.3 (s, Ps); 3P NMR (CD2Cl2, 193 K) 6/ppm = 149.1 (s, Ps).

{Cp*Fe(n>Ass)}+{(0-CsFaHQq)s}] (5): Yield 124 mg (77 %). *H NMR (CD2Cl2) &/ppm = 1.27 (s, Cp*);
3C{IH} NMR (CD2Cl2) &/ppm = 12.12 (s, Me), 88.75 (s, Cp); °F NMR (CD:Cl) &/ppm =
—120.64 (m, o-F), —=155.80 (m, p-F). Anal. calcd. for [Ci0HisFeAss*HgsCisF12]: C, 20.87; H, 0.94.
Found: C, 20.89; H, 0.98. FD-MS (CH2Cl2) m/q (%) = 566.0 (18) [Cp*FeAss]*, 756.8 (100)
[Cp*2Fe2Ass]*, 1045.8 (8) [HgsCisFi2]*. IR (KBr) #/cm=t = 2963 (vw), 2910 (vw), 2858 (vw),
1614 (w), 1581 (W), 1472 (vs), 1417 (s), 1376 (w), 1287 (w), 1086 (m), 1004 (m), 814 (w).

[{Cp'Fe(n>-Ps)}+{(0-CsFsHQ)s}] (7a): Yield 67 mg (49 %). *H NMR (CD2Cl.) d/ppm = 1.13 (s, Me,
9H), 4.06 (s, CpH, 2H), 4.21 (s, CpH, 2H); °FNMR (CD:Cl2) &lppm = -120.77 (m, o-F),
-155.10 (m, p-F); SP{IH} NMR (CD2Cl2) o/ppm = 168.70 (s, Ps). Anal. calcd. for
[HgaCisF12][CoH13FePs]: C, 23.54; H, 0.95. Found: C, 23.97; H, 1.16. FD-MS (CHCl2) m/q (%) =
332.0 (100) [Cp'FePs]*, 1046.9 (8) [HgsCisF12]*. IR (KBr) #/cm-t = 3118 (vw), 2965 (w), 2955 (W),
2934 (vw), 2927 (W), 2906 (vw), 2868 (vw), 1615 (m), 1583 (m), 1471 (vs), 1420 (s), 1288 (s),
1252 (m), 1088 (s), 1004 (s), 850 (m), 814 (m), 771 (m).

[{Cp"Fe(n®-Ps)}+{(0-CeFaHQg)s}] (7b): Yield 76 mg (53 %). *H NMR (CD2Cl2) &/ppm = 1.16 (s, Me,
18H), 3.90 (s, CpH, 1H), 4.05 (s, CpH, 2H); F NMR (CD:Cly) &/ppm = -120.75 (m, o-F),
-155.10 (m, p-F); SP{H}NMR (CD2Cl2) O/ppm = 166.94 (s, Ps). Anal. calcd. for
[HgsCisF12][C1sH21FePs]: C, 25.97; H, 1.48. Found: C, 26.10; H, 1.58. FD-MS (CH2Cl2) m/q (%) =
388.1 (100) [Cp"FePs]*, 1045.9 (30) [HgsCisFi]*. IR (KBr) w/cm-t = 2968 (w), 2959 (W),
2905 (vw), 2864 (vw), 1616 (w), 1582 (w), 1473 (vs), 1418 (s), 1289 (m), 1085 (m), 1006 (m),
814 (w).

[{Cp"Fe(n>-Ps)}{(0-CeFaHQq)s3}] (7c): Yield 94 mg (63 %). *H NMR (CD2Clz) &/ppm = 1.17 (s, Me,
9H), 1.31 (s, Me, 18H), 4.08 (s, CpH, 2H); °F NMR (CD:Cl) &/ppm = —120.73 (m, o-F),
-155.19 (m, p-F); SP{H}NMR (CD:Cl2) o/ppm = 166.38 (s, Ps). Anal. calcd. for
[HgsCisF12][C17H20F€ePs]: C, 28.21; H, 1.96. Found: C, 28.79; H, 2.13. FD-MS (CH2Cl2) m/q (%) =
444.2 (100) [Cp™FePs]*, 1046.1 (28) [HgsCisFi2]*. IR (KBr) #/cm-1 = 2965 (w), 2927 (vw),
2872 (vw), 1615 (vw), 1583 (vw), 1471 (vs), 1418 (s), 1289 (m), 1250 (w), 1082 (m), 1005(m),
815 (w), 770 (vw).

X-ray diffraction analysis

General considerations

All diffraction experiments were performed at 123 K. The different data sets were either collected
on an Rigaku (former Agilent Technologies or Oxford Diffraction) Gemini R Ultra diffractometer
with Cu-Ka or Mo-Kq radiation or an Agilent SuperNova diffractometer with Cu-Kq radiation.
Crystallographic data together with the details of the experiments are given in the Tables 4-6. All
crystal preparations were performed under mineral oil. The cell determination, data reduction and
absorption correction for all other compounds were performed with the help of the CrysAlis PRO
software.[? The structure solution was done by direct methods with SIR978! or ShelXS.[ The
full-matrix least-square refinement against F2 was done with ShelXL. All fully occupied atoms
except hydrogen were refined anisotropically. The H atoms were calculated geometrically and a
riding model was used during the refinement process. Graphical material was created with the
free software Schakal99.!
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CCDC-1012615-1012624 contain the supplementary crystallographic data for this chapter These
data can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Additionally, all cif-fles and the refined structures are
saved on the provided DVD.

Crystal structure of [{(0-CeFsHQ)s}+{Cp*Fe(n®-Ass)}2] [Cp*Fe(n°-Ass)ls(toluene) (8): When the
cyclo-Ass complex 2 was combined with [(0-CsF4HQ)3] in CH2Cl2 in a small tube which was stored
for several weeks in a closed jar with some toluene for gas phase diffusion, it was possible to
isolate and analyze some crystals of the novel adduct 8. Compound 8 crystallizes in the
monoclinic space group C2/c. The asymmetric unit contains Three independent cyclo-Ass
sandwich complexes, one molecule of [(0-CeF4Hg)s] and one and a half toluene molecules. Figure
1 shows the solid state structure of 8. The Ass ring As11-Asl5 is disordered over three positions
with the occupancies of 53:28:19. Only the major part is shown here. Unfortunately, we were not
able to reproduce this result in a selective manner. Nevertheless, the solid state structure will be
presented since it shows the preference of the weak Hg-As interactions over the interactions of 3
with the electron rich toluene molecules which are also found in the crystal lattice.

Figure 1. Solid state structure of 8; The toluene molecule on the left and the
pentaarsaferrocene molecule on the right show no short contacts to [(0-CsFsHg)s]. The
As5 ring As11-Asl15 is disordered over three positions while only the major part is
depicted here (53% occupancy). Selected bond lengths [A] and
angles [°]: Hgl-As5 3.5329(7), Hgl-As12 3.579(5), Hg2-As3 3.2846(6), Hg2-As4
3.6852(5), Hg3-As4  3.4738(7), Hg3-Asll 3.641(7) Hg3-Asl5 3.486(8),
angle(As1-As5 plane to Hgsplane) 12.07(1), angle(As11-Asl5 plane to Hgs plane)
6.45(9).

CH2Cl; solvates of [(0-CsF4HQ)3]

X-ray of [{(0-CsFsHQ)3}*CH2Cl2] (9): In another unrelated reaction, we were able to identify crystals
of the CH2Cl2 solvate of the Lewis acid 3. This result was surprising since no adduct of CH2Clz
and 3 was either expected or reported so far, since the CH2Cl. is supposed to be a very weak
donor. Compound 9 crystallizes in the triclinic space group P-1. The asymmetric unit contains
one molecule of [(0-CsFsHg)s] and one CH2Cl2 molecule. Figure 2 shows the solid state structure
of 9. The solvent molecule is not disordered. There is a short contact of CI2 to Hgl of 3.351(2) A
that is considerably shorter than the sum of the vdW radii for Hg and ClI (3.5 A).
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cn

Cl2 ci

Hg1

Hg2 Hg3

Figure 2. Solid state structure of compound 9; Hg1-CI2 3.351(2).

Additional unit cell for a CH>Cl, solvate of [(0-CsFsHQ)s]: In addition to the compound 9 another
sort of crystals that only contain [(0-CeF4HQ)s] and CH2Cl> could be obtained from an unrelated
reaction. Unfortunately, in this case the solvent molecules as well as one [(0-CesF4Hg)s] molecule
are severely disordered and no satisfactory structure solution could be obtained. Therefore, we
just report the unit cell for future reference.

Table 3. Unit cell of a second CH2Cl: solvate of [(0-CsFaHQ)s].

crystal system triclinic al] 60.940(7)
alAl 12.5016(7) B 81.802(6)
b [A] 14.1313(10) v [°] 87.573(5)

c[A] 14.2267(11) V [A%] 2173.4(2)
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Table 4. Crystallographic data for the compounds 4, 5, 6a and 6b.
Identification code 4 5 6a 6b
Empirical formula C29H17C|2F12FeHg3P5 C29H17A55C|2F12F8Hg3 C9H13FeP5 C13H21FeP5
M [gmol™] 1476.80 1696.55 331.89 388.00
Crystal size [mm] 0.19 x 0.12 x 0.10 0.24 x0.10 x 0.05 0.28 x 0.19 x 0.09 0.28 x 0.07 x 0.06
TIK] 123(1) 123(1) 123(1) 123(1)
ATA] 0.71073 0.71073 1.54178 1.54178
crystal system triclinic triclinic orthorhombic orthorhombic
space group P-1 P-1 Pnma Pca2,
alAl 11.7330(2) 11.9982(2) 11.4347(1) 18.7588(8)
b [A] 12.1852(2) 13.3448(2) 23.4865(2) 6.5778(3)
c[A] 13.1641(2) 14.1016(2) 15.1315(1) 14.1509(6)
al] 85.129(1) 65.329(1) 90 90
B 80.243(1) 78.072(1) 90 90
v [°] 74.103(2) 66.415(2) 90 90
VA9 1782.43(5) 1878.24(6) 4063.73(6) 1746.10(13)
4 2 2 12 4
Oeaic [gem™2] 2.752 3.000 1.628 1.476
U [mm™ 13.702 17.197 14.256 11.129
diffractometer Gemini R Ultra Gemini R Ultra SuperNova Gemini R Ultra
radiation MoKq MoKq CuKq CuKq
6 range [°] 3.14-27.10 3.00 — 27.48 3.47 -73.60 4,71 - 67.00
absorption correct. analytical analytical analytical analytical
Trmin / Tmax 0.170/0.381 0.070/0.456 0.081/0.391 0.115/0.587
reflns collect / unique 43547 | 7854 22941 / 8567 41579/ 4180 3376/ 2274
refins obs [I > 2 o(l)] 6612 6941 4068 1847
Rint 0.0362 0.0292 0.0568 0.0380
Flack parameter — — — 0.025(8)
parameters / restraints 47410 47410 211/0 249/ 33
GOF on F? 0.897 0.935 1.063 0.950
Ri/WRz [l > 2 o(l)] 0.0170/0.0307 0.0200/ 0.0394 0.0213/0.0541 0.0427 /0.0910
R1/wR; (all data) 0.0223/0.0311 0.0272/0.0400 0.0225/0.0549 0.0510/0.0929
max / min Ap [eA] 0.738 /-0.936 1.149/-0.993 0.301/-0.356 0.352 / -0.556
Table 5. Crystallographic data for the compounds 6c, 7a and 7b.
Identification code 6C 7a 7b
Empirical formula C17H29FeP5 C23H15C|2F12F6H93P5 C31H21F12F8H93P5
M [gmol™] 444.10 1462.77 1433.95
Crystal size [mm] 0.29 x 0.24 x 0.16 0.41 x 0.28 x 0.16 0.42 x 0.18 x 0.11
TIK] 123(1) 123(1) 123(1)
AA] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic triclinic
space group P2i/c P-1 P-1
a[A] 9.0507(1) 11.6373(4) 12.0744(2)
b [A] 25.6020(3) 11.8015(3) 12.2486(2)
c[A] 10.1648(2) 15.7005(5) 14.5238(3)
al] 90 89.754(2) 69.244(2)
B 115.783(2) 68.252(3) 82.395(2)
v [°] 90 66.286(3) 65.440(2)
V [A%] 2120.87(6) 1806.94(12) 1826.58(7)
z 4 2 2
Peac [gem™] 1.391 2.688 2.607
U [mm] 1.085 13.551 13.261
diffractometer Gemini R Ultra Gemini R Ultra Gemini R Ultra
radiation MoK, MoK, MoK,
6 range [°] 2.96 — 27.00 2.96 — 27.00 2.90 - 30.11
absorption correct. analytical analytical analytical
Trmin / Tmax 0.794 /0.875 0.081/0.243 0.034/0.400
reflns collect / unique 35725 /5783 12948 / 8836 43916 / 9760
reflns obs [I > 2 o(l)] 4883 5940 8367
Rint 0.0264 0.0357 0.0297
parameters / restraints 2171/0 463/0 475/0
GOF on F? 1.059 0.807 0.982
Ri/WRz [I > 2 ofl)] 0.0230/0.0609 0.0353/0.0529 0.0178/0.0344
R1/wR; (all data) 0.0283/0.0618 0.0549/0.0548 0.0230/ 0.0349
max / min Ap [eA3] 0.360/-0.295 2.006 /-1.743 1.717/-0.953
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Table 6. Crystallographic data for the compounds 7c, 8 and 9.

Identification code 7c 8 9

Empirical formula C73H54C|5F24F€2H95P10 C55H53A515F12F63Hg3 C19H2C|2F12Hgg
M [gmol™] 3234.88 2835.09 1130.88
Crystal size [mm] 0.26 x 0.20 x 0.16 0.29 x 0.09 x 0.05 0.25 x 0.10 x 0.06
TIK] 123(1) 123(1) 123(1)
AA] 0.71073 0.71073 0.71073
crystal system Monoclinic monoclinic triclinic
space group P2, C2lc P-1
alAl 12.3145(3) 48.2155(11) 9.2776(2)
b [A] 26.4751(6) 14.1380(2) 9.7199(2)
c[A] 14.4338(3) 22.3159(5) 12.7689(2)
al] 90 90 103.463(1)
B 107.168(2) 109.887(2) 100.800(2)
v [°] 90 90 97.447(2)
VA9 4496.14(18) 14304.9(5) 1081.75(4)
4 2 8 2
Peaic [gem™2] 2.389 2.633 3.472
U [mm™] 10.963 13.914 21.239
diffractometer Gemini R Ultra Gemini R Ultra Gemini R Ultra
radiation MoKq MoKq MoKq
6 range [°] 2.74-27.10 2.81-27.48 2.86 — 28.50
absorption correct. Analytical analytical analytical
Trin / Tmax 0.136/0.369 0.129/0.510 0.081/0.403
refins collect / unique 39551 /19613 39165 / 15949 42673 /6017
reflns obs [I > 2 o(/)] 16576 13516 4682
Rint 0.0313 0.0314 0.0507
Flack parameter 0.058(3) — —
parameters / restraints 1109/ 13 863/0 325/0
GOF on F? 0.860 1.006 0.945
Ri/WRz [l >2 o(l)] 0.0237/0.0384 0.0267 / 0.0530 0.0243/0.0470
R1/wR; (all data) 0.0295/0.0387 0.0369 / 0.0561 0.0382 /0.0485
max / min Ap [eA3)] 1.171/-0.810 0.129/-0.793 1.821/-1.708

DFT studies and AIM analyses

DFT optimizations were performed using the Gaussian 09 program(® (functional, B3LYP!, mixed
basis sets: Hg, cc-pVTZ-PPl with the Stuttgart relativistic small core ECP;Fl P/Fe/As,
6-311++G*;101 F 6-31G(d’);* H/C, 6-31Gl2) The AIM analyses were performed with the
AIMAII3 program using the wavefunction files generated from a single point energy calculation at
the experimentally determined solid state geometry. XYZ plots of compounds 4 and 5 featuring all
bond critical points found between 1 and 3 and 2 and 3, respectively, as well as Tables 7 and 8
showing the features of the electron distribution function of these critical points are shown below.

Figure 3. XYZ plot of compound 4, featuring all bond critical points found
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between the units of 1 and 3.
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Table 7. Calculated features of the electron density distribution at the bond critical points between 1 and 3 in

compound 4.
BCP No. d(A-BCP) d(B-BCP) P(rsce) V20(rscp) H(rscp)/ p(recp) G(rgcp)! p(rece)

(A-B) (Al [A] [e A9 [e A% [Ene”] [Ene”] £
1(Hg1-P1) 1.657 1.630 0.105 0.876 0.012 0.570 0.048
2(Hg2-P1) 1.664 1.696 0.101 0.835 0.020 0.553 0.046
3(Hg3-P1) 1.754 1.776 0.072 0.620 0.055 0.546 0.046
4(Hg1’-P3) 1.737 1.789 0.072 0.622 0.065 0.542 0.051
5(P5-C23) 1.965 1.820 0.033 0.328 0.142 0.551 8.215

6(P4-F4") 1.808 1.486 0.042 0.678 0.140 0.845 1.283
7(P4-C16") 1.849 1.572 0.050 0.533 0.133 0.613 0.132
8(C18-H6A) 3.238 2.213 0.038 0.453 0.192 0.631 0.501

9(C8-F3") 3.457 3.084 0.018 0.342 0.357 0.892 1.923
10(H8A-F4") 1.982 2.697 0.049 0.864 0.232 1.000 0.026
11(H9A-F9') 2.429 3.010 0.017 0.335 0.384 0.961 0.033
12(H9C-F4") 2.065 2.734 0.037 0.692 0.272 1.036 0.052

Figure 4. XYZ plot of compound 5, featuring all bond critical
points found between the units of 2 and 3.

Table 7. Calculated features of the electron density distribution at the bond critical points between 2 and 3 in

compound 5.
BCP No. d(A-BCP) d(B-BCP) p(chp) Vzp(chp) H(TBCP)/ p(chp) G(TBCP)/ p(chp) €
(A-B) (Al (Al [e A [e A% [Ene™] [Ene™]
1(Hgl-Asl) 1.698 1.707 0.001 0.757 0.044 0.540 0.031
2(Hg2-As2) 1.654 1.648 0.109 0.885 0.018 0.524 0.052
3(Hg3-Asb) 1.695 1.731 0.096 0.762 0.027 0.549 0.344
4(As3-C18) 2.024 1.771 0.036 0.325 0.111 0.518 4.005

Hirshfeld surface analyses

In order to further investigate the present interactions in the solid state a detailed Hirshfeld
surface analysisi'¥ of the mercury containing compounds (4, 5, 7a-c) was performed using the
free of charge crystal explorer software.l'®! After some general considerations we will present
representations of all discussed Hirshfeld surfaces on the following pages describing some
highlighted features. Finally we will conclude the discussion with some selected fingerprint plots.
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General considerations

All mercury containing compounds contain the same Lewis acid [(0-HgCsF4)s3] (3). Therefore,
a detailed discussion of the Hirshfeld surface of 3 in these compounds (4, 5, 7a-c) is presented
here. Since the Lewis acid 3 has the characteristic of an almost planar geometry it is possible to
easily distinguish two faces of the molecule. To simplify the following discussion we define the
side which shows an interaction with either P or As atoms as the front while the opposite side is
defined as the back (see Scheme 1).

front

° , R F FR F
. " i
v F oHg Wy F =
F F

\ [0-HgCeF 1, (3)

back

@ = Lewis base

Scheme 1. Definition of front and back side of the planar Lewis acid 3.

dnorm Values and the van der Waals radii

The dnom values (depicted in Figure 5-10 a) + b)) for Hirshfeld surfaces were defined*#a to
describe intermolecular contacts in normalized contact distances which are based on the van der
Waals radii (vdW) of the involved atoms. The authors designed this very useful representation in
a fashion, that: “dnorm ... is displayed using a red-white-blue colour scheme, where red highlights
shorter contacts, white is used for contacts around the vdW separation, and blue is for longer
contacts.”*#a (page 3814, right column) This visual aid for close contacts is based on the vdW
radii (for P 1.80 A, As 1.85 A and Hg 1.55 A) which are also used by the CCDC and taken from
the literature.[®! However, the author of this report states: “the aforementioned metal radii are
substantially smaller than predicted from ionization potentials ... It is not certain, therefore, how
best to estimate the van der Waals radii of metals in metal organic compounds.”'8l (page 448,
right column) In the main text of this publication we state: “The van der Waals (vdW) radius of Hg
in different compounds is discussed in the literature with reported values ranging from 1.7 A up to
2.2 A7 |In the following discussion the shortest value of 1.7 A is taking as a reference.” The vdW
radii of P (1.9) and As (2.0) for our discussion are adopted from an established inorganic textbook
(Howi).[8!

Therefore, the sum of the vdW radii from the crystal explorer softwarel®® (3.35 for Hg-P and
3.40 for Hg-As) differ from our estimates (3.6 for Hg-P and 3.7 for Hg-As). As a result the
following representations of the dnorm values on the Hirshfeld surfaces (Figures 5-10 a) clearly
show close contacts of Hg to P and As atoms in the center of the molecule but these are
unfortunately not highlighted as strongly as some close contacts (F-F and F-H for example) on the
periphery.
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Hirshfeld surface of compound 4

front back

Figure 5. Representation of the Hirshfeld surface of the front (left) and the
back (right) of the planar Lewis acid 3 in the compound [(Cp*FePs)+(3)] (4).
The first row shows the dnorm values, while the second row shows the shape
index values and the third row shows the curvedness, respectively.

When looking at the front side of the molecule, one can see a distinctive indentation in the center
highlighted in yellow which arises from three short contacts of one P atom to the three mercury
atoms (white to red spots). This close approximation is also clearly visible as a red region in the
shape index (c) and the three connected blue lines in the curvedness (e). In contrast, the back
side of the Hirshfeld surface is flat which arises of a face to face arrangement of two molecules
of 3 in the crystal lattice (by an inversion center which is situated directly above the center of the
molecule). This can clearly be seen by the shape index (d) which shows self-complementary
surface areas around the center of the molecule. In (b) two corresponding close contact regions
are highlighted by an arrow.



196| S1: 9. cyclo-Es complexes and [(0-HgCesF4)3]

Hirshfeld surface of compound 5

front back

Figure 6. Representation of the Hirshfeld surface of the front (left) and the back
(right) of the planar Lewis acid 3 in the compound [(Cp*FeAss)+(3)] (5). The first
row shows the dnorm values, while the second row shows the shape index values
and the third row shows the curvedness, respectively.

When looking at the front of the molecule in (a) one can also see a shallow indentation in the
center of the molecule like it was found for compound 4 (compare Figure 5a), but this time it is not
as pronounced. In this compound the cyclo-Ass complex [Cp*Fe(r°-As)s] shows contacts to the
front side of the Lewis acid 3 by all five As atoms resembling an almost face to face assembly
highlighted in yellow. The fact that the Hirshfeld surface is greatly influenced by the
five-membered As ring can be seen even more clearly when looking at the shape index (c) which
exhibits five red spots or the curvedness (e) which shows a relatively smooth surface in the
contact area.

The back side (b) of the molecule is flat. The shape index (d) shows large self-complementary
surface regions highlighted in purple which reveal a face to face arrangement of two molecules
of 3 by an inversion center which is situated slightly below the center of the molecule in this
representation.
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Hirshfeld surface of compound 7a

front back

Figure 7. Representation of the Hirshfeld surface of the front (left) and the
back (right) of the planar Lewis acid 3 in the compound [(Cp’FePs)*(3)] (7a).
The first row shows the dnorm values, while the second row shows the shape
index values and the third row shows the curvedness, respectively.

The Hirshfeld surface of the Lewis acid 3 in the compound 7a exhibits features which are very
reminiscent of the compound 4 (compare Figure 5). Namely, a distinctive indentation in the center
of the front side highlighted in yellow showing three contacts and a flat back side with large
self-complementary surface areas.
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Hirshfeld surface of compound 7b

front back

A

Figure 8. Representation of the Hirshfeld surface of the front (left) and the
back (right) of the planar Lewis acid 3 in the compound [(Cp”FePs)+(3)] (7b).
The first row shows the dnorm values, while the second row shows the shape
index values and the third row shows the curvedness, respectively.

The Hirshfeld surface of the Lewis acid 3 in the compound 7b is closely related to the one found
in compound 7a (compare Figure 7) and also exhibits features which are very reminiscent of
compound 4 (compare Figure 5). Namely, a distinctive indentation in the center of the front side

highlighted in yellow showing three contacts and a flat back side with large self-complementary
surface areas.
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Hirshfeld surface of compound 7c

The compound 7c crystallizes with two independent molecules of the Lewis acid 3 in the
asymmetric unit, but these show very similar environments. Therefore, the Hirshfeld surfaces for
both molecules are presented separately, but the features will be discussed together.

Molecule 1

front back

Figure 9. Representation of the Hirshfeld surface of the front (left) and the
back (right) of molecule 1 in the compound [(Cp’”’FePs)+(3)] (7c). The first row

shows the dnorm values, while the second row shows the shape index values
and the third row shows the curvedness, respectively.

-
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Molecule 2
front back
a) : . b)
c) E

Figure 10. Representation of the Hirshfeld surface of the front (left) and the
back (right) of molecule 2 in the compound [(Cp”’FePs)+(3)] (7c). The first
row shows the dnorm values, while the second row shows the shape index
values and the third row shows the curvedness, respectively.

The Hirshfeld surfaces of the Lewis acid 3 in the compound 7c exhibit features which are very
reminiscent of the compounds 4, 7a and 7b (compare Figures. 5, 7 and 8). Namely, a distinctive
indentation in the center of the front side highlighted in yellow showing three contacts and a flat
back side. The only difference is the orientation of the next planar Lewis acid 3 in respect to the
center of the molecule. In this case the next molecule of 3 is not created via an inversion center in
the solid state but is an independent molecule (molecule 1 on top of molecule 2 and vice versa).
Nevertheless, since the environment of the two molecules is very similar, their Hirshfeld surfaces
show very similar features. When looking at Figure 9 and 10 (d) the purple rectangles highlight
surface areas which show almost complementary shape indexes although they are not
self-complementary.
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Fingerprint plots of the compounds 4, 5 and 7a-c

On the following pages we present selected fingerprint plots of the planar Lewis acid 3 in the
mercury containing coordination compounds 4, 5 and 7a-c. These plots visually present
intermolecular contacts in di-de pairs which describe the distances of the nearest nuclei inside or
outside the Hirsheld surface to one particular point on the surface. The plots are color coded to
show the relative frequency of specific di-de pairs, but they do not take different atom sizes into
account. Therefore, short Hg-P distances will be found in different regions than short C-H
distances. The surface of the investigated Lewis acid 3 in all compounds roughly consists
of 11.5% contribution from Hg atoms, 63% from F atoms and 25.5% from C atoms.

Decomposed fingerprint plots of compound 4
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Figure 11. Selected fingerprint plots of compound 4.

The decomposed fingerprint plots of compound 4 in Figure 11 reveal that the two tips at the
bottom of the plot representing the shortest contacts arise from F-H and C-H contacts. While F-F
contacts contribute the major part of contacts, Hg-Hg contacts only contribute 1.6% with rather
long intermolecular distances. The Hg-P contacts contribute 4.5% with some of the contacts in a
short region for these atoms.
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Decomposed fingerprint plots of compound 5
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Figure 12. Selected fingerprint plots of compound 5.

The decomposed fingerprint plots of compound 5 in Figure 12 exhibit some similar features like it
was found for compound 4. The closest contact regions arise from F-H and C-H contacts. While
this time the F-H contacts contribute the major part, there are still 20.8% of F-F contacts. Hg-Hg
contacts only contribute 1.8% with intermolecular distances which are a little shorter than for
compound 4. The Hg-As contacts contribute 4.8% with some of the contacts in a short region for
these atoms.

Decomposed fingerprint plots of compound 7a
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Figure 13. Selected fingerprint plots of compound 7a.
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The decomposed fingerprint plots for 7a in Figure 13 show similar features like the plots for
compound 4 (compare Figure 11), except the majority of the contacts arises from F-H contacts
instead of F-F contacts. The Hg-P contact area contributes 4.3% and is therefore almost
unchanged compared to compound 4.

Decomposed fingerprint plots of compound 7b
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Figure 14. Selected fingerprint plots of compound 7b.

The decomposed fingerprint plots for compound 7b in Figure 14 show similar features like the
plots for compound 4 (compare Figure 11), except the majority of the contacts arises from F-H
contacts instead of F-F contacts and is even bigger than in compound 7a. The Hg-P contact area
contributes 4.0% and is therefore almost unchanged compared to compound 4.
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Decomposed fingerprint plots of compound 7c
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Figure 15. Selected fingerprint plots for compound 7c.

Since the Hirshfeld surface analysis of the two independent molecules in compound 7c showed
almost no difference, we only present the fingerprint plots for one molecule. The decomposed
fingerprint show that the shortest contacts arise again from F-H and C-H contacts. The majority of
the contacts arises from F-H contacts. The percentage of F-H contacts is the highest for all
described compounds. This can easily be rationalized by the increasing size of the Cp ligand and
the increasing hydrogen content of the Ps sandwich complex. Nevertheless, the Hg-P contact
area still contributes 4.0% and is therefore almost unchanged compared to compound 4. No
Hg-Hg contacts are present in this compound. This is due to the fact, that different molecules of
the planar Lewis acid 3 are not situated directly on each other (see Figure 9 and 10 for an
explanation).
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10 Supramolecular adducts based on weak interactions
between the trimeric Lewis acid complex (perfluoro-
ortho-phenylene)mercury and polypnictogenyl

complexes

Abstract: Herein we report reactions of the trinuclear Lewis acid perfluoro-
ortho-phenylene)mercury  [(0-HgCsF4)s] (1). With the  polypnictogenyl
complexes [CpMo(CO)»(n3-P3)] (2) containing a cyclo-Ps; ligand and the
series of E; complexes [{CpMo(CO)z}(1,n*:n*-E2)] (E = P(3a), As(3b),
Sb(3c), Bi(3d)). In all cases, the reaction products show very weak
interactions of the E, ligand complexes and the Lewis acid 1 exhibiting highly
dynamic behavior in solution and the formation of adducts in the solid state
showing Hg-E contacts below the respective sum of the van der Waals radii.
The complexes 2 (Ps), 3a (P2) and 3b(Asz) show interaction of only one
pnictogen atom with all three Hg atoms of 1. The complex 3c(Sh;) forms two
adducts with 1 showing either a side-on coordination of the Sb, dumbbell
towards Hg or an end-on coordination of both Sb atoms towards two
independent molecules of 1. The Bi; complex 3d shows an almost parallel
alignment of the Bi; dumbbell situated above the center of the planar Lewis
acid 1. The arrangements of the E> complex series towards 1 are rationalized
with the help of electrostatic potential maps obtained by DFT calculations.
Finally we present the structural characterization of a new modification of the
free Sb, complex 3c, the Bi, complex 3d, the starting material of its
preparation [Bi{CpMo(CO)s}s] (4) and an unprecedented ‘CrsAss’ cluster 5.

10.1 Introduction

During the last decades supramolecular chemistry based on weakly interacting
molecules instead of strong covalent bonds has gained more and more attention.
The investigation of planar electron-deficient molecules has developed into a rich area of
research with applications in anion recognition,'*? molecular machines,® or light emitting
materials.”l In this context, pyridinium cations,® or electron deficient aromatic
compounds,? are prototypical representatives. During our investigations we became
particularly interested in the chemistry of the trinuclear organometallic compound
(perfluoro-ortho-phenylene)mercury (1).®! Due to its planar geometry this molecule
contains three sterically accessible mercury centers whose naturally low Lewis acidity is
significantly increased by the fluorinated molecular backbone." This unusual Lewis acid

builds up alternating binary stacks with aromatic hydrocarbons®%1%11 and forms
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double-sandwich complexes featuring Hg---Cp interactions when reacted with the
metallocenes Cp.Fe and Cp:Ni (Scheme 1a).!? Additionally 1 forms weak Lewis
acid/base adducts with a variety of O, N and S donors which simultaneously interact with
all three Hg atoms (Scheme 1b).67%3 During the last years we could extent this
chemistry to polyphosphorus complexes and were able to prove that despite their noted
weakness we only observed P---Hg interactions instead of potential Hg---Cp interactions
in the reactions of 1 and the triple-decker complex [(CpMo)2(u,n%:n%-Pe)] (Scheme 1c).4
Recently we reported the different coordination behavior of the aromatic cyclo-Ps and
cyclo-Ass ligands from the ferrocene analogues complexes [Cp*Fe(n°-Es)]
(E = P, As)>8 towards the Lewis acid 1.71 While the Ps ring forms a weak Lewis
acid/base adduct (Scheme 1d) with one P donor atom, the Ass ring shows a rather
cofacial arrangement towards the molecular plane of 1 with three As atoms interacting

simultaneously with the Hg centers (Scheme 1e).

a)/D/\Q\ b) ) e Y
- /@,

N—g

L—n D @Mo Mo@ &
double-sandwich complexes \Q\/g/

M = Fe, Ni; Lewis acid/base adduct super-sandwich structure weak Hg-P adduct

© =z
Fe
[(o- HgC Fa)il (1)
F—Qﬁ: =CH, @ =Hg

F F @®=P O =As O =Lewis base cofacial arrangement

Scheme 1. a) Representation of the double-sandwich complexes formed from 1 and the metallocenes
CpzFe and CpzNi. b) lllustration of Lewis acid/base adducts of 1 with the Lewis bases simultaneously
interacting with all three Hg centers. c) Super-sandwich structures obtained from 1 and [(CpMo)(l,n%:n%-Ps)].
d) Coordination of [Cp*Fe(n®-Ps)] to the three Hg atoms of 1 via one P atom. e) [Cp*Fe(n®-Ass)] interacting
with 1 via three As atoms showing an almost cofacial arrangement.

Since the nature of the polypnigtogenyl complexes has a dramatic effect on its
reactivity towards 1 the question arose how the trinuclear Lewis acid might interact with a
terminal cyclo-P3 ligand and furthermore how its coordination may vary when reacting 1
with complexes of the heavier pnictogen atoms Sb and Bi. To address these questions
we first investigated the reactivity of 1 towards the Ps; complex [CpMo(CO)2(n3-P3)] (2)
and subsequently towards the E, complex series [{CpMo(CO)2}2(l,n?%n?*-Ez)] E = P(3a),
As(3b), Sb(3c), Bi(3d) (Scheme 2). During our investigations we were able to structurally

characterize a new modification of the Sb, complex 3c and the Bi> complex 3d and the
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starting material of its synthesis [{CpMo(CO)s}sBi] (4) for the first time. Additionally, an
unprecedented Cr-As cluster [(CpCr)s(u,n*:n3-Asz)(4,n%:n*n%Ass)] (5) obtained from a
related reaction could also be studied by single crystal X-ray diffraction.

 ~, F <

Pé —>P og? M\OX/ co

P

2 E = P(3a), As(3b), Sb(3c), Bi(3d)

Scheme 2. Representation of the tetrahedrane complexes
[CPMO(CO)2(n*-P3)] (2) and  [{CpMo(CO)z}a(,n*n*E2)]
(E = P(3a), As(3b), Sb(3c), Bi(3d)).

10.2 Results and Discussion

Syntheses and Spectroscopic characterization of the products

The adducts between the pnictogenyl complexes and 1 are easily prepared by
dissolving 1 and a equimolar amount of the cyclo-Ps; complex 2 or the E; complexes 3a-d
in 10mL of CH.Cl; until a clear solution is formed. After stirring at room temperature for
some time, this solution is filtered and the solvent is reduced to the minimum without
precipitation of the product. This supernatant solution is kept at +4 °C and the products
crystallize in a matter of hours to days. Following this approach one can obtain pure
samples of equimolar adducts of 1 and the cyclo-Ps complex 2 [(1)e(2)], the
P, complex 3a [(1)e(3a)] and the As, complex 3b [(1)e(3b)], respectively. In case of the
Sh, complex 3c we detected two adducts with molar ratios of 1:1 [(1)e(3c)] and
2:1 [(2).#(3c)] from the same reaction. In the case of the Bi, complex 3d we were able to
determine the coexistence of the adduct [(1)e(3d).], pure 1 and pure 3d next to each
other. Moreover, the Sbh, complex 3c was isolated in 56% yield after refluxing
(MesSi);CHSbH, and CpMo(CO)sMe in xylene for 3 h. The Cr-As cluster 5 was
characterized by chance when we intended to react [(CpCr)2(u,n°:n°-Ass)] with 1.
From this reaction conducted at room temperature we could only obtain an amorphous
black powder and some dark green crystals of the adduct [(1).e(5)]. We assume that the
cluster 5 was an impurity of the starting material [(CpCr)2(,n°:n°-Ass)].

Since the described adducts are based on weak Hg-E (E= P, As, Sbh, Bi)
interactions we assume very weak association or dissociation in solution. In accordance
with this, in the mass spectra we never observed any peaks assignable to any adduct

but only the starting materials of the described products. The !H and the
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19F NMR spectra in CD,Cl; solution are unchanged compared to the starting compounds.
While the 3'P{*H} NMR spectrum of [(1)e(2)] in CD:Cl, solution shows a sharp singlet
at —349.5 ppm which is also unchanged to the starting compound 2 we can observe an
upfield shift of about 11 ppm for the singlet of the P, ligand 3a in the case of the
adduct [(1)e(3a)].

Structural characterization of the products in the solid state

General considerations

The solid state structures of the formed adducts exhibit short contacts below the sum
of the van der Waals (vdW) radii between pnictogen atoms and the Hg atoms of 1.
The vdW radius of Hg in different compounds is discussed in the literature with reported
values ranging from 1.7°A up to 2.2°A. In the following discussion the shortest value of
1.7°A was taken as a reference.® Therefore, Hg-E distances that are within the sum of
the vdW radii of 3.6°A(P), 3.7 A(As), 3.9 A(Sb) or 4.1 A(Bi) are highlighted by fragmented

orange bonds in the following Figures 1-7.

Crystal structure of the adduct [(1)e(2)]

Figure 1. Solid state structure of compound the adduct [(1)e(2)].
Selected bond lengths [A]: Hgl-P1 3.21821(9), Hg2-P1 3.19349(7),
Hg3-P1 3.25262(6), P1-P2 2.140(2), P1-P3 2.145(2), P2 P3 2.147(3);
interplanar angle P3 plane — Hgs plane = 65.43(7)°. Ellipsoids are drawn
at 50% probability. H atoms are omitted and C, F and O atoms are
represented as small spheres for clarity.

Figure 1 shows the solid state structure of the adduct [(1)e(2)]. Although the
symmetry of the cyclo-P; ligand of complex 2 would generally match the threefold

symmetry of the planar Lewis acid 1 it shows a coordination of only one P atom
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interacting with all three Hg centers of 1. The resulting Hg-P distances (3.19349(7) —
3.25262(6) A) lie well within the sum of the vdW radii (3.6 A). Their lengths can very well
be compared to the Hg-P distances found for 1 and [(CpMo)2(l,n%:n%-Ps)] (Scheme 1c),
but they are a bit shorter than the closest Hg-P distance that was observed for 1 and
[Cp*Fe(n°-Ps)] (3.2878(9) A, Scheme 1d). The angle enclosed between the P3 plane and
the Hgs plane measures 65.43(7)°. The P-P bonds show uniform lengths of 2.144(2) A

comparable to the free complex 2.1*° No Cp-Hg contacts are present.

Crystal structures of the Sb, complex 3c, the Bi, complex 3d and the starting
material [{CpMo(CO)s}3Bi] (4)

Although the synthesis of the Bi> complex 3d was already reported in 1988 the solid
state structure was only described of a derivative bearing one methyl group on each Cp
ligand.2>21 During our investigations we were able to determine the solid state structures
of 3d and of the starting material 4 shown in Figure 2a) and c). The synthesis and X-ray
structure of the analogues Sh, complex 3¢ was reported?? earlier. Moreover, we could
structurally characterize a new modification of 3c by X-ray analysis (see Figure 2b).

The new modification of 3c crystallizes in the trigonal space group P3,21 with half a
complex in the asymmetric unit. The complex is crystallographically completed by a
twofold rotation axis. The determined bond lengths are in good agreement with the
previously determined structure (Mo-Mo 3.114(1) A, Sb-Sb 2.678(1) A).

Figure 2. a) Crystal structure of [{CpMo(CO)s}sBi] (4) with viewing direction
along the threefold symmetry axis. b) Crystal structure of the
Sh2 complex 3c. ¢) Crystal structure of the Bi2 complex 3d. Selected bond
lengths [A] and angles [°]: 4: Mo-Bi 3.014(3), angle Mo-Bi-Mo = 113.50(5)°.
3c: Mol-Mo1’ 3.1183(10), Sh1-Sb1’ 2.6871(7). 3d: Mol-Mo1’ 3.1378(13),
Bil-Bi1’ 2.8580(7). Ellipsoids are drawn at 50% probability for 3c,d and 30%
probability for 4.

The Bi, complex 3d (see Figure 2b) crystallizes in the monoclinic space group C2/c

with half of the complex in the asymmetric unit. The Mo-Mo bond as well as
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the Bi-Bi bond is bisected by the twofold rotation axis. The Bi-Bi bond length of
2.8580(7)A can very well be compared to 2.838(1)A found for
[{(n°>-CsHaMe)Mo(CO)z}a(p, n:n?-Biz)]. 202

Compound 4 crystallizes in the trigonal space group P31c with the central Bi atom
situated on the threefold rotation axis (see Figure 2a) showing a Mo-Bi bond length of
3.014(3) A. The bonding environment around Bi is best described as trigonal pyramidal
with the three Mo-Bi-Mo angles summing up to 340.50(5)°.

Structural characterization of the adducts formed from 1 and the
E> complexes 3a-d

The adduct [(1)+(3a)] crystallizes in the triclinic space group P-1 with two independent
formula units [(1)*(3a)] in the asymmetric unit shown in Figure 3a) and b).
Both P, complexes 3a interact with all three Hg atoms of the Lewis acid 1 via one P atom
which is situated above the center of 1 while the other P atom shows no Hg-P contacts.
The resulting Hg-P distances lie in the range of 3.10401(15) — 3.3557(2) A.
The P-P bond lengths are not affected in comparison to free 3a (2.079(2) A)®I by the

coordination. The angles between the direction of the P, dumbbell and the Hgs plane
measure 36.33(1)° (P1-P2) and 38.05(1)° (P3-P4), respectively.

Figure 3. Formula units 1 (a) and 2 (b) found in the solid state structure of the adduct [(1)+(3a)]. c) Crystal
structure of the adduct [(1)+(3b)]. Selected bond lengths [A]: [(1)+(3a)]: Hg1-P1 3.1040(2), Hg1-P2 3.3369(2),
Hg1l-P3 3.1953(2), Hg4-P3 3.3557(2), Hg5-P3 3.1609(2), Hg6-P3 3.2299(2), P1-P2 2.0883(1), P3-P4
2.0948(1). [(1)*(3b)]: Hgl-Asl 3.2702(2), Hg2-Asl 3.3259(1), Hg3-Asl 3.3788(2), Asl-As2 2.3162(1).
Angles of E2 dumbbells to Hgs plane: P1P2-HglHg2Hg3 36.33(1)°, P3P4-Hg4Hg5Hg6 38.05(1)°,
As1As2-HglHg2Hg3 37.00(1)°. Ellipsoids are drawn at 50% probability. H atoms are omitted and C, F and
O atoms are represented as small spheres for clarity.

When looking at the As; complex 3b and its interaction with 1 in the solid state shown
in Figure 3c) it can be noted that the assembly in the adduct [(1)+(3b)] is very similar to
the P, complex 3a. This observation was very surprising since we previously observed a
distinctly different assembly of cyclo-Ps and cyclo-Ass ligands towards 1
(see Scheme 1d) + e). The compound [(1)+(3b)] crystallizes in a different unit cell
(but same space group P-1) than [(1)+(3a)] containing only one formula unit in the

asymmetric unit. The As, complex 3b is interacting with all three Hg atoms of the Lewis
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acid 1 via one As atom while the second As atom does not show any Hg-As contacts.
The resulting Hg-As distances lie in the range of 3.27021(13) — 3.37875(13) A and are
well within the sum of the vdW radii for Hg and As (3.7 A). The As-As bond length is
2.31607(10) A long which is essentially unchanged to free 3b (2.305(3) A).2% The angle
enclosed by the As, dumbbell and the Hgs plane (37.00(1)°) also compares very well to
the analogues P, adduct.

When the Sb, complex 3c is allowed to react with the Lewis acid 1 two sorts of
crystals (orange and red) are formed from the same solution. Single crystal X-ray
diffraction analysis revealed that the orange crystals consist of the equimolar adduct of 1
and 3c [(1)+(3c)] depicted in Figure 4a. For E = Sb the assembly of the MozE, complex
is different from E = P, As. The most apparent distinction is the angle enclosed by the
E> dumbbell and the Hgs plane in [(1)+(3C)] which measures only 7.03(1)°. Although Sbl
is also situated above the center of 1 the resulting Hg-Sb distances differ significantly.
The shortest distance is observed for Hg1-Sb1 with 3.4336(1) A while the distances to
Hg2 and Hg3 are almost at the edge of vdwW contacts (3.9 A). The observed
arrangement of 1 and 3c shows one additional Hg-Sb contact between Sb2 and Hg3
with 3.5222(1) A and can be described as a side-on coordination of the Sb-Sb bond
to Hg3. The Sb-Sb bond length of 2.6914(1) A is essentially unchanged compared to
free 3c (vide supra).?? X-ray analysis of the red crystals from the same reaction consist
of the adduct [(1).+(3c)] where one Sb, complex 3c is surrounded by two molecules of
the Lewis acid 1 depicted in Figure 5a). The Sb atom Sb1 shows only one contact to Hgl
with 3.5283(9) A. The adduct [(1)22(3c)] crystallizes in the monoclinic space group P2/n.
The twofold rotation axis bisects the Mo-Mo bond as well as the Sb-Sb bond of 3c
(see Figure 5b). The angle enclosed by both Hgs planes amounts 53.45(1)°.
The Sb1-Sb1’ bond length of 2.6863(13) A is consistently unchanged compared to
free 3c.

When the reactivity of the Bi, complex 3d towards the Lewis acid 1 was investigated
we could obtain and identify black crystals of pure 3d, colorless crystals of pure 1 and
black crystals of the adduct [(1)e(3d).] next to each other from one reaction. Although
several crystals were mounted we were not able to identify any adducts of 1 and 3d in
different molar ratios. The solid state structure of [(1)e(3d).] is depicted in Figure 4b).
The compound crystallizes in the triclinic space group P-1 with two MozBi>, complexes
3d interacting with one molecule of the Lewis acid 1 from both sides via both Bi atoms in
the asymmetric unit. The Bi-Bi dumbbells are arranged almost parallel to the Hgs plane
with enclosed angles of 2.50(1)° and 5.72(1)°, respectively. The center of 1 is not
situated below one of the Bi atoms but rather the middle of the Bi-Bi bonds. The resulting
Hg-Bi distances vary significantly in the range of 3.48590(8) — 4.04806(13) A.
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The Bi-Bi bond lengths in the adduct [(1)e(3d);] are essentially identical to the free
complex 3d (vide supra).l2%-2!!

Figure 4. a) Solid state structure of the adduct [(1)+(3c)]. b) Solid state structure of the adduct
[(1)+(3d)2]. Selected bond lengths [A]: [(1)+(3c)]: Hgl-Sbl 3.4336(1), Hg2-Sbl 3.8621(1),
Hg3-Sb1l 3.7879(2), Hg3-Sh2 3.5222(1), Sh1-Sh2 2.6914(1). [(1)+(3d)z]: Hgl-Bil 3.4859(1),
Hg2-Bi2 3.6370(1), Hg3-Bil 4.0481(2), Bi1-Bi2 2.8479(1), Hg1-Bi3 3.9046(1), Hg2-Bi3 3.5888(1),
Hg3-Bi4 3.7827(1), Bi3-Bi4 2.8537(1). Ellipsoids are drawn at 50% probability. H atoms are
omitted and C, F and O atoms are represented as small spheres for clarity. Angles E: straight to
Hgs plane: Sbi1Sb2-HglHg2Hg3 7.03(1)°, BilBi2-HglHg2Hg3 5.72(1)°, Bi3Bi4-HglHg2Hg3
2.50(1)°.

b)

Figure 5. Solid state structure of the adduct [(1)2¢(3c)]. a) Viewing direction along the Mo-Mo bond.
b) Viewing direction along the crystallographic b-axis (twofold rotation axis). Selected bond lengths [A]:
Hg1-Sb1 3.5283(9), Sb1-Sb1’ 2.6863(13). Ellipsoids are drawn at 50% probability. H atoms are omitted and
C, F and O atoms are represented as small spheres for clarity.

In order to better understand the assemblies of the tetrahedrane complexes 3a-d
towards the Lewis acid 1 DFT calculations were performed. Until the submission of this
work we could not finish all theoretical analyses but the preliminary results are presented
here. The energy gap between the LUMO of 1 and the respective HOMOs of the
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E> complexes 3a-d are relatively large (3.06, 3.00, 2.88, and 2.74 eV, respectively),
suggesting that direct orbital interactions might not be the dominant factor for the
observed arrangements in the solid state. The weak adducts may to a larger extent be
based on electrostatic and dispersion forces. This is in good agreement with the
previously described adducts of 1 with cyclo-Es complexes [Cp*Fe(n®-Es)] (E = P, As)."
In order to probe the potential role of electrostatic forces in the observed adducts, we
inspected the electrostatic potential maps of the constituent complexes shown in
Figure 6.

-5.000e a.u. i I +3.000e a.u. 3c 3d

Figure 6. Electrostatic potential surfaces of compounds 1 and 3a-d (Isovalue = 0.005). 3a-d:
viewing direction along the C: axis of the complexes. Ez bonds are in front.

In both 3a and 3b, the electrostatic potential surface shows accumulation of negative
character both across the length of the E-E bond and at the phosphorus and arsenic
termini. For the electrostatic potential map of complex 3c, negative character is
preferentially accumulated at the Sb-Sb bond, with modest negative character still
present at the Sb termini. Finally, in the electrostatic potential map of complex 3d,
negative character is expressed almost exclusively at the Bi-Bi bond. Taken together,
these results suggest that in adducts of 1 with 3a and 3b, the surfaces of the pnictogen
termini are complimentary with the positive surface of the mercury centers in 1.
Complex 3c appears to be a borderline case, with both residual negative character at the
Sb termini and increasing preference for negative character accumulation at the Sb-Sb
bond possibly accounting for the two distinctly different modes which can be observed in
the two adducts of 1 and 3c. Finally, the lack of negative character at the Bi termini in
complex 3d accounts for the observed side-on binding mode, as the surface of the

Bi-Bi bond is most complimentary with the positive character found at the mercury
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surfaces in 1. The observation that all described compounds preferentially show close
contacts of the Hg centers of 1 to the pnictogen atoms of 3a-d than to the CO ligands
can be rationalized by the HSAB principle (Hard and Soft Acids and Bases). The heavier
pnictogen atoms P-Bi are a better fit for the soft Hg centers of 1 than the hard

oxygen atoms.

Structural characterization of the adduct [(1).¢(5)] and the ‘CrsAss’ cluster 5

b) Ast
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Figure 7. Solid state structure of the adduct [(1)2e(5)]. a) Representation of the Cr-As cluster 5 coordinated
by two molecules of 1. b) lllustration of the central cluster core of 5 omitting the four Cp ligands on Cr and
only showing the contacts to the Hg atoms of 1. Selected bond lengths [A]: Hgl-As2 2.6863(1), Hg2-As2
3.6066(1), Hg2-As3 3.3557(1), Hg3-As2 3.3944(1), Asl-As1’ 2.4922(1), As2-As3 2.4456(1), Crl-Cr1’
2.9075(1), Crl-Cr2 2.9453(1), Cr1-Cr2’ 3.0134(1), Cr1-Asl 2.5067(1), Crl-As2 2.5899(1), Crl-As2’
2.5698(1), Cr1-As3 2.4683(1), Cr2-Asl 2.4450(1), Cr2-As1’ 2.4380(1), Cr2-As2 2.3604(1); Angle Hgs plane
— Hgs plane 87.36(1)°; Ellipsoids are drawn at 50% probability. H atoms are omitted and C, F and O atoms
are represented as small spheres for clarity.

The unprecedented Cr-As cluster 5 was identified by chance. Our intension to react
the triple-decker complex [(CpCr)2(u,n°:n°-Ass)]?% with the Lewis acid 1 resulted in the
formation of amorphous black powder which could not be further characterized and
some dark green crystals of the adduct [(1).e(5)]. The solid state structure of [(1).e(5)] is
depicted in Figure 7a) showing the unprecedented ‘CrsAss’ cluster 5 surrounded by two
molecules of 1. The adduct [(1).e(5)] crystallizes in the monoclinic space group C2/c with
the twofold rotation axis running through As3 as well as the middle of the As1-As1’ bond.
The Hgs planes of the two molecules of 1 are arranged almost perpendicular with an
enclosed angle of 87.36(1)°. The assembly results in eight Hg-As distances below the
sum of the vdW radii (3.7 A). The cluster core of 5 depicted in Figure 7b) consists of four
Cr atoms in a butterfly structure with Cr-Cr bond lengths of 2.9075(1) — 3.0134(1) A, one
As; ligand and one As; ligand. There is a n°-bound Cp ligand on each Cr atom. Since the
Lewis acid 1 generally shows the formation of weakly interacting adducts in combination
with pnictogen donorst*#!” (see above) without changing the geometry or composition of
the reactants we assume that the unprecedented cluster 5 was an impurity of the used

[(CpCr)2(u,n°:n°-Ass)] sample (most probably formed as a byproduct in the thermolytic
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synthesis of [(CpCr)2(u,n°:n®-Ass)]).?% The cluster could presumably be characterized by
X-ray diffraction as it crystallizes very well due to the stabilization by several

Hg-As contacts in the solid state.
10.3 Conclusion

The presented results demonstrate the facile preparation of adducts starting from the
planar Lewis acid 1 and polypnictogenyl complexes. While the interactions of the
Hg atoms of 1 and the pnictogenyl donors are very weak resulting in dissociation in
solution, several contacts below the sum of the vdW radii can be observed in the solid
state. Here, the polyphosphorus complexes 2 (P3) and 3a (P2) show interaction of only
one P atom with all three Hg atoms of 1 in accordance with previously described results
from reactions of cyclo-Ps and cyclo-Ps complexes with 1. In the series of the
E. complexes 3a-d a significant influence of the pnictogenyl atom (E = P, As, Sb, Bi)
is revealed. While the assembly of the As, complex 3b is very similar to its P analog we
observed a rearrangement for the Sh, as well as the Bi, complexes 3¢ and 3d. In case
of 3c the formation of two adducts with 1 can be observed. Herein, 3c shows two
distinctly different coordination modes towards the planar Lewis acid 1. The Sb; ligand
either shows a side-on arrangement towards one molecule of 1 or an end-on
coordination of both Sb atoms towards two independent molecules of 1. In contrast,
the Bi complex 3d shows an almost parallel alignment of the Bi, dumbbell situated
above the center of the planar Lewis acid 1. Although the theoretical investigation of
these adducts could not be completed during the course of this work we were able to
demonstrate that the observed arrangements of the E; complex series can be
rationalized by analysis of the electrostatic potential maps of the complexes 3a-d.
Additionally, the HSAB principle may give the explanation why the Lewis acid 1 prefers
Hg-E interactions instead of possible Hg-O interactions with the CO ligands of 3a-d. The
guestion to which extent the obtained adducts are stabilized by dispersion forces or
whether mere electrostatics are responsible for the observed interactions still has to be

answered.
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10.5 Supporting Information

General considerations

Extreme precaution was used working with Hg containing compounds to not get in contacts with
solid samples or solutions by wearing protective gloves, goggles and lab coats. All experiments
were performed under an atmosphere of dry argon or nitrogen using standard Schlenk and
drybox techniques. Solvents were freshly distilled under nitrogen from CaHz (CH2Clz;, CD2Cl>),
Solution NMR spectra were recorded on a Bruker Avance 300 MHz NMR spectrometer
(*H: 300.132 MHz, 3P: 121.495 MHz, 13C: 75.468 MHz, 1°F: 282.404 MHz). The chemical
shifts 6 are presented in parts per million (ppm). The following samples were used for external
reference: TMS (1H, 13C), CFCls (*°F), HsPO4 85 % (3!P). IR spectra were recorded on a VARIAN
FTS-800 FT-IR spectrometer. FD-MS spectra were measured on a Finnigan MAT 95 mass
spectrometer. Elemental analyses were recorded on an Elementar Vario EL Il apparatus by the
microanalytical laboratory of the University of Regensburg. The solid substances were grinded
together with dried KBr and pressed to pellets. The starting materials 1, 2, 3a-d, 4 were prepared
according to the literature procedure, while a new synthesis for 3c is described below.[1:2:3.45]

Synthetic procedures

Preparation of 3c: 1.14 g (4.04 mmol, leq.) [(MesSi)2CHSbH2]® and 1.05g (4.04 mmol, leq.)
[CpMo(CO)3Me] were dissolved in 15 mL xylene and stirred under reflux for 3 h. After filtration
and concentration the red solution was stored at -28°C to give red crystals of 3. The crystals were
isolated by filtration, the mother liquor concentrated and stored at -28°C to give two additional
crops of 3. Yield: 0.776 g (57%). For analytical data see ref. [3].

Preparation of [(1)e(2)]: 50 mg 1 (0.05 mmaol, 1leq.) and 15 mg 2 (0.05 mmol, 1eq.) were dissolved
together in 10 mL CH2Clz and stirred at room temperature for 1 h. After filtration and concentration
of the solution the adduct [(1)e(2)] crystallizes as clear yellow blocks in the course of one day.
Yield: 52 mg (80%). NMR spectra (300 MHz, CD2Cl2): *H: &/ppm = 5.29 (s, Cp); °F{*H}: é/ppm =
—120.6 (m, o-F), =155.2 (m, p-F); 3'P{*H}: d/ppm = —349.5 (s, P3). IR (KBr): vicm~1 = 3119 (vw),
2022 (vs), 1962 (vs), 1616 (m), 1583 (m), 1472 (vs), 1418 (vs), 1356 (w), 1321 (w), 1306 (w),
1288 (m), 1251 (w), 1087 (s), 1004 (s), 814 (m), 771 (w), 732 (w). FD-MS (CH2Cl2): m/z(%)
312(18) [2], 1047.0(100) [1]. Elemental analysis (%) calc. for [(1)e(2)](CH2Cl2): C 21.67, H 0.49;
found: C 21.82, H 0.53.

Preparation of [(1)e(3a)]: 105 mg 1 (0.1 mmol, 1leq.) and 50 mg 3a (0.1 mmol, leq.) were
dissolved together in 10 mL CH2Cl> and stirred at room temperature for 1 h. After filtration and
concentration of the solution the adduct [(1)e(3a)] crystallizes as clear orange blocks in the
course of one day. Yield: 115 mg (75%). NMR spectra (300 MHz, CD2Cl2): *H: d/ppm =
5.09 (s, Cp); °F{H}: o/ppm = —119.9 (m, o-F), —155.6 (m, p-F); 3'P{*H}: é/ppm = -55.7 (s, P2).
IR (KBr): vicm-t = 3120 (vw), 2011 (vs), 1955 (vs), 1944 (vs), 1878 (vs), 1614 (w), 1583 (w),
1471 (vs), 1418 (vs), 1356 (w), 1321 (w), 1305 (w), 1286 (m), 1248 (w), 1087 (s), 1004 (s),
812 (m), 770 (w). FD-MS (CH2Cl2): m/z(%) 497.1(100) [3a], 1047.0(37)[1]. Elemental
analysis (%) calc. for [(1)e(3a)](CH2Cl2)os: C 24.64, H 0.70; found: C 24.78, H 0.74.

Preparation of [(1)e(3b)]: 105mg 1 (0.1 mmol, 1eq.) and 58 mg 3b (0.1 mmol, 1leq.) were
dissolved together in 10 mL CH2Cl> and stirred at room temperature for 1 h. After filtration and
concentration of the solution the adduct [(1)e(3b)] crystallizes as clear light red blocks in the
course of a few days. Yield: 120 mg (74%). NMR spectra (300 MHz, CD2Cl2): H: d/ppm =
5.09 (s, Cp); ®F{*H}: 6/ppm = —-120.4 (m, o-F), =155.4 (m, p-F). IR (KBr): vicm-t = 3118 (vw),
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3104 (vw), 1998 (vs), 1975 (vs), 1926 (vs), 1874 (vs), 1616 (w), 1583 (w), 1472 (vs), 1418 (vs),
1356 (w), 1321 (w), 1306 (w), 1287 (m), 1251 (w), 1088 (s), 1005 (s), 814 (m), 771 (w).
FD-MS (CH2Cl2): m/z(%) 585.9(88) [3b], 1047.0(100) [1]. Elemental analysis (%) calc. for
[(1)e(3b)]: C 23.58, H 0.62; found: C 23.59, H 0.64.

Preparation of [(1)e(3c)] and [(1)2e(3c)]: 105 mg 1 (0.1 mmol) and 68 mg 3c (0.1 mmol) were
dissolved together in 10 mL CH2Clz forming a dark red solution and stirred at room temperature
for 30 min. After filtration and concentration of the solution the formation of orange [(1)e(3c)] and
red [(1)2e(3c)] crystals is observed from the same solution. The mother liquor was decanted off
and the crystals dried in vacuum. Yield: 98 mg (mixture). NMR spectra (300 MHz, CD2Cl):
1H: d/ppm = 5.03 (s, Cp); *F{*H}: é/ppm = -120.7 (m, o-F), —155.3 (m, p-F). IR (KBr): v/cm=! =
3121 (vw), 2055 (w), 2004 (w), 1967 (s), 1931 (vs), 1893 (vs), 1839 (s), 1615 (w), 1583 (w),
1471 (vs), 1418 (vs), 1357 (vw), 1321 (w), 1305 (vw), 1288 (m), 1250 (w), 1083 (s), 1005 (s),
837 (vw), 815 (m), 770 (w). FD-MS (CH2Cl2): m/z(%) 678.9(87) [3c], 1045.0(100) [1].

Preparation of [(1)e(3d)2]: A dark red CH2Clz solution of 1 and 3d (~0.1 mmol) was stirred for
30 min. After filtration and subsequent concentration the formation of different black and white
crystals was observed. The coexistence of pure 1, pure 3d and the adduct [(1)e(3d)z] was
determined by single crystal X-ray diffraction analysis. The adduct [(1)e(3d)z] could only be
obtained in mixtures and was solely characterized by X-ray structure determination.

X-ray crystallography

All diffraction experiments were performed at 123 K except the one for 3¢ which was performed at
173 K. The data sets were either collected on Rigaku (former: Agilent Technologies or Oxford
Diffraction) Gemini R Ultra diffractometer with MoK, or on a SuperNova diffractometer with either
CuKa or MoK, or on a STOE IPDS diffractometer with MoK, radiation. Crystallographic data
together with the details of the experiments are given in the Tables 1-3. All crystal preparations
were performed under mineral oil. The structure solution and refinement was done with ShelX.l]
The H atoms were calculated geometrically and a riding model was used during the refinement
process. Graphical material was created with Olex2.[®]
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Table 1. Crystallographic details of [1e2], [1e3a], [12e3c] and [1e3c].
Identification code [1e2] [1e3a] [1203c] [1e3c]
formula Ca6H7CloF 12 Co6H24ClsF24 CsoHioF24 Ca3H12CloF 12
Hg3M002P3 H95M0403P4 HgGMOZO4Sb2 Hg3M0204Sb2
weight [g-mol™] 1440.84 3253.83 2769.50 1808.48
Temperature [K] 123(1) 123(2) 123(1) 123(2)
crystal system triclinic triclinic monoclinic triclinic
space group P-1 P-1 P2/n P-1
alAl 11.1294(2) 12.8301(7) 11.0707(2) 12.4435(3)
b [A] 11.5500(2) 12.8847(6) 7.4335(2) 13.3321(3)
c[A] 14.1425(3) 23.5633(12) 33.0847(8) 14.0134(4)
al’] 114.075(2) 92.367(4) 90 81.649(2)
B 104.952(2) 100.819(4) 95.819(2) 71.018(2)
v [°] 91.314(2) 94.276(4) 90 63.354(2)
V [A%] 1586.58(6) 3809.3(3) 2708.64(11) 1964.90(9)
Zz 2 2 2 2
Peac [grom?] 3.016 2.837 3.396 3.057
U [mm™ 32.529 13.011 18.488 13.877
F(000) 1296.0 2952.0 2448.0 1620.0
crystal size [mm?] 0.30 x 0.25 x 0.04 0.17 x 0.12 x 0.06 0.08 x 0.06 x 0.03 0.12 x 0.08 x 0.04
diffractometer SuperNova Gemini R ultra Gemini R ultra Gemini R ultra
absorption correction gaussian analytical gaussian gaussian
Trnin/ Tmax 0.016/0.357 0.267 /0.582 0.359/0.614 0.331/0.621
radiation [A] CuK, MoK, MoK MoKg
2 Orange [°] 8.31t0 134.124 5.65 to 60.372 6.796 to 59.798 5.574 to 54.206
completeness 0.988 0.998 0.974 0.999
reflns 50642 / 5661 58978 / 19714 15226 / 6532 19426 / 8644
collected/unique
Rin/Rsigma 0.0628/0.0198 0.0356 / 0.0383 0.0287 / 0.0439 0.0321/0.0744
datafrestraints/ 5661/ 6/ 442 19714 /12 / 1089 6532/0/397 8644 /12 / 550
parameters
GOF on F? 1.249 1.039 0.883 0.813
Ri/WR; [I 2 20(1)] 0.0264/0.0731 0.0247/0.0479 0.0216 /0.0367 0.0297 / 0.0462
Ry/WR; [all data] 0.0269 / 0.0743 0.0309 / 0.0505 0.0322/0.0377 0.0516 / 0.0482
max/min Ap [e-A?] 0.98/-2.10 0.94/-0.98 1.01/-1.02 2.14/-1.64
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Table 2. Crystallographic details of [1e3b], [1e3d2] and 3d.

[(0-HgCsF4)s]

Identification code [1e3b] [1e3d;] 3d

formula C33H12A52C|2F12H93M0204 C48H24Bi4C|4F12Hg3MO40s C14HloBizM0204
weight [g'mol™] 1714.82 2919.92 852.06
Temperature [K] 123(1) 123(1) 123(1)
crystal system triclinic triclinic monoclinic
space group P-1 P-1 C2/c
a[Al 12.7941(3) 13.5154(2) 16.5867(11)
b [A] 13.4465(4) 14.6000(2) 7.6677(4)
c[A] 13.5405(5) 17.6515(3) 14.3800(8)
al] 60.580(3) 111.087(2) 90
B 71.346(3) 103.308(2) 115.265(7)
v [° 69.203(2) 104.4830(10) 90
V A3 1866.34(12) 2942.32(9) 1653.93(19)
4 2 2 4
Pealc [g:cm] 3.051 3.296 3.422
p [mm™] 14.952 20.797 22.709
F(000) 1548.0 2584.0 1504.0
crystal size [mm?] 0.08 x 0.04 x 0.02 0.13 x 0.08 x 0.04 0.23 x 0.19 x 0.04
diffractometer SuperNova Gemini R ultra Gemini R ultra
absorption correction gaussian gaussian gaussian
Tomin/ Tmax 0.528 /0.801 0.203/0.520 0.055/0.435
radiation [A] MoK MoK MoK
2 ©range [°] 6.06 to 59.31 5.41 to 54.206 6.266 to 54.188
completeness 0.991 0.999 0.994
reflns collected/unique 16291 /8975 74152 /12972 3154 /1812
Rint/Rsigma 0.0337/0.0685 0.0479/0.0539 0.0376 / 0.0665
data/restraints/parameters 8975/0/523 12972/0/748 1812/0/ 100
GOF on F? 0.823 0.834 0.925
R1/WR; [I = 20(1)] 0.0262 / 0.0400 0.0230/0.0386 0.0331/0.0667
R1/WR; [all data] 0.0425/0.0412 0.0359/0.0395 0.0438 /0.0685
max/min Ap [e-A) 1.17/-1.27 1.49/-1.75 1.55/-1.52
Table 3. Crystallographic details of 3c, 4 and [1e5].

Identification code 3c 4 [1e5]

formula C14H10M0,0,4Sh, C24H15BiM030g C59H26AS5C|GCI'4F24HQG
weight [g-mol~] 677.60 944.16 3189.64
Temperature [K] 173(1) 123(1) 123(1)
crystal system trigonal trigonal monoclinic
space group P3,21 P3lc C2/c
alAl 8.6935(4) 14.8747(6) 19.18520(10)
b [A] 8.6935(4) 14.8747(6) 19.78690(10)
c[A] 19.7356(14) 7.4995(4) 18.72880(10)
al] 90.00 90 90
B 90.00 90 99.0540(10)
v [°] 120.00 120 90
VA3 1291.73(17) 1437.01(14) 7021.16(7)
z 3 2 4
Pealc [g-cm) 2.613 2.182 3.017
u [mm] 4.537 7.429 33.451
F(000) 936.0 880 5756.0
crystal size [mm?] 0.26 x 0.16 x 0.16 0.27 x 0.02 x 0.02 0.24 x 0.08 x 0.05
diffractometer STOE IPDS SuperNova (Mo) Gemini R ultra
absorption correction numerical gaussian gaussian
Tonin/ Tmax 0.4495/0.5920 0.243/0.814 0.030/0.340
radiation [A] MoK, MoK, CuK,
2 Orange [°] 5.42t051.78 6.286 to 52.714 6.458 to 133.09
completeness 0.996 0.976 0.972
reflns collected/unique 10028 / 1686 5998/ 1680 21971 /6190
Rint/Rsigma 0.0236/0.0133 0.1451/0.1541 0.0375/0.0291
data/restraints/parameters 1686/ 0/ 100 1680/1/112 6190/0/483
GOF on F? 1.138 0.92 1.031
R1/WR; [I 2 20(1)] 0.0196/ 0.0519 0.0686 / 0.1526 0.0254 /0.0578
R1/WR; [all data] 0.0207 / 0.0521 0.1111/0.1620 0.0284 / 0.0588
max/min Ap [e-A) 1.07/-0.48 2.32/-1.96 1.60/-1.71
Flack parameter 0.00(3) 0.00(2)
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DFT calculations

In order to aid in the rationalization of the observed structural trends for the adducts of 3a-3d
and 1, their constituent compounds were optimized by density functional theory (DFT) methods.
The large computed HOMO-LUMO gaps between 1 and 3a-d of 3.06, 3.00, 2.88, and 2.74 eV,
respectively, suggest that orbital-based interactions are not likely to be dominant within the
pnictogen-mercury bonding found in these adducts. Instead, electrostatic and dispersion forces
are likely to factor strongly in the stabilization of the observed structures. In order to probe the
potential role of electrostatic forces in the observed adducts, we inspected the electrostatic
potential maps of the constituent complexes.

Computational methods

DFT calculations (full geometry optimizations) were carried out on compounds 1 and 3a-d starting
from their crystal structure geometries observed in their respective adducts using the Gaussian09
program (B3LYP,®! with cc-pVTZ1 for H, C, O, and F; and aug-cc-pVTZ for P, As, Sb, and Bi;1]
Stuttgart relativistic small effective core potentials for Sb and Bil'Z). Frequency calculations were
carried out on the optimized geometries, showing no imaginary frequencies.
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Preface

The following chapter includes preliminary results and by-products which will be included
in future publications or provide a basis for future research efforts. Some of the obtained
compound could not be fully characterized so far but all data and knowledge that was

acquired about the described products and reactions will be presented.
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11 Thesis Treasury

11.1 Coordination chemistry including WCAs

On the way to Cu[FAl]...

The weakly coordinating anion [FAI] (see introduction) has some advantages
especially concerning the determination of crystal structures but also some drawbacks
like solubility or stability compared to the [TEF] anion. Using the anion [TEF], the very
flexible and interesting coordination chemistry of P, ligand complexes towards ‘naked’
Cu* was thoroughly investigated during the last years.>23 Therefore, a soluble Cu* salt
of the WCA [FAI] would represent a very interesting synthetic goal. During this work the
synthesis of ‘naked’ Cu* featuring the WCA [FAI] was attempted several times without
success. During these investigations many details could be learned from these fails.

Metathesis of CuCl and Li[FAI] in liquid SO

2N
- 0
L
SO, (1) 0—Al
LFA]+CuCl ———  CuCl+LF, + g7 N
FJ
o 1: [A{OCgF 19(CsF5)}sl
o’R
{
F/A\I\O’R
O—

R
[FAI] = [FA{OCgF 10(CsFs)}al

Scheme 1. Metathesis of Li[FAI] and CuCl affording the Lewis acid 1.
The coordination sphere of Al is saturated by two F atoms of two
organic groups R illustrated by half circles.

Scheme 1 shows an attempt of the cation exchange of CuCl and Li[FAI]. Liquid SO
was chosen as solvent to ensure the solubility of Li[FAI]. The reaction does not afford the
desired Cu'[FAl] salt, but rather leads to the decomposition of the [FAI] anion and
formation of the super Lewis acid [A{OCesF10(CsFs)}s] (1) which was previously described
by Krossing et al. obtained from a reaction of AlEts with three equivalents of the suitable
alcohol RF-OH.™ During our investigation the crystal structure of a new modification of 1
could be determined shown in Figure 1. The structure can be described as a distorted
trigonal bipyramidal arrangement around Al and can be compared well to the previously

described modification. The equatorial positions are occupied by O atoms and the axial
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positions of Al are saturated by interaction with two ortho-F atoms of the fluorinated
phenyl groups of the organic groups R. We assume the decompaosition of the anion [FAI]
is taking place due to the precipitation of LiF which has very high lattice energy.
Therefore, we assume that CuCl is not directly involved in this reaction. However, this
still has to be ruled out and was not further investigated, since 1 is only a byproduct

which was characterized during this work.

Figure 1. Crystal structure of 1. Ellipsoids are drawn at 50%
probability. All F atoms except F1 and F16 are omitted.
The C atoms are represented as small spheres and the Ph rings
are highlighted by central rings for clarity. Selected bond lengths
[A] and angles [°]: AI1-F1 2.01066(5), Al1-F16 2.02826(6),
F1AI1F16 157.95(1).

Metathesis of TIF and Li[FAl]

During our investigations the preparation of a TI* salt of the WCA [FAI] was also
seemed to be a valuable step towards the isolation of Cu[FAl]. In this context, the
metathesis of Li[FAI] and TI[PFgs] was already reported by us which only leads to a mixed
Li*/TI* salt of the formula [TI(CH2Cl)x][Li(FAIl)2] (x = 2.5-3).1 In the described compound
the Li* cation is ‘encapsulated’ by two [FAI] anions which is probably the reason why
Li* is not completely precipitated as Li[PFe] in this reaction. This mixed Li*/TI" salt is
soluble in CH»Cl, and can be used as a source of in situ generated TI[FAI] for
coordination chemistry. Since this is not a very atom economic reaction the synthesis of

pure TI[FAI] was further pursued.
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o’R
_ CH,Cl, _ )i
L[FA]+TIF ~ ———  LiF, + TI~.._F/.¢¥\O_,R
O0—pg
[FAI] = [FA{OC4F 10(CeFs)lal 2: TI[FAI]

Scheme 2. Reaction of Li[FAI] and TIF.

Since TI[PFs] does not yield TI[FAI] in the metathesis with Li[FAIl], the analogues
reaction of TIF was attempted. The reasoning for this approach was that the small
F~ anion should be able to reach Li* in its environment protected by the two [FAI] anions
and LiF should be readily precipitated. Following this route we were able to obtain TI[FAI]
as colorless crystals in relatively low yield (9.9%) which were suitable for single crystal
X-ray analysis. The structure of TI[FAI] is shown in Figure 2.

°T

"

Figure 2. Section of the crystal structure of TI[FAI] (2). a) lllustration of the coordination of F1 to TI1.
b) Coordination environment of TI1 including two TI-ClI interactions with one CH2Clz solvent molecule. In
addition to F1, there are also TI-F contacts to two other anions illustrated only by the F atoms and the
connected carbon rings. Ellipsoids are drawn with 50% probability. All F atoms without TI-F contacts are
omitted. C atoms are drawn as small spheres and Ph rings are highlighted by central rings for clarity.
Selected bond lengths [A] and angles [°]: TI1-CI1 3.1972(13), TI1-CI2 3.5095(15), TI1-F1 2.534(4), TI1-
F4 2.932(3), TI1-F16 3.154(3), TI1-F17 3.248(3), TI1-F19 3.207(3), TI1-F37 3.312(4), TI1-F39 3.527(3),
AI1F1TI1 150.4(2).

In the crystal structure of 2 we can observe that the [FAI] anion exhibits a coordinating
configuration with coordination of F1 (for an explanation please see the general
introduction) with a TI-F distance of 2.534(4) A. This distance is very short and indicative
of a very strong cation anion association. The environment of the TI* cation further
contains several longer TI-F contacts to the fluorinated organic groups of the same and
two other [FAI] anions. In addition one CHCI; solvent molecule is coordinating to TI" with
both Cl atoms showing long TI-Cl distances of 3.1972(13) and 3.5095(15) A.
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The obtained crystals show very low solubility in CH,Cl,. The **F{*H} NMR spectrum of 2
from CD.Cl; solution (256 scans needed) shows several overlapping signals which is
indicative, that the anion [FAI] remains in its coordinating conformation in solution. In the
ESI-MS from CHCl; only a very small peak for free TI* and no signal for heavier species
can be detected.

In conclusion we can state that after several attempts TI[FAI] can actually be
prepared, but there are several drawbacks to the described method. The isolated yield
was very low. Additionally, crystalline TI[FAI] shows very low solubility and may not be a
suitable TI" source for coordination chemistry. In TI[FAI] the anion [FAI] cannot be
described as weakly coordinating. A promising prospect for an improved preparation of
TI[FAI] maybe the reaction of [H(OEtz)][FAI] (unpublished results from Luis Dutsch)
with TIOEt.P!

Methathesis of [Cu(MeCN)4][BF4] and Li[FAI]

Since all previous attempts to synthesize ‘naked’ Cu® (bearing only weakly
coordinating CH2Cl, or o-DFB ligands at Cu*) with the anion [FAI] failed, subsequently
the preparation of [Cu(MeCN)4][FAI] was intended. Salts of the [Cu(MeCN)4]* cations are
stable, commercially available for small WCAs like [BF4]” or [PF¢]~ and widely used as
Cu*® sources in coordination chemistry. First experiments starting from Li[FAI] and
Cu' halides mixed in MeCN resulted in initially colorless solutions with colorless
precipitate (presumably LiX). The obtained slurries turned their color to red-brown under
stirring for one day (presumably Cu®). Therefore, another strategy was followed by
sonicating [Cu(MeCN)4][BF4] with Li[FAI] in CH2CI, (see Scheme 3).

H,Cl,
LI[FAI] + [Cu(MeCN)][BF 4]

[Cu(MeCN)] [Cu(MeCN),|*[FAI],

[FAI] = [FAHOCgF 10(CeFs)}sl 3: [Cu(MeCN); 5][FAI]

Scheme 3. Metathesis reaction affording [Cu(MeCN)ss][FAI] (3)
with alternating [Cu(MeCN)4]* and [Cu(MeCN)s]* complex
cations.

From this reaction large colorless crystals could be obtained within one day in
excellent yield (75%). Single crystal X-ray diffraction analysis reveals that 3 crystallizes
in the trigonal space group P-3 with two close Cu* positions (50:50 ratio) which are both
situated directly on the threefold rotational axis. The crystal structure of 3 is shown

in Figure 3.
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Figure 3. Cationic part in the crystal structure of [Cu(MeCN)ss][FAI] (3). a) Superposition of the tetrahedral
[Cu(MeCN)4]* and the trigonal planar [Cu(MeCN)s]* complex cation. b) Coordination environment of Cul.
c¢) Coordination environment of Cu2. Ellipsoids are drawn at 50% probability. H atoms are omitted for clarity.
Selected bond lengths [A] and angles [?]: Cul-N1 2.009(6), Cul-N2 2.00(11), Cu2-N3 1.935584(11),
N1Cu1N1’ 106.4(2), NTCu1N2 112.4(2), N3Cu2N3’ 120.00(1).

The two Cu atoms either exhibit a trigonal planar coordination by three MeCN ligands
or a tetrahedral coordination by four MeCN ligands. Additionally, there is one disordered
CH2Cl, solvent molecule situated on the threefold axis close to Cu*. The obtained
Cu* salt contains the [Cu(MeCN);3]" and [Cu(MeCN)4]* cations in an equimolar ratio in an
alternating sequence along the crystallographic c-axis, since otherwise the positions of
the MeCN ligands would be in contradiction in the crystal structure. The composition is
also confirmed by elemental analysis. The *H NMR spectrum of 3 from CD,Cl. solution
shows only one singlet at & = 2.20 ppm for the MeCN ligands rendering them all
equivalent on the NMR timescale. The °F{*H} NMR spectrum shows a characteristic set
of signals for the [FAI] anion. In the ESI-MS of a CH.Cl, solution of 3, only peaks
assignable to the cations [Cu(MeCN).]* (n = 2, 3,4) and the anion [FAI] are observed.
Elemental analysis of the crystals after 24 h storage on air is identical to the first

measurement, suggesting that 3 is air-stable in crystalline form.

Reaction of [Cu(MeCN)ss][FAI] (3) with [Cp*Fe(n®-Ps)] (A)

We previously reported the formation of the one-dimensional coordination polymer
[Cuz(A)4]n[TEF]2n from the reaction of A with [Cu(o-DFB),][TEF].”? During this earlier work
the analogues one-dimensional polymer [Cuz(A)4]s[FAll2n could also be structurally
characterized.[®! The isolation of the soluble Cu* source [Cu(MeCN)ss][FAI] (3) containing
the [FAI] anion also enabled the investigation of its reactivity towards the cyclo-Ps ligand

complex A (see Scheme 4).
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PAN ‘P—P'
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e \ I + [Cu(MeCN)3 s][FA] ——— :
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[FAI = [FA{OCgF 1o(CgF s)}al - -
L = MeCN 4: [Cuy(p,n':n"-A)x(MeCN)4][FAI,

Scheme 4. Reaction of [Cu(MeCN)zs] (3) with [Cp*Fe(n°-Ps)] (A).

When complex A is reacted with 3 in a 1:1 stoichiometry in CH2Cl,, a clear brown
solution is formed. After layering with alkanes the formation of light green crystals of
compound 4 could be observed in excellent yield (75%). Reactions of A and 3
in 1:1 and 2:1 ratio exclusively yield the product 4 (1:1 ratio). Single crystal X-ray
diffraction analysis of 4 reveals a dinuclear [Cux(p,n*:n*-A)2(MeCN)4]?* complex cation
shown in Figure 4. The structure shows an almost perfectly planar central
CuzPs six-membered ring which is a frequently observed structural motif in
supramolecular  coordination compounds including the complex A and
Cu' halides.["8910.11 The [Cp*Fe] complex fragments are pointing to opposite sides of the
CuzP4 plane. The tetrahedral coordination environment of each Cu atom is additionally
completed by two labile MeCN ligands. The Cu-P bonds lengths are uniform with
2.2781(8) and 2.2855(7) A and all Cu-N bonds show identical lengths of 2.004(3) A.

Figure 4. Crystal structure of the dinuclear complex cation in 4. Ellipsoids are
drawn at 50% probability. C atoms are drawn as small spheres and H atoms
are omitted for clarity. Selected bond lengths [A] and angles [?]: Cul-P1’
2.2781(8), Cul-P2 2.2855(7), Cul-N1 2.004(3), Cul-N2 2.004(3), P1-P2
2.1028(8), P2-P3 2.1101(10), P3-P4 2.1162(11), P4-P5 2.1245(12), P5-P1
2.1114(9), P1Cu1P2 111.73(3), N1Cui1N2 103.2(2), N1Cu1N2(plane)-
P1'Cu1’P2(plane) 81.99(7).
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Compound 4 is readily soluble in CH.Cl, but insoluble in alkanes. The H NMR
spectrum of 4 in CD,Cl> solution shows one singlet at & = 2.10 ppm for the MeCN ligands
and one singlet at & =1.40 ppm for the Cp* ligand of complex A. The 3!P{*H} NMR
spectrum at room temperature exhibits only one singlet at 6 = 138.9 ppm (w12 = 21 Hz)
which is shifted upfield compared to free A (6 = 152.2 ppm).!? This suggests dynamic
coordination in solution comparable to the previously described coordination compounds
of Cu* towards P, ligand complexes.”? The *F{*H} NMR spectrum of 4 shows a
characteristic set of signals for the [FAI] anion. ESI-MS from CH.CI, solution shows
signals assignable to the monocationic complexes [Cu(MeCN)2J*, [Cu(A)],
[Cu(A)(MeCN)]" and [Cu(A):]*. Elemental analysis of the crystals reveals that 4 does not
lose the MeCN ligands upon drying in vacuum.

In conclusion, MeCN ligands of the Cu* source 3 are not completely substituted by the
cyclo-Ps complex A. The heteroleptic dinuclear complex
[Cuz(u,nt:nt-A)2(MeCN)4][FAI]2 (4) is obtained in good yields instead of the MeCN-free
one-dimensional coordination polymer [Cuz(A)a]n[FAll2». The dinuclear complex 4
represents an interesting building block for supramolecular chemistry. Based on the
presented results, similar Ag* and Cu* complexes have also been prepared by Barbara
Kramer and Luis Dutsch during the preparation of this work.>*! Future research efforts
will include attempts to interconnect these dinuclear complexes and the analogues
Ag* complexes by addition of multidentate linker molecules and possible substitution of
the labile MeCN ligands.

Reaction of [Cp*Fe(u,n®: n°-Ps)Mo(CO)s] towards Au*

Previous work of Dr. Stefan Welsch demonstrated the interesting coordination
chemistry of the triple-decker complex [Cp*Fe(u,n°:n°-Ps)Mo(CO)s] (B)14
(see Scheme 6) towards the naked coinage metal cations Ag* and Cu* affording the
complexes [M{Cp*Fe(us,n°:n°:n*-Ps)Mo(CO)s},][TEF] (M = Cu, Ag).! During this work it
was attempted to extend this chemistry to Au*. Unfortunately, the analogues complex for
M = Au could not be prepared in a comfortable way so far. However, the obtained results

may serve as a basis for future efforts.
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Reaction of [Cp*Fe(n®-Ps)] (A) with [Mo(CO)3(MeCN)s]

CH,Cl, pfen |
Fe + [Mo(CO)3(MeCN)y] ——2—2pm o o L
~ y W
) PTS
~~p L=CO : ||_ :
A 5: [Cp*Fe(p,nq:ny-P5)Mo(CO)s]

Scheme 5. Formation of 5.

During the preparation¥! of the starting material [Cp*Fe(u,n°:n®-Ps)Mo(CO)s] (B) from
[Cp*Fe(n°-Ps)] (A) with [Mo(CO)3(MeCN)s] a very dark red mixture of several products
was obtained. The light green complex [Cp*Fe(u,n®:n*-Ps)Mo(CO)s] (5) (see Scheme 5)
could be separated from this mixture by column chromatography. Medium green crystals
of 5 suitable for single crystal X-ray diffraction analysis are obtained from a concentrated

solution in n-hexane. The crystal structure is shown in Figure 5.

Figure 5. Crystal structure of 5. Ellipsoids are drawn at 50% probability. H atoms
are omitted for clarity. Selected bond lengths [A]: Mo1-P1 2.54098(4), Mo-Cax
1.99216(3), Mo-Ceq(av.) 2.06, P1-P2 2.10547(4), P2-P3 2.10799(3), P3-P4
2.12234(3), P4-P5 2.11710(4), P5-P1 2.11257(4).

The crystal structure of reveals an terminal n'-coordination of the cyclo-Ps complex A
towards the Lewis acid [Mo(CO)s]. The cyclo-Ps ligand is essentially planar and the
Mo atom is slightly moved out of the Ps plane away from the Fe atom. The Mo-C bond
length to the CO ligand oriented trans to the P atom of A is significantly shorter with
1.99216(3) A, compared to the other CO ligands with an average Mo-C bond length
of 2.06 A. This is probably caused by a stronger trans effect of CO compared to the
ligand A.

Compound 5 is only a side-product of this work and it should probably be accessible

in a simple reaction of [Mo(CO)s(thf)] with A as the major product. Starting from 5, the
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photolytic activation may be investigated in the future to elucidate whether the initially
desired triple-decker complex [Cp*Fe(u,n°:n°-Ps)Mo(CO)s] (B) can be obtained this way.

Reaction of B towards ‘naked’ Au*

Previous work of Dr. Stefan Welsch demonstrated, that the mixed triple-decker
complex [Cp*Fe(u,n°:n°-Ps)Mo(CO)s] (B) is a suitable starting material for the formation
of complexes with the monovalent coinage metals Cu* and Ag* and the WCA [TEF].1Y
The obtained products show a central M* cation coordinated by two ligands B.H

During this work this chemistry could be expanded to the heavier congener Au®.

Fe o 1]}
. Fe P‘F’_- s N C C,//o
— : ~pv
PQP +(tht)AuCI+[TI(CHZCIZ)X][Ll(FAI)Z]T nPno——'\Au \nlﬂé (FAI
Li 71N P
- Li[FAI] c aPay
Mo % P. P
C/, \C o7 ﬁ:l C\\\ \ |
2 CO Fe
o I o
0
B 6: [AU{Cp*Fe(u3 1°:n°n'-P5)Mo(CO)3}IIF AL

Scheme 6. Formation of the complex [Au(r*:n*-B)][FAI] (6).

From a one-pot reaction of (tht)AuCl, a TI* source to precipitate CI- and the complex B
(see Scheme 6) some single crystals of [Au(n*:n*-B)][FAI] (6) suitable for X-ray diffraction
analysis could be obtained. The crystal structure of 6 is shown in Figure 6. The complex
cation of 6 can be regarded as isostructural to the previously described complexes of
Cu* and Ag* showing a central M* cation coordinated by two ligands B in an
n*:n*-coordination mode.™ The coordination environment of the central Au atom can
either be described as distorted octahedral with two axial P atoms and four C atoms of
CO ligands on Mo (Cl, C2, Cl14 and C15). The Au-C distances are rather
long (> 2.7649(1) A). Therefore, another suitable description of the coordination
environment would be a distorted square planar coordination of Au by two P atoms and
the two Mo atoms of the ligands B. The Mo-Au bond lengths measure 2.7832(1) and
2.7761(1) A, respectively. The Au atom is slightty moved out of the Mo.P, plane.
The angle between the two AuMoP planes of Au with each complex B show a fold angle
of 12.94(1)° to each other. Due to the unselective synthesisi*® compound 6 could only be
structurally characterized. Future efforts will include the development of a selective
synthesis of 6 including full characterization and a detailed comparison to its Cu* and

Ag* analogs.
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Figure 6. Complex cation of the crystal structure of 6. Ellipsoids are drawn at 50% probability.
H atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Aul-Mo1l 2.7832(1),
Aul-Mo2 2.7761(1), Aul-P1 2.5181(1), Aul-P6 2.5431(1), Aul-C1l 2.9459(1), Aul-C2
2.7649(1), Aul-Cl4 2.9102(1), Aul-C15 2.8082(1), Mol-P1 2.7374(1), Mo2-P6 2.7598(1)
Mo-Pree(av.) 2.64, MolAulMo2 166.57(1), P1AulP6 170.37(1), MolAulPi(plane)-
Mo2AulP6(plane) 12.94(1).

Reactivity of [{CpMo(CO)2}(1,n*: n?*-As.)] (C) towards Ag*

During the last decade, extensive research has been devoted to describing the
coordination chemistry of the P, complex [{CpMo(CO)2}(U4,n?*:n?*-P2)] towards monovalent
metal cations including Cu*, Ag*, Au*, TI* and In*. However, the reactivity of its heavier
analog [{CpMo(CO)2}(u,n*n?*-As2)] (C) towards these cations has not been
investigated yet. During this work it was possible to obtain the first Ag* complexes of C
with the help of the WCAs [TEF] and [FAI].

Reaction of [{CpMo(CO)2}(u,n% n*As,)] (C) with Ag[TEF]

When Ag[TEF] is allowed to react with complex C in CH2Cl; in a 1:1 molar ratio, a
clear dark red solution is formed (see Scheme 7). By layering this solution with alkanes a
dark red oil is obtained from which some small red crystals of 7 suitable for single crystal
X-ray diffraction analysis could be isolated. The crystals slowly decompose during the
measurement. Nevertheless, the cationic part of the crystal structure could be
determined and the obtained model is presented in Figure 7. However, it has to be

noted, that this is not a complete structure solution and the metric data should therefore
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not be considered as definitive values, but the connectivity of the heavy atoms can

clearly be derived from this model.

_ (ST _
p [Mo] [ ] [Mo] 3+
| L FARN
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[Mo] = [CpMo(CQO),] e
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7: [Aga(u,n":n?-C)3][TEF];  [Cl] = CHyCl,

Scheme 7. Formation of the trinuclear Ag* complex 7.
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Figure 7. lllustration of the trinuclear Ag* complex in the model of 7. The As: ligands C are only represented
by their central distorted tetrahedral Mo2As2 core. Agl and Ag3 each shows two Ag-Cl contacts to
CH:zCl2 solvent molecules which are only represented by the corresponding Cl atoms for clarity. Selected
bond lengths [A] and angles [°]: Agl-Ag2 2.9303(6), Ag2-Ag3 2.9312(6), Ag3-Agl 2.8828(6), Asl-As2
2.4157(6), As3-As4 2.4106(6), As5-As6 2.4474(6), Asl-Agl 2.5465(6), As4-Ag3 2.5155(6), As6-Agl
2.5526(6), Ag2-cent(Asl-As2) 2.3949(5), Ag2-cent(As3-As4) 2.3741(5), Ag3-cent(As5-As6) 2.3418(5),
Ag1-CI3 2.8967(9), Agl-Cl4 2.9286(10), Ag3-Cl1 3.2926(7), Ag3-CI2 3.6815(9), Ag3AglAg2 60.56(2),
AglAg2Ag3 58.92(2), Ag2Ag3Agl 60.53(2), distance to AglAg2Ag3(plane) [A]: As5 0.1297(8),
As6 0.2287(6), As1 0.7312(6), As4 0.7708(6), As2 1.8385(7), As3 1.8102(7).

Compound 7 crystallizes in the triclinic space group P-1 with three independent
Ag atoms, three As; ligands C, some CHCl, solvent molecules and three [TEF] anions
in the asymmetric unit. The central structural motif of 7 consists of an almost perfect
equilateral Ags triangle with Ag-Ag distances of 2.8828(6) A up to 2.9312(6) A stabilized
by three As; ligands C each showing a W,n%n*-coordination mode. All Ag atoms show
a different coordination environment. While Ag2 is T coordinated by two ligands C,
Ag3 shows o and mr coordination of C and Agl shows only two o bonds to the ligands C.
The Ag atoms Agl and Ag3 show two additional contacts to Cl atoms of

CH.Cl, solvent molecules. The As-As bond As5-As6 is situated almost inside the
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AglAg2Ag3 plane, while the other two As-As bonds are rotated out of this plane with
As2 lying above and As3 below the Ags plane (illustrated in Figure 7 b). All As-As bonds
are significantly elongated (>0.1 A) compared to the free ligand C (2.305(3) A)1® with
As5-As6 being the longest one.

Reaction of [{CpMo(CO)2}(4,n* n*-As2)] (C) with Ag[FAl]

When Ag[FAl] is reacted with complex C in CH2Cl; in a 1:2 molar ratio, a clear dark
red solution is formed (see Scheme 8). From this solution red crystals of 8 suitable for
single crystal X-ray diffraction analysis could be isolated in 46% yield. In contrast to
compound 7, the [FAI] anions in 8 show almost no disorder. However, the whole cationic
part of the crystal structure is disordered over at least three close positions rendering a
final structure refinement very challenging which could not be completed during this
work. The metric data should therefore not be considered as definitive values, but the
connectivity of the cationic part can clearly be derived from this model which is shown in

Figure 8 (major part).

B [Mo] [Mo] —/[Mo] -2+
, ) 1 \
As
[Mo] [Mo] WIO]/T; 4 Ag‘—,,e\s
AT=s + AglFA —2, A9 AQ:-.. [FATL
c L | ‘-‘ .‘.AS\
=y e
[Mo] = [CpMo(CO)3]
N N\
) [Mo]é[Mo] Mol |

8: [Aga(u.n":n?-C)a(n?-C)3IFAIL;

Scheme 8. Reaction of Ag[FAI] and C forming the dinuclear complex in 8.

Compound 8 crystallizes in the orthorhombic space group Pccn with one [FAI] anion,
one Ag cation two CHCl, solvent molecules and two ligands C in the asymmetric unit.
The central structural motif of 8 is a dicationic Agz complex with an interaction of the
Ag atoms (Agl-Ag1’ distance is uncertain because of disorder) stabilized by two bridging
n?n*-coordinating As; ligands C. Each Ag* cation is also n?-coordinated by one
additional ligand C. Figure 8 a) illustrates that the As-As bonds of the bridging ligands
are almost collinear to the Ag-Ag vector. In addition, the bridging ligands are both
situated above the Ag-Ag vector including an angle of 64.69(3)° towards each other.
The As-As bonds in 8 are elongated compared to free C (2.305(3) A) although they

are shorter than the As-As bonds in 7.
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Figure 8: lllustration of the disordered dication (only major part depicted) in the model of 8. The As2 ligands
C are only represented by their central distorted tetrahedral Mo2As2 core. The Agl-Ag1’ bond length cannot
be regarded as a definitive value and may not represent the truth, since the Ag cation is disordered over at
least three close positions. Selected bond lengths [A] and angles [°]: Agl-Ag1l’ 2.7341(8), As1-As2
2.3658(5), As5-As6 2.3924(8), Asl-Ag1’ 2.8462(9), Ag1l-cent(Asl-As2) 2.4419(8), Agl-cent(As5-As6)
2.3822(6), As1As1Ag1Ag1’(plane)-As1’'As2’Ag1Ag1’(plane) 64.69(3), dihedral angle cent(As5-As6)-
Ag1Ag1’-cent(As5-As6’) 44.33(8).

In conclusion, it can be noted that the As; ligand C presents a valuable precursor for
supramolecular coordination chemistry of monovalent cations which may be thoroughly
investigated in the future. The obtained results demonstrate a preferred T coordination
of C compared to its P, analog (see general introduction). In 7 and 8 the As; ligand C
successfully stabilizes Ag-Ag interactions. Future investigation may also include the

development of an improved synthesis of C to make it readily available.
11.2 Oxidation chemistry including WCAs

Reaction of [NO][TEF] with [Cp*Fe(n°-Ps)] (A)

Previous work of Geiger et al. reported that single-electron oxidation of the
cyclo-Ps complex A would lead to dimerization of the obtained cation by
P-P bond formation.!” In 2013, our group finally demonstrated the accuracy of this
prediction by isolating the dication [(Cp*Fe)2(u,n*:n*-P10)]** obtained from oxidation of A
with the organic radical of thianthrene [C12HsS2]* (see general introduction).® In 2010,
Krossing et al. reported on the reaction of P, and [NO]J[TEF] to initially form the cation
[P4aNO]" by insertion of [NO]* into a P-P bond of Pa. In this context, we became interested
in the investigation of the reaction of [NO][TEF] with A in order to answer the question
whether A will be oxidized or [NO]* will be inserted into a P-P bond.

When [NOJ][TEF] is reacted with A in CH2Cl. an immediate evolution of gas

(presumably NO) and the formation of a dark red solution can be observed. From this
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reaction the oxidation product [(Cp*Fe)2(,n*n*P1)][TEF]> (9) can be isolated in
excellent yield (87%) as dark red single crystals suitable for X-ray diffraction analysis.
The crystal structure of 9 is shown in Figure 9. The *H NMR spectrum of 9 from CD:Cl,
solution shows only one singlet for the Cp* ligands. The 3!P{*H} NMR spectrum shows
three multiplets at 6 = 198.0 ppm (4P), 125.5 ppm (4P) and —29.1 ppm (2P) which are in
good agreement with the previously reported signals for [(Cp*Fe)z(u,n*:n*-Pio)]** .8
The *F{*H} NMR spectrum shows one sharp singlet which is characteristic for the

anion [TEF].
CH,Cl, fer

Fe P
+[NOJ[TEF] ——— | _ _aPm -l +[NOJ?
/P P\ R C:)PIP\ P/-- pY™ P

P\p/P Fe

9: [(Cp*Fe)y(un*n*-P1o)I[TEF],

Scheme 9. Oxidation of the cyclo-Ps complex A by [NO][TEF].

Figure 9. Crystal structure of dicationic P10 complex in 9. Ellipsoids are drawn at
50% probability. H atoms are omitted for clarity. Selected bond lengths [A] and
angles []: P2-P2" 2.19092(3), P1-P2 2.12995(3), P2-P3 2.12540(3), P3-P4
2.12138(3), P4-P5  2.12800(3), P5-P1  2.12034(3), P1P2P3(plane)-
P1P5P4P3(plane) 30.36(1).

Compound 9 crystallizes in the triclinic space group P-1 with one half of the dication,
one anion [TEF] and one toluene solvent molecule in the asymmetric unit. The second
half of the dication is generated by inversion. Figure 9 clearly shows the dication

exhibiting a bicyclic P1o ligand coordinated to two [Cp*Fe] complex fragments. During this
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reaction, the P2 atom is slightly moved out of the plane of the initially planar
cyclo-Ps ligand of A forming an envelope conformation. The newly formed P-P bond is
found between P2 and P2’. The geometry of the dication can be compared well to the

previously described structure containing the smaller anion [SbF] .18l

Reaction of [Cp*Fe(n°-Ass)] (D) with [Ga(o-DFB),][TEF]

Previous investigations showed that reactions of the cyclo-Ass complex D with the
monovalent group 13 metal cations TI* and In* lead to the formation of the
one-dimensional coordination polymers [M(W,n%:N*-D)slo[TEFln (M =TI, In).l
The analogues one-dimensional polymers have also been described for the
cyclo-Ps complex [Cp*Fe(n°-Ps)] (A) and M = TI, In, Ga (see general introduction).
Several attempts to obtain an analogues product from reacting the cyclo-Ass complex D
with the Ga*® source [Ga(o-DFB);][TEF] failed. In these reactions, mostly a dark
precipitate is formed which could not be further characterized. From one attempt
however, dark brown single crystals of [(Cp*Fe)2(u,n°:n°-As7)] (10) suitable for X-ray
diffraction analysis could be obtained. The structure refinement of 10 is very challenging
due to severe disorder of the [TEF] anions as well as one of the complex cations and
could not be completed during this work. The metric data should therefore not be
considered as definitive values, but the model for the ordered complex cation which

allows for a general discussion is shown in Figure 10.

r +

N d/ \\ | =

A —_—
Fe g [TEF] 7 2 [TEF]
ps—pg  *ICalODFBRIITE) As_tA;As
As..,..AS-,,As - As, ? - As, ? Fe
° [Fe] = [Cp'Fe] ~ R
10: [(CpFe)y(u,n-ASy)ITEF]  # = As E: [(Cp*Fe)y(u.nn-Asg)ITEF]

Scheme 10: Reaction of Ga* and the cyclo-Ass complex D forming 10 as a possible intermediate in the
formation the cyclo-Ass triple-decker E.

Compound 10 crystallizes in the monoclinic space group P2i/c with two independent
complex cations, two [TEF] anions and two toluene solvent molecules in the asymmetric
unit. The central As; cage of one complex cations is disordered over at least three close
positions while the other cation shows only rotational disorder of one Cp* ligand.
The determined model of the latter is shown in Figure 10.

The bonding situation of the monocation in 10 can be described in two general ways.
It may be described as a [As7]” anion stabilized by two [Cp*Fe]* complex fragments.

The observed cluster can also be elucidated by describing the central [Fe;As7] core by
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Wade’s rules.?%21221 According to these, the [Fe,As;] core has 22 (2n + 4) skeletal
electrons (7 x 5e7(As) + 2 x 8e(Fe) + 2 x 5e7(Cp*) — 1le (pos. charge) — 7 x 2e (As)
— 2 x 12e~(Fe) = 22¢"). This results in a nido-type cluster which corresponds to a mono-
capped square antiprism arrangement for the 9 cluster atoms. This structural motif is
well-known for Zintl ions like [Eg]*~ of group 14 elements.®?® This arrangement is exactly
reflected in the structure of the monocation in 10 shown in Figure 10 a). The basal
square consists of four As atoms and the upper half of the cluster shows
a Fe»As, square with alternating atoms. Finally, As6 is capping the square antiprism
on top.

Asb

As7

As4d

As3

; J
As2 As1

Figure 10. Representation of one of the complex cations in the final model of 10. Ellipsoids are drawn at
50% probability. H atoms are omitted and C atoms are represented by small spheres for clarity (disordered
Cp* ligand is represented only by the major part). Selected bond lengths [A] and angles [°]: Asl-As2
2.544(2), As2-As3 2.421(2), As3-As4 2.537(2), As4-Asl 2.4294(19), Asl-As7 2.582(2), As2-As7 2.589(2),
As3-As5 2.591(2), As4-As5 2.596(2), As5-As6 2.384(2), As6-As7 2.381(2), As4AslAs2 89.97(6),
As1As2As3 89.87(7), As2As3As4 90.32(6), As3As4Asl 89.83(7), FelAs7Fe2 90.56(7), FelAs5Fe2
90.96(7), As5Fe2As7 89.02(7), As7FelAs5 89.06(7), As5As6AST 97.25(7).

In conclusion, our assumption is that 10 is formed by initial oxidation of
[Cp*Fe(n°-Ass)] (D). Since Ga* is not very stable and the starting material may have
aged during storage it cannot be excluded that the observed reactivity may have been a
result from decomposition products of the starting material [Ga(o-DFB);][TEF].
From reactions of [Cp*Fe(n®-Ass)] (D) and the strong oxidant [Thia][TEF] only the
formation of the cationic triple-decker complex [(Cp*Fe)2(u,n%:n%Ass)] (E) could be
detected so far. The ESI mass spectrum of 10 shows next to the molecular ion peak (M)
also peaks assignable to (M—As) and (M—2As = E). Therefore, compound 10 may be an
intermediate in the formation of E (see Scheme 10). Future efforts will include the
development of a selective synthesis of 10 and other As rich complexes by oxidation
of As, ligand complexes. In this context, the preparation of a variety of oxidants featuring
the WCA [TEF] will be a valuable synthetic target.
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11.3 Synthesis of new En ligand complexes

The reactivity E, ligand complexes is often dramatically influenced by introduction of
substituents on the adjacent Cp ligands. This can often be explained by an increased
solubility, better steric protection or sometimes by subtle electronic differences of the
substituted Cp ligands. Therefore, the synthesis of new E, ligand complexes and the
investigation of their reactivity is an interesting topic. During this work several thermolytic
reactions of suitable CpR substituted metal carbonyl complexes with
white phosphorus (Ps) or yellow arsenic (Ass) have been investigated. Some of the
obtained results are presented here.

Thermolysis of [Cp’Mo(CO)], with P4

The reaction of the mono tert-butyl substituted dinuclear complex [{Cp’Mo(CO)}.] with
P, at elevated temperatures (see Scheme 11) affords the complexes 11, 12 and 13
with 3, 2 and 6 P atoms, respectively. These P, ligand complexes are well-known
for Cp or Cp*. While the cyclo-P; complex 11 can be obtained in pure form, the
complexes 12 and 13 were obtained as a mixture. The 3P{*H} NMR spectra of 11-13
reveal that for each complex all P atoms are chemically equivalent showing only one
sharp singlet at & = —-345.9 ppm (11), —48.5 ppm (12) and —349.2 (13). For all complexes
single crystals could be obtained which are suitable for X-ray diffraction analysis.
The results are presented in Figure 11. However, analysis of the data for 12 showed
signs indicative of modulation and the whole structure is disordered by reorientation of
the complex. Therefore, only a model is presented for 12 and we refrain from reporting
any metric data for 12.

=<
F\’ xylene Ab/co b w p2o P

7
[{Cp'Mo(CO)z}a] + /p\ > Me—co It} —CO P Q P
PQP / \ v oc e . /Mo\ * \P_P(
7 oc” \ X[ oo o
P e P
Cp' = C4H,Bu P - :

11: [CPMo(CO)(n*P3)]  12: {CPMo(CO)hy(u.1*:n*Po)l  13: [(CpMO);(,n®:n-Pe)]

Scheme 11. Thermolytic reaction of [{Cp’Mo(CO)2}2] with Pa.

Compound 11 crystallizes in the monoclinic space group P2:/n with one molecule
of 11 in the asymmetric unit. The complex exhibits an almost equilateral cyclo-Ps ligand.
The geometry can very well be compared to the known analog containing an
unsubstituted Cp ligand.?” Compound 12 crystallizes in the triclinic space group P-1

with two independent molecules of the tetrahedrane complex 12 in the asymmetric unit.
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Due to severe problems during the structure refinement, no metric data will be
discussed. Compound 13 crystallizes in the monoclinic space group P2:/c with two
independent halves of the cyclo-Ps complex in the asymmetric unit. The complexes are
completed by inversion. Therefore the triple-decker complexes show three planar ligands
which are oriented perfectly parallel to each other. Additionally the tert-butyl groups on
both Cp ligands are pointing to opposite sides of the Mo-Mo axis. The geometry can very
well be compared to the cyclo-Ps complex with unsubstituted Cp ligands.

Figure 11. a) Crystal structure of 11. b) Model of 12. C atoms are drawn as small spheres for clarity.
c) Crystal structure of 13. Only one complex shown here. All ellipsoids are drawn at 50% probability.
All H atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: 11: P1-P2 2.1382(7), P2-P3
2.1600(7), P3-P1 2.1450(7), Mol1-P1 2.5725(5), Mo1-P2 2.5328(6), Mo1-P3 2.5193(5), P3P1P2 60.57(2),
P1P2P3 59.87(2), P2P3P1 59.56(2); 12: no metric data will be provided; 13: P1-P2 2.1836(17), P2-P3
2.1692(17), P3-P1" 2.1744(17), Mo1-Mo1’ 2.6756(4), P3I'P1P2 119.76(7), P1P2P3 120.35(7),
P2P3P1’ 119.87(7).

Thermolysis of [{Cp”’Mo(CO)2ss}2] with Asa

The reaction of the 1,3-di-tert-butyl substituted dinuclear complexes [{Cp”Mo(CO)2s}-]
with As, at elevated temperatures (see Scheme 12) proceeds as expected and the
formation of the yellow cyclo-As; complex [Cp”Mo(CO).(n3-Ass)] (14) can be observed.
During the chromatographic workup the starting material [{Cp”Mo(CO)s}.] (15) with a
Mo-Mo single bond could be isolated in pure form affording single crystals suitable for
X-ray diffraction analysis. In addition the side product [Cp”sMo3(CO)(u-O)Ass] (16) could
be structurally characterized. This cluster molecule still contains a terminal CO ligand
and an additional bridging oxygen atom. The origin of the bridging oxygen atom in 16
remains unclear. Possible explanations would be atmospheric O; or residual H>O from
the silica. The determined crystal structures of 14 and 15 are shown in Figure 12 and the

crystal structure of 16 is shown in Figure 13.
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[Mo] = [Cp"Mo] 14: [Cp"Mo(CO)s(r73-As;)] 16: side product

Scheme 12. Thermolytic reaction of [{Cp”Mo(CO)z}213] with Asa.

Compound 14 crystallizes in the triclinic space group P-1 with one molecule in the
asymmetric unit. The geometry of the complex can be compared well to its Cp* analog!?®!
and exhibits a cyclo-Ass ligand with rather uniform As-As bond lengths. The tert-butyl
groups are symmetrically oriented to each side of the complex. Compound 15
crystallizes in the orthorhombic space group Pnnm with one quarter of the molecule in
asymmetric unit. In the literature there are numerous examples for analogues complexes
[{CpRMo(CO)s},], but to the best of our knowledge, the crystal structure of 15 has not
been reported so far. However, there is a report for the analogues complex with
1,2-tert-butyl substituted Cp ligands.?”’ The Cp” ligands of 15 are oriented in a trans

arrangement comparable to the Cp* analog.?®!

As2 _JAs3

Ast
Figure 12. a) Crystal structure of the cyclo-Ass complex 14. b) Crystal structure of the starting
material [{Cp”Mo(COQ)s}2] (15). Ellipsoids are drawn at 50% probability. H atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: 14: Asl1-As2 2.3657(5), As2-As3
2.3901(7), As3-Asl 2.3693(6), Mol1-Asl 2.7086(5), Mol-As2 2.6489(5), Mol-As3 2.6356(3),
As3As1As2 60.63(2), As1As2As3 59.76(2), As2As3As1 59.61(2); 15: Mo1-Mo1* 3.28686(3).

The side-product 16 crystallizes in the triclinic space group P-—1 with one molecule
and two toluene solvent molecules in the asymmetric unit. The cluster 16 shown in
Figure 13 consists of three [Cp”Mo] complex fragments forming a triangle with two long
(~3.0 A) distances and one short Mo-Mo bond (Mo2-Mo3 2.5915(6) A). Mol shows one
additional terminal CO ligand. The Mo triangle is capped on one side by Asl and on the
other side by the As2-As3 dumbbell. The Mo2-Mo3 bond is bridged by an oxygen atom.
In Figure 13 b) the cluster 16 is rotated that O1 is pointing to the front.
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This view illustrates that the central MosAss core may also be described as a distorted

trigonal prism.

Figure 13. Crystal structure of the side product 16. a) Representation of the cluster including all Cp” ligands.
C atoms of the Cp” ligands are drawn as small spheres and H atoms are omitted for clarity. b) View of 16
with all Cp” ligands omitted for clarity. O1 is shown in front. c) Viewing direction perpendicular to the
Mo1Mo2Mo3 plane. All ellipsoids are drawn at 50% probability. Selected bond lengths [A] and angles [°]:
Mo1-Mo2 3.0660(8), Mol-Mo3 3.0365(8), Mo2-Mo3 2.5915(6), Mo1-Asl 2.4775(8), Mo2-Asl 2.5251(9),
Mo3-Asl 2.5330(8), Mo1-As2 2.6353(9), Mol-As3 2.5845(10), Mo2-As3 2.5352(8), M03-As2 2.5594(8),
Mo2-01 1.903(4), M03-0O1 1.915(4), As2-As3 2.3422(10).

Thermolysis of [{Cp*Mo(CO),}.] with Asa

The reaction of the dinuclear complexes [{Cp*Mo(CO),;},] with As, at elevated
temperatures (see Scheme 13) affords several products among which the triple-decker
complexes  [(Cp*Mo)2(W,n°n%>-Ass)] (17) and  [(Cp*Mo)2(u,n®:n%-Ase)] (18)  could
be detected. While 18 is known in the literature,?® for 17 only the Cp analogues
cyclo-Ass complex has been described before.B®? Unfortunately, the complex 17 could
not be structurally characterized. In addition the heterocubane cluster
[(Cp*Mo0)3(Ms-As)(Us-Asa)] (19) obtained from the same reaction could be structurally

characterized. The structure of 19 is shown in Figure 14.

,@ _@ [Mol——As
?S DIB UL as Moo As/ ![Mo]/
S— S ‘\.“‘
{Cp™Mo(CO)};] + /A‘Lk - AS/ VR g s . As—|—1[Mo]
AS As ..""Asf ‘AS—AS( /

As As

Mo Mo
: i : z [Mo] = Cp*Mo

17: [(Cp*Mo)(u,n°:n-Ass)] 18 [(Cp*Mo)a(w.ninB-Asg)]  19: [(Cp*Mo)s(uz-As)(ua-Ass)]

Scheme 13. Thermolytic reaction of [{Cp*Mo(CO)z}2] with Asa.

Compound 19 crystallizes in the triclinic space group P—1 with one cluster molecule in
the asymmetric unit. The Cp* ligand on Mo2 shows a rotational disorder over two
positions (67:33). Only the major part is depicted. The analogues Ni/As heterocubane

[(Cp*Ni)s(us-As)(Us-Ass)] has been described before,Y but to the best of our knowledge



11. Thesis Treasury |245

it is unknown for Mo so far. The most striking differences between 19 and its Ni analog
are the short Mo-Mo distances (~2.88 A) compared to the Ni-Ni distances (>3.55 A).
This fact can easily be explained by the electronic structure of the complex. Ni (10e")
reaches 18 valence electrons (VE) already by coordination of Cp* (5e”) and the
formation of three covalent Ni-As bonds (3e”). Therefore, no Ni-Ni interaction is
observed. For Mo (6e7) coordination of Cp* (5e7) and the formation of three Mo-As bonds
(3e7) yields a metal center with 14 valence electrons. For a stable 18 VE configuration of
Mo the formation of two Mo-Mo double bonds for each Mo atom is necessary. This is in
accordance with the observed Mo-Mo bond lengths of 2.8702(3) A up to 2.8841(3) A in
19. The Mo-Mo single bond of [{CpMo(CO)s};] measures 3.235(1) A2 while the triple
bond of [{CpMo(CO).},] measures 2.448(1) A for comparison.®® Future investigations
will also include the description of the bonding situation found in 19 with the help

of DFT calculations.

b)
As2
. P, Mo3
As1 : ."0
0‘ 4
Mot g
JAs5
As3 Mo2
c)
Mo3
As2 As4
VAR )
a4 *
o
4 L 3
/ - = m
Mo1 Mo2
J
As3

Figure 14. Crystal structure of the heterocubane 19. a) lllustration of 19 with all Cp* ligands.
b) Side view. Cp* ligands are omitted for clarity. c) Viewing direction perpendicular to the Mol1Mo2Mo3
plane. Asl is in front, As5 lies behind Asl. Ellipsoids are drawn at 50% probability. H atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: Mol1l-Mo2 2.8702(3), Mo2-Mo3 2.8830(4), Mo3-Mol
2.8841(3), Mol-As5 2.4659(5), Mo2-As5 2.4707(6), Mo3-As5 2.4657(5), Mol-As2 2.5007(5), Mol-As3
2.5012(5), Mo2-As3 2.5036(5), Mo2-As4 2.5008(5), Mo3-As2 2.5021(5), Mo3-As4 2.5003(5), Asl-As2
2.4394(6), Asl-As3 2.4353(6), Asl-As4 2.4362(6), Mo3MolMo2 60.13(1), MolMo2Mo3 60.17(1),
Mo2Mo3Mol 59.69(1), As2As1As3 104.80(2), As3As1As4 104.75(2), As4As1As2 105.24(2), MolAs5Mo2
71.10(2), Mo2As5Mo3 71.47(2), Mo1As5Mo3 71.58(2).

11.4 Experimental Part

Synthesis and characterization of 1: 1g Li[FAI] (0.66 mmol) and > 600 mg CuClI (> 6 mmol) were
weighed into a Schlenk vessel equipped with a Young valve and a small stirring bar. Onto these
solids ~10 mL of SOz were condensed at —196 °C. The vessel was closed under vacuum and the
reaction was slowly warmed to room temperature under constant stirring. The colorless turbid
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mixture was stirred at room temperature for 2 days. The fine solid was precipitated by
centrifugation and the supernatant solution was filtrated and cooled to —30 °C. Upon one day we
observed 2 sorts of colorless crystals, large blocks and fine rods. Both of these contain the same
compound [AHOCeF10(CesFs)}s] (1). This super Lewis acid was previously described in the
literature by Krossing et al. (determined unit cell of the fine rods) and we were able to structurally
characterize a new modification (large blocks).

Synthesis of TI[FAI] (2): 1.5 g Li[FAI] (1.08 mmol) and 223 mg TIF (1 mmol) were placed in a
Schlenk vessel equipped with a Young valve and 50 mL of CH2Cl> were added. The vessel was
closed under reduced pressure. The reaction was sonicated for one day. Subsequently the fine
white precipitate was removed by centrifugation. The filtered supernatant solution was layered
with the fivefold amount of n-hexane and stored at +4 °C. After some days TI[FAI] forms as
colorless blocks on the sides of the vessel. The mother liquor is decanted off and the crystals are
dried in vacuum. Yield 157 mg (9.9%). °F{*H} NMR (CD2Cl2)see below. Anal. calcd. for TI[FAIl:
C, 27.27; H, 0.00. Found: C, 27.24; H, 0.32; or C, 27.27; H, 0.22. IR (KBr) #/cm~ = 3683 (w),
2964 (vw), 2920 (vw), 2851 (vw), 1654 (m), 1537 (s), 1482 (vs), 1322 (m), 1247 (vs), 1207 (vs),
1174 (m), 1137 (m), 1106 (s), 1034 (m), 1018 (vs), 996 (m), 952 (vs), 907 (m), 806 (w), 742 (w),
730 (m), 679 (w), 636 (M), 625 (w), 601 (vw), 531 (w).

-110 -120 -130 -140 -150 -1

Figure 15. ®F{*H} NMR spectrum of TI[FAI] (2) in CD2Cl> at room temperature (number of scans 256!).
Signal pattern is indicative of the coordinating conformation of the [FAI] anion. For details see reference [2].

Synthesis of [Cu(MeCN)ss][FAIl (3): 490 mg Li[FAI] (0.35 mmol) and 223 mg [Cu(MeCN)4][BF4]
(0.32 mmol) were placed in a Schlenk vessel equipped with a Young valve and 5 mL of CH2Cl2
were added. The vessel was closed under reduced pressure. The reaction was sonicated for
one day. This affords a white to grey slurry of very fine powder in a colorless solution.
Subsequently the fine white to grey precipitate was removed by centrifugation from the warm
CH:Cl: solution. The clear supernatant solution was filtered, layered with n-hexane and stored in
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a fridge to afford 150 mg of clear colorless crystals. There were a lot of crystals among the grey
precipitate which already formed during cooling the CH2Cl2 solution inside the centrifuge.
Therefore, 15 mL CH2Cl2 were added to the precipitate and the slurry was stirred for 20 min.
Subsequently, the precipitate was filtered off and the clear solution was layered with n-hexane to
afford additional 229 mg of crystalline 3 within one day. The crystals are freed from the mother
liguor, washed with n-hexane and dried in vacuum. Yield 379 mg (75%). 'H NMR (CD2Cl)
o/ppm = 2.20 (s, CHa); 3C{*H} NMR (CD2Clz) d/ppm = 2.79 (s, CHz); °F{*H} NMR (CD2Cl2)
o/ppm = -112.6 (d, Jrr= 280 Hz, 2F), —-117.1 (d, Jrr = 279 Hz, 2F), -121.5 (d, Jrr = 277 Hz, 2F),
-127.7 (s, 2F), -130.4 (d, Jrr = 275Hz, 2F), -136.8 (d, Jrr = 276 Hz, 2F), -140.7
(d, Jrr = 277 Hz, 1F), —-154.2 (t, Jrr = 22 Hz, 1F), —-164.6 (t, JrF = 18 Hz, 1F), —172.1 ppm
(s, AlF). Anal. calcd. for [Cu(MeCN)ss][FAI]: C, 32.51; H, 0.67; N, 3.09. Found: C, 32.26; H, 0.85;
N, 3.05. ESI-MS (CH2Cl2) cations: m/q (%) = 144.8 (100) [Cu(MeCN)z]*, 185.8 (4) [Cu(MeCN)s]*,
226.7 (<1) [Cu(MeCN)s]*; anions: 1381.1 (100) [FAI]". IR (KBr) #/cm= = 3216 (vw), 3227 (vw),
3200 (vw), 3021 (vw), 2965 (vw), 2953 (w), 2410 (vw), 2361 (vw), 2323 (w), 2291 (vw), 2274 (vw),
1654 (m), 1536 (s), 1486 (vs), 1407 (w), 1376 (w), 1325 (m), 1310 (m), 1276 (m), 1246 (vs),
1205 (vs), 1187 (vs), 1156 (s), 1136 (m), 1107 (s), 1085 (w), 1034 (m), 1019 (vs), 1005 (s),
955 (vs), 911 (m), 850 (w), 811 (w), 780 (vw), 769 (s), 751 (m), 730 (s), 712 (vw), 667 (w),
647 (w), 636 (m), 624 (m), 600 (w), 586 (vw), 535 (m), 527 (M), 496 (m), 467 (m).

Synthesis of [Cua(u,n*:n*-A)2(MeCN)4][FAI]2 (4): 100 mg [Cu(MeCN)ss][FAI] (3) (0.063 mmol) and
25 mg [Cp*Fe(n®>Ps)] (A) (0.072 mmol) were weighed together into a Schlenk vessel. To this
25 mL of CH2Cl2 were added under constant stirring affording a light brown clear solution. After
24 h stirring, the solution was filtered and layered with the fivefold amount of n-hexane and
subsequently stored at +4 °C. After several days, compound 4 can be isolated as clear light green
crystals which form at the mixing zone of the solvents. The supernatant solution is removed, the
crystals are washed with n-hexane and dried in vacuum. Even when a larger excess of the
complex A is used, only the product 4 with a 1:1 ratio of A and Cu* could be isolated.
Yield 89 mg (75%). 'H NMR (CD2Cl2) &/ppm = 2.10 (s, MeCN), 1.40 (s, Cp*); °F{H} NMR
(CD2Cl) olppm = -112.6 (d, Jrr = 280 Hz, 2F), -117.1 (d, Jrr = 279 Hz, 2F), -121.5
(d, Jrr = 277 Hz, 2F), -127.7 (s, 2F), —130.4 (d, Jrr = 275 Hz, 2F), —136.8 (d, JrF = 276 Hz, 2F),
—140.7 (d, Jrr= 277 Hz, 1F), -154.2 (t, JrF = 22 Hz, 1F), -164.6 (t, JrF= 18 Hz, 1F), —172.0 ppm
(s, AIF); SP{*H} NMR (CD2Cl2) &/ppm = 138.9 (s, P5, wY2 = 21Hz). Anal. calcd. for
[Cuz(Cp*FeP5)2(MeCN)4][FAl]2: C, 32.06; H, 1.13; N, 1.50. Found: C, 31.90; H, 1.21; N, 1.37.
ESI-MS (CH2Cl2) cations: m/q (%) = 144.8 (93) [Cu(MeCN)2]*, 408.7 (100) [Cu(Cp*FePs)],
449.8 (95) [Cu(Cp*FePs)(MeCN)]*, 754.9 (50) [Cu(Cp*FePs)]*; anions: 1381.1 (100) [FAIl".
IR (KBr) v/cm=t = 2977 (vw), 2949 (w), 2921 (w), 2851 (vw), 1653 (m), 1534 (s), 1430 (vw),
1407 (vw), 1380 (w), 1324 (m), 1309 (m), 1268 (m), 1244 (s), 1204 (vs), 1187 (s), 1157 (s),
1135 (m), 1105 (s), 1033 (m), 1019 (vs), 1007 (m), 1001 (m), 956 (vs), 910 (m), 850 (w), 812 (w),
769 (m), 751 (m), 729 (s), 667 (w), 647 (w), 635 (W), 625 (w), 600 (W), 536 (W), 527 (w), 497 (vw),
468 (w).

Synthesis of [Cp*Fe(u,n%n*-Ps)Mo(CO)s] (5): Synthesis was modified according to the literature
procedure preparation of B.[1 606 mg [Mo(CO)3(MeCN)s] (2 mmol) and [Cp*Fe(n®-Ps)] (A)
(2 mmol) were filled into a round bottom flask and 10 mL of CH2Cl> were added under constant
stirring. The reaction immediately turned dark red. After 1 h, ~5 g of silica were added, the solvent
was removed until a freely flowing powder was obtained. This was placed on top of a
chromatographic column (20 x 2 cm, packed with n-hexane). Elution with n-hexane affords a first
light green fraction of [Cp*Fe(u,n%n*-Ps)Mo(CO)s] (5). The second olive green fraction contains
[Cp*Fe(u,n°:n5-Ps)Mo(CO)s] (B). The yields of this reaction were very low and the products could
only be characterized by X-ray crystallography. It is assumed, that the starting material
[Mo(CO)s(MeCN)z] was not pure during this reaction.
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Synthesis of [Au(n*:n?-B)2][FAIl (6): During this reaction it was assumed, that the salt
[TI(CH2CL)y][Li(FAl)2] would actually be pure TI[FAI]. Therefore, the used amounts are not
stoichiometric. Additionally, the starting material B was not clean and it was used as a mixture
with other complexes. Compound 6 was only characterized by single crystal X-ray diffraction so
far. 80 mg [TI(CH2ClL2)y][Li(FAl)2] (x = 2.5, 0.025 mmol), 16 mg (tht)AuCl (0.05 mmol) and 58 mg
[Cp*Fe(u,n%:n>-Ps)Mo(CO)z] (B) (0.1 mmol) were placed into a Schlenk vessel. Under constant
stirring 10 mL of CH2Cl. were added affording a dark red solution (color maybe due to impurities
in B). After 1 h of stirring, the solution was filtered and layered with n-hexane. After some time
small crystals of compound 6 could be observed on the glass walls.

Reaction of [{CpMo(CO)},n%:n?*As2)] (C) with AQ[TEF] (7): 58 mg of the Asz complex
[{CpMo(CO)z2}2(u,n?:n?-As2)] (C) (0.10 mmol) and 116 mg AgQ[TEF] (0.10 mmol) were dissolved
separately in 4 mL of CH2Cl2 each. The Ag* solution was slowly added to the red solution of C
under constant stirring. The dark red solution was degassed five times and the reaction stirred for
18 h. After this time, the solution was filtered, layered with the fivefold amount of n-hexane and
subsequently stored at +4 °C. After several days a dark red oil is formed at the bottom of the
flask. From this oil the formation of red rod shaped crystals of the trinuclear complex 7 can be
observed after some weeks. The crystals are suitable for single crystal X-ray diffraction analysis,
but they decompose on the diffractometer after some time. Several attempts to collect a complete
and well-suited dataset for the structure refinement failed. However, from the obtained data it was
possible to determine a model of the heavy atoms, but the refinement of three independent
[TEF] anions could not be finished during this work.

Reaction of [{CpMo(CO)2}(u,n%:n?-As2)] (C) with Ag[FAI (8): 58 mg of the As> complex
[{CpMo(CO)2}2(u,n%:n?-As2)] (C) (0.10 mmol) and 79 mg Ag[FAI] (0.05 mmol) were dissolved
separately in 5 mL of CH2Cl2 each. The Ag* solution was slowly added to the red solution of C
under constant stirring. The dark red solution was stirred for 2 h. After this time, the solution was
filtered, layered with the fivefold amount of toluene and subsequently stored at +4 °C. After
several days red crystals of [Agz(u,n':n?-C)2(n?-C)2][FAl]2 (8) were obtained. The crystals are
washed with toluene and dried in vacuum. The crystals are suitable for single crystal X-ray
diffraction analysis. However, the structure refinement of 8 is very challenging. In this compound,
the [FAI] anions show almost no disorder, but the complex cations are completely disordered,
most probably caused by slightly different orientation of the ligands C with similar energies.
Therefore, a final structure refinement could not be finished during this work. However, the
obtained model clearly shows the two different coordination modes of the As: ligand C as well as
the general structural motif. Yield 48 mg (46%). *H NMR (CD2Cl2) d/ppm = 5.31 (s, Cp);
B3C{'H} NMR (CD2Cl2) o/ppm = 222.40 (s, CO), 86.46 (s, Cp); °F{IH} NMR (CD2Cl)
&lppm =-112.6 (d, Jrr= 280 Hz, 2F), -117.1 (d, Jrr = 279 Hz, 2F), —121.5 (d, Jrr = 277 Hz, 2F),
-127.7 (s, 2F), -130.4 (d, Jrr = 275 Hz, 2F), —136.8 (d, Jrr = 276 Hz, 2F), —140.7 (d, JrF =
277 Hz, 1F), —=154.2 (t, Jrr = 22 Hz, 1F), —164.6 (t, J;FF = 18 Hz, 1F), —172.0 ppm (s, AlF).
Anal. calcd. for [Ag2(C)4][FAI]2:(CH2Cl2)-(C7Hs)os: C, 29.63; H, 0.96. Found: C, 29.55; H, 1.07.
ESI-MS (CH:Clz)cations: m/q (%) = 1276.5(100) [Ag(C)2]*; anions: 1381.2 (100) [FAI]".
IR (KBr) #/cm=t = 3125 (w), 2958 (vw), 2918 (w), 2851 (vw), 2020 (m), 1981 (vs), 1929 (vs),
1652 (m), 1532 (s), 1485 (vs), 1423 (w), 1391 (vw), 1322 (m), 1307 (m), 1267 (m), 1244 (m),
1204 (vs), 1187 (s), 1154 (s), 1134 (m), 1104 (s), 1034 (m), 1019 (vs), 1005 (s), 955 (vs),
910 (m), 837 (m), 829 (m), 768 (m), 750 (w), 729 (m), 634 (w), 525 (m), 489 (w), 457 (w).

Synthesis of [(Cp*Fe)a(u,n*:n*-P1o)][TEF]>_ (9): 200 mg [NOJ[TEF] (0.2 mmol) and 69 mg
[Cp*Fe(n°-Ps)] (A) (0.2 mmol) are combined as solids. Onto this 10 mL of CH2Cl. are added under
constant stirring immediately forming a dark red solution. At the beginning some gas evolution
(presumably NO) can be observed. The reaction mixture is degassed and stirred for 30 min at
room temperature. Subsequently, the solution is filtered, carefully layered with the threefold
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amount of toluene and stored at +4 °C. After several days, the formation of dark red single
crystals suitable for X-ray diffraction analysis can be observed. The crystals are washed with
toluene and dried in vacuum. Yield 227 mg (87%). 'H NMR (CD2Cl2) &/ppm = 1.59 (s, Cp*);
9F{1H} NMR (CD2Cl2) &6/ppm = =79.0 (s, [TEF]); 3P{*H} NMR (CD2Cl2) &/ppm = 198.0 (m, 4P),
125.5 (m, 4P), —29.1 (m, 2P), see below. Anal. calcd. for [(Cp*Fe)2P10][TEF]2:(C7Hs): C, 26.07;
H, 1.41. Found: C, 26.05; H, 1.55. IR (KBr) #/cm=t = 2989 (vw), 2925 (vw), 1624 (vw), 1479 (w),
1429 (w), 1383 (w), 1354 (m), 1303 (vs), 1277 (vs), 1244 (vs), 1218 (vs), 1167 (m), 1019 (w),
973 (vs), 832 (w), 727 (vs), 561 (w), 537 (w), 445 (m).
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Figure 16. 3'P{*H} NMR spectrum of 9.

Synthesis of [(Cp*Fe)(u.n*n>As?)|[TEF] (10): 21 mg [Ga(o-DFB)2][TEF] (0.017 mmol) were
dissolved in 3 mL of toluene and 2 mL of o-DFB. In another flask 28 mg [Cp*Fe(n°-Ass)] (D)
(0.05 mmol) were dissolved in 2 mL of toluene. The Ga* solution was slowly added to the solution
of D under constant stirring. The initially dark green solution turns dark brown and some black
precipitate is formed. After a short time, the solution is filtered, layered with toluene and
subsequently stored at —30 °C. After a few days dark brown crystals suitable for single crystal
X-ray diffraction analysis were formed from this reaction. We assume that 10 is formed by initial
oxidation of [Cp*Fe(n°-Ass)] (D). Since Ga* is not very stable and the starting material may have
aged during storage we cannot completely exclude that the observed reactivity results from
decomposition products of the starting material [Ga(o-DFB)2][TEF]. From reactions of
[Cp*Fe(n®-Ass)] (D) and the strong oxidant [Thia][TEF] only the formation of the cationic triple-
decker complex [(Cp*Fe)2(u,n%:n%-Ass)] (E) could be detected. The ESI mass spectrum of 10 also
shows a large peak assignable to E. Therefore, compound 10 may be an intermediate in the
formation of E. Yield 10 mg (32%). Anal. calcd. for [(Cp*Fe)2As7][TEF]: C, 23.08; H, 1.61.
Found: C, 23.04; H, 1.77. ESI-MS (CH:Cl2) cations: m/q (%) = 906.6 (26) [M]*, 831.7 (8) [M-As]*,
756.7 (100) [M—2As]*; anions: 967.0 (100) [TEF]". IR (KBr) #/cm™t = 2981 (vw), 2919 (w),
2869 (vw), 1480 (w), 1427 (w), 1380 (w), 1352 (m), 1301 (vs), 1277 (vs), 1241 (vs), 1220 (vs),
1169 (m), 1024 (w), 974 (vs), 832 (w), 728 (vs), 561 (w), 537 (w), 445 (m).
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Thermolysis of [{Cp’Mo(CO)2}2] and P4 (11, 12, 13): 1 g [{Cp’Mo(CO)2}2] (1.82 mmol) and 1 g P4
(8.07 mmol) were weighed together in a round bottom flask and 150 mL of xylene were added to
this mixture. The reaction mixture was refluxed for 20 h under constant stirring. After cooling to
room temperature, the solvent and excess P4 were removed under reduced pressure to yield a
brown residue. The crude product was dissolved in 20 mL of CH2Cl> and mixed with ~10 g of
silica and subsequently dried in vacuum until a brown freely flowing powder was obtained. This
was placed on top of a chromatographic column (20 x 2 cm, packed with n-hexane). Elution with
n-hexane affords a first light yellow fraction of [Cp’Mo(CO)2(n3-P3)] (11). Yield: (340 mg, 25%).
The second fraction shows an orange to red color and contains [{Cp’Mo(CO)2}2(l,n%:n?-P2)] (12)
as well as [(Cp’Mo)2(,n%:n%-Ps)] (13). Yield (combined): ~500 mg. The complexes 12 and 13
could not be separated. 11: Yield 340 mg (25%). *H NMR (CD2Cl2) &/ppm = 4.42 (m, CpH),
4.32 (br, CpH), 0.90 (s, 'Bu); 3C{*H} NMR (CD2Cl2) &/ppm = 223.81 (q, 2Jcp = 2.3 Hz, CO),
122.06 (s, C-'Bu), 84.00 (q, 2Jcp = 1.7 Hz, C-H), 83.52 (br, C-H), 31.41 (s, Me), 31.16 (s, C(Me)z3);
S1P{IH} NMR (CD2Cl2) &6/ppm = —-345.9 (s, Ps). Anal. calcd. for [Cp’Mo(CO)2P3]: C, 36.09; H, 3.58.
Found: C, 36.32; H, 3.56. EI-MS (CH:Cl2) m/q (%) = 367.9 (33) [M]*, 340.0 (34) [M—-CQOJ*,
310.0 (100) [M—2CO)]*. IR (KBr)  #i/cm~1 = 2959 (w), 2923 (vw), 2857 (vw), 1987 (vs), 1933 (vs),
1649 (w), 1458 (w), 1267 (w), 824 (m), 562 (m), 516 (m), 451 (m). 12: 31P{1H} NMR (CD2Cl)
O/ppm = -48.5 (s, P2). 13: 31P{*H} NMR (CD2Cl>) d/ppm = —-349.2 (s, Ps).

Thermolysis of [{Cp”Mo(CO)2}o] and Ass (14, 15, 16): 1 g [{Cp’Mo(CO)2}2] (1.51 mmol) were
placed in a round bottom flask. To this a hot solution (250 mL) of freshly prepared Ass in
diisopropylbenzene (DIB) was added. The reaction mixture was gently refluxed for 20 h under
constant stirring. After cooling the reaction to room temperature the DIB was removed under
reduced pressure. The crude product was dissolved in 20 mL of CH2Cl2 and mixed with ~10 g of
silica and subsequently dried in vacuum until a brown freely flowing powder was obtained. This
was placed on top of a chromatographic column (30 x 3 cm, packed with n-pentane). Elution with
n-pentane affords a first yellow fraction of [Cp”Mo(CO)2(n3-Asz)] (14). Addition of toluene (elution
with toluene/n-pentane ~ 1:2 to 1:1) results in the elution of a dark red band which contains the
starting material [{Cp”’Mo(CO)z}2] (Mo-Mo triple bond) and the analog [{Cp”Mo(CO)s}2] (15) with a
Mo-Mo single bond. During the chromatography, the glass of the column was damaged showing a
small crack, but the chromatography could still be completed. Finally elution with pure toluene
afforded a dark green fraction which contains the side-product [Cp”3Mos3(CO)(u-O)Ass] (16).
This side-product was not pure. The origin of the bridging oxygen atom in 16 remains unclear.
Possible explanations would be atmospheric O2 or residual H20 from the silica. The fact, that the
starting material is still present after 20 h as well as the fact, that the side product 16 still contains
one terminal (CO) ligand can be viewed as an indication that the reaction temperature was too
low to thermally remove all CO ligands during this reaction. 15: EI-MS (CH2Cl2) m/g (%) =
715.0 (<1) [M]*, 658.1(2) [M-2CO]*, 630.1(2) [M-3CO]*, 600.1(3) [M—-4CQ]*, 359.1 (55)
[Cp”’Mo(CO)3)]*. 16: EI-MS (CH2Cl2) m/g (%) = 1087.5 (20) [M]*, 1059.6 (100) [M—CO]J*, 543.9 (1)
[M]?*, 529.9 (10) [M—COJ?".

Thermolysis of [{Cp*Mo(CO)2}.] and Ass (17, 18, 19): 1.7 g [{Cp*Mo(CO)z2}2] (2.94 mmol) were
placed in a 1 L round bottom flask. To this a hot solution (~250 mL) of freshly prepared Ass4 in DIB
was added. Immediately, rigorous refluxing was started under constant stirring.
After approximately 40 min another freshly prepared Asa solution in DIB (~250 mL) was added to
the reaction. After 24 h of intensive reflux, the heating was removed and the reaction was allowed
to cool to room temperature. Subsequently, the DIB was removed under reduced pressure.
The crude product was dissolved in 20 mL of CH2Cl. and mixed with ~10 g of silica and
subsequently dried in vacuum until a dark brown freely flowing powder was obtained. This was
placed on top of a chromatographic column (30 x 3 cm, packed with n-hexane). The first fraction
shows a dark blue to purple color. It most probably contains [(Cp*Mo)2(p,n%:n%-Ass)] (17) as the
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major product although it was not completely pure. Yield (nhot pure): 840 mg (34%). Further elution
with n-hexane affords a long red to brown fraction. This fraction contains the two products
[(Cp*MO0)2(l,n®:nB-Ase)] (18) and [(Cp*Mo)s(us-As)(Uz-As4)] (19) which could not be separated but
could be identified by X-ray crystallography next to each other. Yield (combined): 780 mg.

X-ray crystallography

All diffraction experiments were performed at 123 K. The data sets were either collected on
a Rigaku (former: Agilent Technologies or Oxford Diffraction) Gemini (R) Ultra, SuperNova or
GV1000 diffractometer with CuK, radiation. Crystallographic data together with the details of the
experiments are given in the Tables 1-6. For all compounds that could not be refined completely
during this work, the determined unit cells and the space groups are reported. All crystal
preparations were performed under mineral oil. The cell determination, data reduction and
absorption correction were performed with the help of the CrysAlis PRO software.3¥ The structure
solution and refinement was done with ShelX.3® The H atoms were calculated geometrically
and a riding model was used during the refinement process. Graphical material was created

with Olex2.136]

Table 1. Crystallographic details for the compound 1-3.

Identification code 1 2 3

formula C36AlF4503 Ca7H2AICIF4603Tl CgoH27Al:ClsCuzF9:N706
weight [g-mol™] 1362.34 1670.64 3431.91
Temperature [K] 123.00(14) 123.01(14) 123.1(3)
crystal system triclinic triclinic trigonal
space group P-1 P-1 P-3
a[A] 10.6203(2) 11.0920(2) 14.36351(9)
b [A] 11.3295(3) 14.6028(2) 14.36351(9)
c[A] 18.1366(6) 16.1231(2) 15.72381(12)
al’] 74.166(3) 81.3970(10) 90
B 73.704(2) 71.145(2) 90
v [°] 85.079(2) 68.886(2) 120
V [A3 2014.99(10) 2303.85(7) 2809.37(4)
z 2 2 1
Pearc [g-em™?] 2.245 2.408 2.029
u [mm™ 2.856 10.178 3.904
F(000) 1316.0 1580.0 1672.2
crystal size [mm?] 0.486 x 0.291 x 0.145 0.613 x 0.440 x 0.210 0.269 x 0.206 x 0.183
diffractometer Gemini Ultra GV1000 Gemini Ultra
absorption correction gaussian gaussian gaussian
Tomin Tmax 0.492/0.704 0.047 /0.289 0.513/0.602
radiation [A] CuK, CuKq CuKq
20range [°] 8.112 to 133.446 5.796 to 149.094 7.106 to 131.962
completeness 0.970 0.999 1.000
reflns collected/unique 16815/ 7069 35753 /9214 54098 / 3271

Rlnt/Rslgma
data/restraints/parameters
GOF on F?

R1/WR;, [all data]

max/min Ap [e-A)]

0.0265 / 0.0298
7069/0/766
1.028
0.0289/0.0733
0.0361/0.0759
0.39/-0.39

0.0726 / 0.0486
9214/0/812
1.081

0.0504 / 0.1287
0.0505/0.1288
2.59/-2.64

0.0329/0.0105
3271/1/335
1.054
0.0357/0.0883
0.0379/ 0.0896
0.58/-0.84
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Table 2. Crystallographic details for the compound 4-6.

Identification code 4 5 6

formula sz'?::?eéhig}:giz CisHisFeMoOsPs  CeaHsoAlAuFsFe:M0,00P 10
weight [g'mol™] 3889.34 581.91 2630.08
Temperature [K] 123.1(2) 123.00(14) 123.00(14)
crystal system monoclinic monoclinic monoclinic
space group P2:/n P2,/c P2,/c
alAl 11.46543(5) 15.2810(3) 21.95786(9)
b [A] 19.19929(8) 10.6446(2) 13.27421(5)
c[A] 30.69582(13) 13.6296(3) 28.26990(11)
al] 90 90 90
B 92.1199(4) 105.667(2) 98.2186(4)
v [° 90 90 90
VA9 6752.39(5) 2134.63(8) 8155.29(6)
z 2 4 4
Pealc [g-cm] 1.913 1.811 2.142
u [mm] 5.490 14.031 11.985
F(000) 3808.0 1152.0 5064.0
crystal size [mm?] 0.350 x 0.259 x 0.125 0.185 x 0.096 x 0.030 0.202 x 0.154 x 0.033
diffractometer Gemini Ultra Gemini Ultra Gemini Ultra
absorption correction gaussian gaussian analytical
Tomin/ Trmax 0.317/0.599 0.265/0.686 0.242/0.741
radiation [A] CuK, CuK, CuKq
20 range [] 7.378 to 132.208 10.258 to 132.038 7.008 to 134.006
completeness 0.997 0.997 0.995
reflns collected/unique 108918/ 11786 11322 /3711 102484 | 14477
Rint/Rsigma 0.0298/0.0146 0.0373/0.0303 0.0316 /0.0158
data/restraints/parameters 11786 / 27/ 1091 3711/0/249 14477 /0/ 1208
GOF on F? 1.053 1.048 1.044
R1/WR; [I = 20(1)] 0.0332/0.0922 0.0346 / 0.0900 0.0173/0.0440
R1/WR; [all data] 0.0348/0.0932 0.0392/0.0919 0.0196 / 0.0444
max/min Ap [e-A?] 1.01/-0.59 0.96 / -0.66 0.96 / -0.59
Table 3. Crystallographic details for the compound 7-9.

Identification code 7 8 9
formula CsoHagAlF72Fe,08P10
weight [g-mol] 2718.25
Temperature [K] 123(1)
crystal system triclinic orthorhombic triclinic
space group P-1 Pccn P-1
alAl 19.8320(6) 18.65262(16) 12.1363(2)
b [A] 20.0816(3) 33.7795(3) 13.0745(2)
c[A] 20.1389(7) 25.6893(3) 15.2237(3)
al] 96.091(2) 90 101.090(1)
B 105.294(3) 90 96.220(1)
v [°] 94.346(2) 90 92.894(1)
VA3 7647.6(4) 16186.2(3) 2350.27(7)
Zz 1
Pealc [g-cm) 1.921
Y [mm™ 6.078
F(000) 1332.0
crystal size [mm?] 0.296 x 0.191 x 0.144
diffractometer Gemini R Ultra
absorption correction analytical
T i/ Tmax 0.351/0.603
radiation [A] CuKq
20range [°] 5.96 to 133.24
completeness 0.991
reflns collected/unique 22048 / 8263

Rint/Rsigma
data/restraints/parameters
GOF on F?

Ri/WR; [I = 20(1)]

R1/WR; [all data]

max/min Ap [e-A?]

0.0176/0.0192
8263/18/776
1.067
0.0325/0.0891
0.0342/ 0.0900
0.67/-0.52
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Identification code 10 11 12

formula C11H13M002P3

weight [g-mol™] 366.06

Temperature [K] 123(1)

crystal system monoclinic monoclinic triclinic
space group P2i/c P2:/n P-1
a[Al 20.3022(2) 8.5392(1) 12.9801(4)
b [A] 20.9577(2) 15.1355(2) 13.6040(3)
c[A] 29.9950(3) 10.9224(1) 14.0842(3)
al] 90 90 96.143(2)
B 106.1825(12) 101.988(1) 90.267(2)
v [° 90 90 104.103(2)
V A3 12256.8(2) 1380.88(3) 2396.98(11)
4 4

Peaic [g-cm™] 1.761

M [mm™ 10.962

F(000) 728.0

crystal size [mm?] 0.322 x 0.149 x 0.125

diffractometer Gemini R Ultra

absorption correction analytical

Tomin/ Trmax 0.183/0.470

radiation [A] CuKq

20 range [°] 10.14 to 133.16

completeness 1.000

reflns collected/unique 22410/ 2435

Rint/Rsigma 0.0890/ 0.0345

data/restraints/parameters 2435/0/ 157

GOF on F? 1.080

R1/WR; [I = 20(1)] 0.0263 /0.0687

R1/WR; [all data] 0.0268 / 0.0692

max/min Ap [e-A?] 0.37 /-1.04

Table 5. Crystallographic details for the compound 13-15.

Identification code 13 14 15

formula C1gH26M0O,Pg Cis5H21As3M00, C3oH4oM0,06
weight [g-mol] 620.09 554.02 714.54
Temperature [K] 123(1) 123(1) 123(1)
crystal system monoclinic triclinic orthorhombic
space group P2i/c P-1 Pnnm
alAl 23.0703(2) 8.4799(2) 8.3289(1)
b [A] 793.900(1) 9.8178(3) 10.5132(1)
c[A] 12.5936(1) 13.0795(3) 18.1959(2)
al] 90 69.001(2) 90
B 105.822(1) 83.334(2) 90
v [°] 90 64.467(2) 90
V [A%] 2219.19(3) 916.37(5) 1593.30(3)
z 4 2 2
Pealc [g-cm) 1.856 2.008 1.489
Y [mm™] 13.361 11.899 6.769
F(000) 1232.0 536.0 732.0
crystal size [mm?] 0.102 x 0.051 x 0.030 0.346 x 0.266 x 0.132 0.134 x 0.125 x 0.069
diffractometer SuperNova SuperNova SuperNova
absorption correction analytical analytical analytical
Tomin/ Trmax 0.338/0.710 0.093/0.408 0.524/0.684
radiation [A] CuK, CuKq CuKq
20range [°] 7.3 t0 149.06 7.24 t0 147.38 9.72 t0 141.14
completeness 0.992 0.976 0.973
reflns collected/unique 74122 | 4501 19657 / 3635 5117/ 1540
Rint/Rsigma 0.0412/0.0126 0.0347/0.0151 0.0140/0.0102
data/restraints/parameters 4501/0/ 242 3635/0/197 1540/0/ 100
GOF on F? 1.093 1.178 1.062
R1/WR; [I 2 20(1)] 0.0316 / 0.0908 0.0244/0.0633 0.0186/ 0.0481
R1/WR; [all data] 0.0331/0.0960 0.0245/0.0634 0.0192/0.0484
max/min Ap [e-A?] 2.56 /-0.95 0.69/-0.69 0.87/-0.57
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Table 6. Crystallographic details for the compound 16, 17 and 19.

Identification code 16 17 19

formula C101H150ASGM0504 C30H45A55M03
weight [g'mol™] 2453.38 1068.08
Temperature [K] 123(1) 123(1)
crystal system triclinic triclinic triclinic
space group P-1 P-1 P-1
a[A] 10.3308(7) 9.0602(6) 8.0884(3)
b [A] 14.4418(10) 11.7163(9) 11.2872(3)
c[A] 17.9270(14) 12.0974(8) 18.3746(5)
al] 88.553(6) 107.310(6) 89.713(2)
B 75.951(6) 90.832(5) 88.465(2)
v [°] 81.736(6) 90.623(6) 78.491(3)
V [A%] 2567.6(3) 1225.72(15) 1643.20(9)
4 1 2
Peaic [gem) 1.587 2.159
p [mm™] 8.350 14.967
F(000) 1238.0 1032.0
crystal size [mm?] 0.441 x 0.074 x 0.023 0.137 x 0.034 x 0.025
diffractometer Gemini R Ultra SuperNova
absorption correction analytical analytical
Tomin/ Trmax 0.126 / 0.827 0.368/0.724
radiation [A] CuK, CuKq
20 range [°] 6.18 t0 133.76 810 133.2
completeness 0.987 0.997
reflns collected/unique 32862 /9020 11570 /5794
Rint/Rsigma 0.0668 / 0.0516 0.0221/0.0307
data/restraints/parameters 9020/0/524 5794 /0/ 403
GOF on F? 1.078 1.029
R1/WR; [I = 20(1)] 0.0543/0.1503 0.0236 / 0.0540
R1/WR; [all data] 0.0575/0.1532 0.0287 / 0.0560
max/min Ap [e-A?] 1.38/-1.40 0.75/-0.68
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12 Conclusion

12.1 Coordination chemistry of E. ligand complexes towards

monovalent cations

A major part of this thesis deals with the investigation of the coordination chemistry
of E, ligand complexes towards monovalent cations in the presence of the weakly
coordinating anions (WCAs) [TEF] and [FAI]. The syntheses of new salts containing the
WCA [FAI] in addition to the published Ag* salt represent valuable research targets.
Therefore, the simple one-step synthesis of the Cu® source [Cu(MeCN)ss][FAI] (1)
is presented. The TI* salt TI[FAI] (2) could be synthesized in low yields and shows low
solubility due to strong cation-anion interaction. However, the mixed TI*/Li* salt
[TI(CH2CL)L][LK{FAI},] (3) can be prepared easily and was described before
by the author.™! It can be used as a well-soluble TI* source in CH.Cl..

Scheme 1 summarizes results obtained from reactions of the cyclo-Es complexes
[Cp*Fe(n®-Es)] (E = P(A1), As(A2)) with the monovalent cations Cu*, Ag* and TI*.
All presented products show a highly dynamic coordination behavior in solution.
The exchange of the WCA [TEF] for the WCA [FAIl] in a reaction with the
cyclo-Ps complex Al results in the formation of the one-dimensional polymer
[Cuz(Al)4n[FAll2n (4). The analogues polymer with [TEF] has been described before but
no satisfactory X-ray structure determination could be obtained. Due to the anion
exchange to [FAI] the crystal structure of 4 could finally be determined by X-ray
diffraction analysis.!  This polymer contains the unique paddle-wheel repeating
unit [Cuz(Al)s]**. Additionally, the reactivity of the cyclo-Es complexes Al and A2
towards TI* including the WCA [FAl] was reported to vyield isolated
[TI(L)3]" (L = AL(5), A2(6)) complex cations which show a trigonal planar geometry in the
solid state.*? Here, A1 and A2 show a n° coordination towards TI* via the
cyclo-Es plane. These results (4-6) are reported in the general introduction and were
published prior to the submission of this thesis together with results of Dr. Stefan Welsch
and others but were excluded from the detailed discussion.*? The reaction of the
Cu* salt 1 with A1 does not yield the one-dimensional polymer 4 as expected but leads
to the formation of the dinuclear complex [Cu2(A1)2(MeCN)4][FAl]> (7) instead. When Al
is reacted with Ag[FAI] the tetranuclear complex [Ag4(Al)g] (8) stabilized by eight ligands
of Al is obtained selectively. In 8, four different coordination modes of the
cyclo-Ps ligand Al (I-1V) can be observed in the solid state. Among these, two (I and V)

were predicted to be present in the gas phase by DFT calculations but have not been
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proven experimentally, prior to this work. The structure of 8 can be rationalized by a
depolymerization of the previously described one-dimensional polymer [Ag(Al1).].[TEF]a

due to the increased size of the [FAI] anion compared to [TEF].
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Scheme 1. Summary of the results obtained from reactions of the cyclo-Es complexes Al and A2.

Reaction of the cyclo-Ass complex A2 with Ag[FAI] in a 2:1 and a 3:1 molar ratio
selectively yield the coordination compounds [Ag(A2)2][FAI] (9) and [Ag(A2)s][FAI] (10).
These represent the first Ag* complexes of A2. For 9 a peculiar feature is observed in its
crystal structure. The central Ag* cation exhibits very large oblate atomic displacement
parameters when described by an anisotropic approximation of Ag. Whether this
behavior is caused by static disorder of the Ag atom over several close positions or by a
thermal movement of the central Ag atom inside a cavity composed of the 10 As atoms
of the two m coordinating cyclo-Ass ligands A2 remains to be answered in the near

future. Supporting DFT calculations are currently being performed by Prof. Dr. Marek
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Sierka (Friedrich-Schiller-Universitat Jena). In 10 the complex cation [Ag(A2)s]* shows a
trigonal planar geometry around Ag which can be compared very well to the analogues
TI* compound 6. However, in 10 the A2 ligand is 1 donating in a n? coordination mode of
one As-As bond instead of the n° coordination mode which is present in 6.
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Scheme 2. Summary of the results obtained from reactions of the tetrahedrane complexes Bl
and B2 with Ag*.

Scheme 2 summarizes results obtained from reactions of the tetrahedrane complexes
[{CpMo(CO)z2}2(u,n*:n*-E2)] (E = P(B1), As(B2)) with Ag*. From reactions of the P, ligand
complex B1 with the Ag* salts Ag[TEF] and Ag[FAI] three new compounds with a Ag:B1
ratio of 1:1 (11), 1:2 (12) and 2:3 (13) could be obtained from separate reactions.
The structure of 11 consists of a dicationic complex [Ag2(B1)2(CH2Cl,)2(C7Hs)2]*" with a
central P.Ag.P- ladder-type motif showing a Ag-Ag contact. The coordination sphere of
each Ag atom in 11 is additionally saturated by one CH.Cl, and one toluene solvent

molecule. Therefore, 11 presents a possible starting material for supramolecular
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chemistry by the introduction of organic linker molecules which should be able to
substitute the coordinated solvent molecules. In contrast, 12 exhibits a dicationic
complex [Ag2(B1)4)** with a central six-membered Ag.P. ring featuring two bridging
B1 ligands and two terminal Bl ligands exhibiting a side-on coordination mode.
This arrangement has already been reported for all coinage metals with different WCAs,
except for [FAIl. Compound 13 with the general formula [Ag2(B1)s].[TEF]2n exhibits a
one-dimensional polymeric structure consisting of six-membered Ag.P. rings as
repeating units in a zigzag chain interconnected by bridging B1 ligands. It represents the
first homoleptic coordination polymer of Ag* and B1l. In addition, the coordination
chemistry of the As, complex B2 towards Ag* has been investigated for the first time.
From these reactions the trinuclear complex [Ags(B2)s:(CH2CL)][TEF]s (14) showing a
central triangle of three Ag atoms and the dinuclear complex [Ag2(B2)4][FAl]. (15) could
be obtained. These preliminary investigations show that the As, complex B2 is a
valuable ligand for supramolecular chemistry and can stabilize multinuclear complexes
exhibiting Ag-Ag contacts. Herein, B2 shows a bridging n':n? coordination mode which
has been very rarely observed for the P, analog B1.
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Scheme 3. Summary of the coordination compounds obtained from reactions of the cyclo-Ps triple-decker
complex C and the monovalent cations Cu*, Ag* and TI*.

Scheme 3 summarizes coordination compounds which were obtained from reactions
of the cyclo-Ps triple-decker complex [(Cp*Mo)2(u,n%:n®-Ps)] (C) with the monovalent
cations Cu*, Ag" and TI*. All presented results show a highly dynamic coordination
behavior in solution. By adding donating solvents to CH:Cl, in reactions with Cu*
and Ag*, the oxidation of C could successfully be prevented. From these reactions the
[M(C)]ITEF] (M = Cu(16, 17), Ag(18)) complexes were obtained. Compound 18 has
been described before by Dr. Laurence Gregoriades obtained in a mixture with the
oxidation product of C but it could not be isolated in pure form prior to this work.
Interestingly, 16 and 17 represent two isomers with the same composition of the complex
cation with either a distorted tetrahedral (16) or a distorted square planar (17)

coordination environment around Cu*. DFT calculations show that the equilibrium of
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‘tetrahedral’ - ‘square planar’ geometry of the [M(C).]* complex cations is significantly
shifted to the right side for M = Ag which is the reason why no tetrahedral Ag* complex
of C could ever be observed in the solid state. For M = Cu however, both isomeric forms
(16 and 17) of the complex cation are present in solution. It was demonstrated that both
isomeric forms can be obtained selectively in the solid state by choosing either
CHCly/toluene (17) or pure toluene (16) as the solvent. Analysis of the crystal packing of
the isostructural compounds 17 and 18 reveals a layered structure with alternating
negatively charged layers of the [TEF] anions and positively charged layers of isolated
[M(C)2]* complex cations. Interestingly, the coordination environment of TI* in 19 is
distinctly different from Cu* and Ag* in 17 and 18, however, their X-ray structures are
closely related to each other. The larger TI* cation shows further interconnection of the
cyclo-Ps ligands C inside the positively charged layers to form an extended 2D network
which can therefore be regarded as a supramolecular analog of graphene.
The preparation of 19 and preliminary results from the reaction of Cu* and C have
already been reported in the Master’s thesis of the author.

Additionally, the coordination chemistry of the 30 VE triple-decker complex
[Cp*Fe(u,n°:n°-Ps)Mo(CO)s] (D) towards coinage metal cations described by Dr. Stefan
Welsch could be extended from Cu* and Ag* to Au* via structural characterization of the
analogues Au* complex [Au(D).][FAI] (20).

12.2 Oxidation chemistry of En ligand complexes

The oxidation chemistry of E, ligand complexes has been investigated during
this work. The application of WCAs in these reactions assures the stability of the
obtained reactive cationic species and additionally increases the solubility of the formed
ionic compounds. Scheme 4 illustrates the oxidation of the 28 VE cyclo-Es triple-decker
complexes [(CpRMo0)2(u,n%:n®-Es)] (E = P, CpR = Cp, Cp*, Cs(CH:Ph)s; E = As,
CpR = Cp*). It was demonstrated that single-electron oxidation leads to isolated cationic
27 VE complexes which retain their general triple-decker geometry in the solid state.
Since crystals of 21a and 21c with the anion [TEF] were not suitable for single crystal
X-ray diffraction analysis the structure of the cation could be determined from the
analogs 21b and 21d containing the anion [FAI]. The cyclo-Es middle decks of the
complexes are distorted from the initially perfect hexagonal geometry during oxidation.
While 21b shows two opposite P-P bonds to be slightly shortened, all other
cyclo-Es complexes (21d, 21e, 22) show a bis-allylic distortion with an elongation of two
opposite E-E bonds instead. Among these oxidized cyclo-E¢ complexes, 21c and 21e

have been reported before by Dr. Laurence Gregoriades and Dr. Fabian Dielmann.
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Scheme 4. Single-electron oxidation of cyclo-Es triple decker complexes
[(CpRMO)2(,n°:n°-Es)].

Since reactions of Ag* with the P, complex B1 result in the exclusive formation of
coordination compounds instead of oxidation products it was necessary to prepare
stronger oxidants with the WCAs [TEF] and [FAIl]. For this reason the deep purple radical
cation of thianthrene (C12HsS>) [Thia]* was chosen. In the course of this work two general
synthetic routes were developed which give access to the valuable starting materials
[Thia][TEF] (23a) or [Thia][FAI] (23b), respectively in good yields. Among these,
[Thia][TEF] is a well-soluble very strong oxidant that can now be prepared in a one-step
reaction on a gram scale starting from the commercially available reagents [NO][SbFg] or
[NO][BF4], thianthrene (C12HsS>) and Li[TEF]. With the help of the strong oxidant [Thia]*,
the selective one-electron oxidation of B1 was accomplished (see Scheme 5).
The oxidized P, complex dimerizes via P-P bond formation yielding a dicationic complex
[{Cp2M02(CO)4}2(Hs,n*:n?*:n*:n?-P4)]?* showing a central zigzag P4 chain in the solid state.
It was demonstrates that the cation of the well-soluble compound containing the
[TEF] anion (24a) exhibits fast dynamic processes in CD:Cl; solution rendering
all P atoms equivalent on the NMR timescale but no dissociation takes place.
The P4 chain of 24a can be obtained in a symmetric form by precipitation while during
crystallization an unsymmetrical P4 chain is formed. Interestingly, its analog (24b)
containing the smaller WCA [SbFs]~ could be structurally characterized in its crystalline
form showing a symmetric P4 chain. The X-ray structure as well as the electrochemical
and theoretical investigation of 24a have been reported previously by Dr. Stefan Welsch
but it was only obtained in trace amounts as a decomposition product prior to this work.

The structure determination of 24a was repeated by the author.
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Scheme 5. (left) Oxidation and dimerization of the P> complex B1. (right) Representation of the complex
cation in 25.

Additionally, from reactions of the cyclo-Ass complex [Cp*Fe(n°-Ass)] (A2) with Ga*
the formation of [(Cp*Fe)2(As?)][TEF] (25) was observed. The complex cation in 25 can
be described as a [As;]” anion stabilized by two [Cp*Fe]®* complex fragments.
Alternatively, it can be described as a nido-type cluster of nine atoms
(22 skeletal electrons) exhibiting a mono-capped square antiprism arrangement
of the central [FezAs7] cluster core. It is assumed to be the product of an initial
oxidation of A2, but the exact reaction pathway could not be elucidated during the scope

of this work.

12.3 Reactivity of En ligand complexes towards pre-assembled
Cu' building blocks

During this work the coordination chemistry of pre-assembled Cu' complexes has
been investigated in the course of an international cooperation with Dr. Christophe
Lescop (Université de Rennes 1). The work on this topic focusses on trinuclear halide
bridged Cu' complexes which show a central [Cus(u-X)2(pu-dpmp)2]* (X = CI, Br, 1) core
that is stabilized by the polyphosphine ligand bis(diphenylphosphinomethyl)-
phenylphosphine (dpmp, Scheme 6). These cationic [CusX2]" building blocks were

furthermore reacted with a variety of E, ligand complexes shown in Scheme 6.
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Scheme 6. lllustration of the polyphosphine ligand dpmp and the En ligand complexes which were reacted
with the trinuclear Cu' building blocks.

The preparation of the parent [CusXz]" building blocks is illustrated in Scheme 7.
At the beginning it was demonstrated that 26a-c with terminal MeCN ligands can easily

be obtained by self-assembly in a one-step reaction of CuX, [Cu(MeCN).][BF.] and dpmp



264 12. Conclusion

from THF/MeCN solvent mixtures. The complex cations of 26a-c have been described
before in the literature with the [CIO4]~ anion. Since these complexes were shown to be
unreactive towards En ligand complexes a new route had to be developed. By drying the
complexes 26a-c the MeCN ligands can be removed and the complexes are directly
transformed to the reactive parent trinuclear complexes [Cus(u-X)2(u-dpmp)2]* (27a-c)
with two vacant coordination sites on the terminal Cu atoms. It was shown that an
in CHCI;

investigations, 28b and 28c containing two weakly coordinating CH2Cl, molecules could

alternative synthesis directly yields 27a-c. In the course of these
also be structurally characterized. The cores of the [Cus(u-X)2(p-dpmp)2]* complex
cations are stable in solution when dissolved at low temperatures and show dynamic
coordination behavior at elevated temperatures involving equilibria between
different species. These equilibria cannot be shifted back by simply decreasing the
temperature but the structural motifs of the [Cus(pu-X)2(u-dpmp)2]* (X = CI, Br, 1) complex
cations can be obtained selectively in the solid state upon crystallization under the

applied reaction conditions.
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Scheme 7. Synthesis of the parent trinuclear Cu' complexes.

The supramolecular coordination compounds which are obtained from reacting the
pre-assembled [CusX;]" building blocks 27a-c with E, ligand complexes are summarized
in Scheme 8. Reactions of 27a-c with the E, complexes B1 and B2 lead to the isolation
the [CusXo(BL)]Y (X Cl(29a), Br(29b), 1(29c))
[CusClx(B2)]* (30), respectively. The introduction of the cyclo-Ps complex E affords the
zigzag chain polymers [CusX2z(E)ln[BF4]n (X = CI(31a), Br(31b)) and the symmetrically

of finite complexes = and

substituted complex [Cusl2(E)2]" (32). Reactions of 27a-c with the cyclo-Es complexes Al
and A2 lead either to the isostructural one-dimensional coordination polymers
[CusX2(AL1)]n[BF4]n (X = CI(33a), Br(33b)) and [CusCl2(A2)]n[BFa4]. (34) or to the complex
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[Cusl2(Al)2]* (35) containing two terminal ligands Al. In 33a, 33b and 34, the
cyclo-Es ligands Al and A2 show a bridging o0-1,3-coordination of the Es rings.
This bonding mode has been rarely observed for A1 and it was unprecedented for A2
prior to this work. Although all described syntheses are based on self-assembly of
several components, the reactions proceed selectively and no formation of any
side-product could be observed upon crystallization. The presented results demonstrate
that the framework of the pre-assembled [Cus(u-X)2(u-dpmp)2]* complex cations are
stable towards the introduction of varying E, ligand complexes. Interestingly, the
intramolecular Cu-Cu distances inside the [CuszXz]* building blocks are influenced by
coordination of any ligands to the terminal Cu atoms. A comparison of analogues
compounds demonstrates that a decrease of the bond length to the terminal ligand
results in an elongation of the adjacent Cu-Cu distance inside the [CusX;]* building block
which is also in accordance with presented DFT calculations.
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Scheme 8. Summary of the coordination compounds obtained from reactions of En ligand complexes and
the pre-assemble [CusXz]* building blocks 27a-c.
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12.4 Reactivity of En ligand complexes towards the unusual
Lewis acid [(0-CsFsHQ)s]

It is well-known that the planar Lewis acid (perfluoro-ortho-phenylene)mercury (F)
readily forms weak Lewis acid/base adducts in which the Lewis bases simultaneously
interact with all three Hg centers of F. Additionally, it can build up alternating binary
stacks with aromatic hydrocarbons and forms double-sandwich complexes with the
metallocenes Cpz2Fe and Cp:2Ni. During this work the chemistry of E, ligand complexes
towards the trinuclear Lewis acid F has been investigated in the course of an
international cooperation with the group of Prof. Dr. Francois Gabbai (Texas A&M
University). Preliminary results from the Master’s thesis of the author have shown that F
forms super-sandwich compounds showing weak Hg-P interactions instead of possible
Hg-Cp interactions when reacted with the triple-decker complex [(CpMo)2(u,n%:n%-Pg)].E!
Scheme 9 summarizes the products obtained from the reactions of F with the
cyclo-Es complexes [Cp*Fe(n®-Es)] (E = P(A1l), As(A2)), the cyclo-P; complex
[CpMO(CO)2(n3-P3)] (E) as well as the series of the tetrahedrane complexes
[{CpMo(CO)z2}2(u,n*:n*-E2)] (E = P(B1), As(B2), Sb(B3), Bi(B4)). In all cases, the reaction
products show very weak interactions of the En ligand complexes and the Lewis acid F
exhibiting highly dynamic behavior or dissociation in solution and no adducts can be
detected in the mass spectra. The solid state structures of the obtained products show
the formation of weak adducts exhibiting close contacts of the pnictogen atoms to the

Hg centers of F below the respective sum of the van der Waals radii.
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Scheme 9. Summary of the results obtained from reactions of the unusual Lewis acid F
with En ligand complexes.
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All P, complexes (A1, B1 and E) show the interaction of only one P atom with all three
Hg atoms of F in the compounds 36, 38 and 39. The As, complex B2 in 40 shows a very
similar arrangement like its lighter congener B1 with only one As atom situated above
the center of the Lewis acid F. In contrast, the cyclo-Ass complex A2 is showing an
almost cofacial arrangement of the Ass plane to the Hgs plane in 37. Attempts to force
the cyclo-Ps ligand of [CpRFe(n®-Ps)] to adopt a cofacial arrangement towards F by
increasing the steric bulk of the Cp ligand (CpR = CsHs.n'Bun, n = 1-3) resulted in the
formation of the same structural motif. This demonstrates that the observed assembly is
very stable although it is only based on weak interactions of Hg and P. The Sbh, complex
B3 yield a mixture of two products with a B3:F molar ratio of 1:1(42) and 1:2(41).
The arrangement of B3 in 42 differs from its P and As analogs and both Sb atoms of B3
are simultaneously interacting with the Hg atoms of F. In 41 the Sh,; complex B3 is
situated between two molecules of F showing only one close Sh-Hg contact to each one.
Finally, in case of the Bi, complex B4, the adduct 43 with a molar ratio of 2:1 could be
structurally characterized. Herein, the Bi, dumbbell of B4 is almost parallel to
the Hgs plane of F. The arrangement in all compounds 36-43 are mainly based on

electrostatic interactions.
12.5 New En ligand complexes

During this work the unprecedented phosphorus-rich complex [(Cp*Mo0)2(u-P10)] (44)
could be identified by structural characterization. It was obtained as a byproduct in trace
amounts when the dinuclear complexes [Cp*Mo(CO).s]. were reacted with P, at
elevated temperatures. The structure of 44 can be described as a dianionic
cyclo-P1o ligand stabilized by two [Cp*Mo]* complex fragments. It represents the largest
known polyphosphorus cycle described so far. Additionally, the novel heterocubane
complex [(Cp*Mo)sAss] (45) could be structurally characterized as one product obtained
from the reaction of [Cp*Mo(CO)zs3]. with Ass at elevated temperatures. The cluster
exhibits short Mo-Mo distances which are in agreement with the presence of Mo-Mo
double bonds.
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13 Appendices

13.1 Alphabetic List of Abbreviations

A Angstroem, 1 A =1-101m

°C degree Celsius

br(NMR) broad

COosy correlation spectroscopy

cov covalent

Cp cyclopentadienyl, CsHs

d(NMR) doublet

dpmp bis(diphenylphosphinomethyl)phenylphosphine, (PsCz2H29)
E°o reaction energy

H°®208 standard reaction enthalpy

S°208 standard reaction entropy

G°208 standard gibbs reaction energy

o chemical shift

Da Dalton

DFT density functional theory

e- electron, elemental charge

El MS electron impact mass spectrometry
ESI MS electron spray ionization mass spectrometry
[FAI] [FAKOCeF10(CeFs5)}3])

Fc Ferrocene

FD MS field desorption ionization mass spectrometry
h hour

HOMO highest occupied molecular orbital
HS Hirshfeld Surface

HSAB Hard and Soft Acids and Bases

Hz Hertz

IR infrared spectroscopy

J(NMR) coupling constant

L ligand (specified in text)

LUMO lowest unoccupied molecular orbital
M molecular ion peak

m/q mass to charge ratio

Me methyl, CHs

MHz Megahertz, 106 Hz

min minutes

mL milliliter, 10-3 L

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

Vv frequency/wavenumber

w12 half width

Ph phenyl, CeHs

ppm parts per million

g(NMR) quartett

R organic substituent

r radius
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r.t. room temperature

s(IR) strong

S(NMR) singlet

SOMO singly occupied molecular orbital
[TEF] [A{OC(CF3)3}4]

Bu tert-butyl, C4Hg

t(NMR) triplet

THF tetrahydrofurane, C4HsO
vdwW van der Waals

VE valence electron

VT Various Temperature

w(IR) weak
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