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To my family  



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 óIntroductionô, 

óResults and Discussionô, óConclusionô, óReferencesô, and óSupporting Informationô. 

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 óSupporting Informationô 

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 

ñNon-coordinating anions: Fact or Fiction?ò ð This question as easy as it sounds is 

the topic of several discussions in the scientific community.[1,2,3] 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 ónon-coordinating anionsô when halide 

anions were exchanged for small complex anions like [CF3SO3]ï, [BF4]ï, [ClO4]ï or [MF6]ï 

(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 óWeakly Coordinating Anionô 

(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.[3] 

The perfect ónon-coordinating anionô 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).[4] 

 

Ὂ  
Ͻ

 
Ͻ

 (1) 

 

q1, q2 = point charges, z1, z2 = ionic charges, e = elementary charge, r = distance between charges, 
Ů0 = dielectric constant. 

The force is dependent on the ionic charges (z1 and z2) 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 ï1) 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.)[3] This is often realized by fluorination. The 

small and hard fluorine atom is regarded as a very weak Lewis base and its electron 

shell canôt 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 [BPh4]ï 

which is formally obtained by exchanging the F atoms of [BF4]ï 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 chemistôs jargon as the [BArF] anions (see Scheme 1 B). Among these, the most 

prominent representatives are [B(C6F5)4]ï and [B{3,5-(CF3)2C6H3}4]ï. Several salts of 

these anions are commercially available and they are widely used. The second group of 

WCAs is derived from the anion closo-[CB11H12]ï (A). The carborates[5] 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 (-OTeF5) groups [M(OTeF5)6]ï (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 = Cl, Br),[6,7] they are not commonly used. 

The aluminates [TEF] and [FAl] 

The frequent application of the weakly coordinating aluminate anion [Al{OC(CF3)3}4]ï 

(= [TEF]) has been especially promoted by Krossing et al. during the last years.[4]  

The anions [TEF] and [FAl] are easily prepared as their Li+ salts starting from Li[AlH4] 

and four equivalents of the appropriate fluorinated alcohol RFOH (RF = C(CF3)3, 

C6F10(C6F5)).[8,9,10] The large [TEF] anion (57 atoms) contains four identical  

perfluoro-tert-butoxy groups bound to the central Al atom. The larger [FAl] 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+,[9] Cu+,[11,12,13] Tl+,[14] In+[15]) starting from Li[TEF] or by oxidation of the neat metal by 

Ag[TEF] (In+,[16] Ga+[17]). For [FAl], only the Li+ and the Ag+ salts have been  

prepared so far.[10] 

 

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

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.[14,18,19] In most 

cases, the [FAl] anion can also be considered as weakly coordinating. However, single 

crystal X-ray diffraction analysis revealed, that the [FAl] 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 PhF groups are 

shielding the Al-F bond of the [FAl] anion. In contrast, the CyF groups (-C6F10) can be 

arranged in a way that the Al-F bond is exposed and the [FAl] anion was shown to 

coordinate to Ag+.[10] In addition, the [FAl] anion can be reactive and the Al bound F atom 

can be substituted (shown for Clï).[20] 

 

Scheme 3. Illustration of the weakly coordinating and the coordinating 

conformation of the [FAl] 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 [CI3]+.[21] 

In addition, the [TEF] anion also enabled the isolation of the binary phosphorus halide 

cations [PX4]+, [P2X5]+ and [P5X2]+ (X = Br, I),[22] the insertion of [NO]+ into a P-P bond of 

P4 to form [P4NO]+[23] as well as the subsequent isolation of the first homopolyatomic 

phosphorus cation [P9]+.[24] The latter could only be stabilized by [TEF] so far, since it 

readily reacts with more basic WCAs like [SbF6]ï under fluoride abstraction to form PF3. 

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 S8,[25,11,13] P4,[11,26] and As4,[27] as 

well as unsubstituted C2H4
[12] and C2H2,[28] 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(As4)2]+,[27] [Ag2(cyclo-Se6)(OSO)4]2+,[29] 

[Ag2(cyclo-Se12)]2+,[10] [Cu2(cyclo-Se19)]2+[30] and [Ag{Fe(CO)5}2]+.[31] 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 PtBu3 lead to carbene analogues complexes 

[M(PtBu3)2]+, N-heterocyclic carbenes (NHC) exhibit an unusual tilted coordination in the 

complexes [M(NHC)2]+ (M = Ga, In).[16,32] Recently, it was demonstrated that Ga+ shows 

disproportionation while In+ forms the tri- and tetranuclear clusters [In3(bipy)6]3+ and 

[In4(bipy)6]4+ stabilized by metal-metal bonds when reacted with bipy (= 2,2ô-bipyridine). 

The latter complex exhibits a rhombic structure of four In+ cations containing the shortest 

InI-InI bond described in the literature.[33] The previously published reactivity of 

monocations towards En 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 CF3- as well as whole (CF3)3CO-

groups frequently exhibit rotational disorder by rotation of CïO or CïC 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.[34] Although it was not used during this work, this will significantly 

simplify future structural analyses. 

1.2 En ligand complexes ð selected examples and their 

reactivity 

The term En 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.[35,36,37,38,39] In 1981, Nobel Laureate Roald Hoffmann described that the isolobal 

analogy is building bridges between inorganic and organic chemistry.[40] It implies that 

numerous organometallic or inorganic compounds can be related to analogues organic 

molecules. In this context, the isolation of the cyclo-E6 complexes 

[(Cp*Mo)2(µ,ɖ6:ɖ6-E6)] (1) and the cyclo-E5 complexes [Cp*Fe(ɖ5-E5)] (E = P, As) by 

Scherer et al. during the 1980s can be viewed as a milestone in  

inorganic chemistry.[41,42,43,44] The complexes A1, 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)2] (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. 

 

Scheme 4. Representation of selected En ligand complexes. 

The cyclo-E5 complexes A1 and A2 

While numerous complexes containing cyclo-E5 ligands (E = P, As, Sb) have been 

described in the literature[45,46,47,48,49,50,51,52] the current work is focusing on the ferrocene 

analogues sandwich complexes of Fe.[53] These complexes [Cp*Fe(ɖ5-E5)] which are 

obtained from thermolytic reactions[41,42] of [Cp*Fe(CO)2]2 with P4 or As4 will be referred 
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to as pentaphosphaferrocene (E = P(A1)) and pentaarsaferrocene (E = As(A2)) 

throughout this work. 

Reactivity of pentaphosphaferrocene vs. pentaarsaferrocene 

Although the chemistry of the cyclo-P5 complex A1 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-E5 ligands can act in a bridging  

ɖ5:ɖ5-coordination mode resulting in the formation of the 30 VE (valence electron) 

triple-decker complexes [Cp*Fe(µ,ɖ5:ɖ5-E5)M(CO)3] (M = Cr, Mo) when reacted with 

[M(CO)3(MeCN)3] (see Scheme 5 right).[54] Both cyclo-E5 complexes also show similar 

ɖ2-coordination by an E-E bond towards the 16 VE complex fragments  

[Cp*M(CO)] (M = Ir, Rh) (see Scheme 5 left).[55] 

 

Scheme 5. Similar reactivity of the cyclo-E5 complexes A1 and A2 towards 16 VE and 
12 VE complex fragments. 

However, when A1 and A2 are reacted with CuI halides, their coordination behavior 

differs significantly. During the last decade, A1 has been shown to yield an abundance of 

one- and two-dimensional coordination polymers.[56,57] Additionally, from these reactions 

spherical[58,59,60,61,62,63] and capsule-like[64] supramolecules can be isolated, resembling 

the topology of fullerenes with five-membered cyclo-P5 ligands and six-membered  

Cu2P4 rings illustrated in Scheme 6. The use of Cp ligands with higher steric demand like 

CpBn (=C5Bn5)[65] and CpBIG (=C5(4-nBu-C6H4)5)[66] gave access to even lager and well 

soluble related supramolecules.[67,68,69,70] For similar reactions of [Cp*Fe(ɖ5-As5)] (A2) 

with CuI halides, only the formation of one-dimensional coordination polymers was 

observed so far (see Scheme 6). For all CuI complexes ů coordination of A1 via the lone 

pairs of the P atoms is preferred, while A2 prefers a  ́donation via As-As bonds.  

Very recently, the reaction of A1 with the planar trinuclear macrocycle  

[Cu{3,5-(CF3)2Pz}]3 (Pz = pyrazolate, [N2C3H-3,5(CF3)2]ï) was reported, yielding a new 

coordination compound in which the cyclo-P5 ligand is bridging two of the three  

Cu centers in a ɖ2:ɖ2-coordination mode.[71] This  ́coordination results in a folding of the 
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initially planar Cu3 macrocycle of 89° across the Cu-Cu axis of the coordinated  

Cu atoms. It was shown that the cyclo-P5 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-P5 complex A1 have been demonstrated extensively by reactions 

with anionic nucleophiles.[72] 

 

Scheme 6. Reactivity of A1 and A2 towards CuI halides. 

Reactivity of A1 and A2 towards monovalent metal cations 

Reactions of A1 and coinage metal cations with small anions like halides, [BF4]ï or 

[PF6]ï often lead to precipitation of the poorly soluble products,[73] which limits  

further characterization. Previous results demonstrated, that reacting A1 with Ag[TEF] 

instead, leads to a well soluble compound which forms a one-dimensional coordination 

polymer (see Scheme 7 IV) exhibiting a bridging 1,2,3-ɖ2:ɖ1-coordination mode of the 

cyclo-P5 ligand in the solid state.[74] Very recently, the reactivity of A1 towards ónakedô 

Cu+ could be investigated.[75] 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 A1 are bridging two Cu+ cations in  

a 1,2-ɖ1:ɖ1-coordination mode to form a paddle-wheel unit, these units are further 

interconnected by one additional complex A1 in a bridging 1,3-ɖ1:ɖ1-mode  

(see Scheme 7 III). For this compound the exchange of the anion [TEF] for [FAl] 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 

CH2Cl2 and were characterized in solution. In case of [CpBIGFe(ɖ5-P5)] and Ag[TEF] a 

one-dimensional coordination polymer with bridging ů-1,3-coordination mode of  

the cyclo-P5 ligand is observed in the solid state.[66] Preliminary investigations showed 
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that introduction of organic linker molecules to these dynamic coordination compounds 

also give access to organometallic-organic hybrid materials containing the cyclo-P5 

complex A1.[76,77] Recently, it was also demonstrated that reactions of [CpBnFe(ɖ5-P5)] 

and Ag+ salts containing the small anions [BF4]ï or [CF3SO3]ï also lead to spherical 

supramolecules comparable to their CuI halide congeners.[78] 

 

Scheme 7. Reactivity of the cyclo-E5 complexes A1 and A2 towards the monovalent cations Ag+, Cu+, Tl+, 
In+ and Ga+. 

By using the WCA [TEF], the coordination chemistry of En ligand complexes could 

successfully be extended to the monovalent group 13 cations Tl+, In+ and Ga+.[76] 

Reactions of Tl+ and In+ with A1 and A2 lead to the formation of isostructural  

one-dimensional coordination polymers exhibiting a unique bridging ɖ5:ɖ1-coordination 

mode of the cyclo-E5 complexes with very weak ů interactions (see Scheme 7 I).[79,80]  

By exchanging the WCA [TEF] for the even larger [FAl] in reactions of A1 and A2  

with óin situô generated Tl[FAl] it was demonstrated that these coordination polymers can 

be separated into isolated [Tl(ɖ5-L)3]+ (L = A1, A2) complex cations  

(see Scheme 7 II).[80,75] The first GaI compound of Pn ligand complexes which is 

isostructural to its TlI and InI congeners can be obtained from the reaction of Ga+ and A1, 

while only the formation of a dark precipitate is observed when the cyclo-As5 complex A2 

is reacted with Ga+.[80] 
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Redox chemistry of A1 

The redox chemistry of A1 was studied by electrochemical methods in 1999 showing 

both, irreversible one-electron oxidation and reduction.[81] 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 A1 [Cp*Fe(ɖ4-P5)]2ï could be isolated and fully characterized 

including their structural determination illustrated in Scheme 8.[82] Reduction of the 

cyclo-P5 complex A1 could also be realized by reactions with divalent lanthanide 

complexes leading to mixed d/f-triple-decker complexes[83] or reductive  

P-P bond formation.[84] 

 

Scheme 8. Redox chemistry of A1. 

The cyclo-E6 complexes B1 and B2 

While cyclo-P6 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  

P6 rings.[85,86,87,88,89] Up to this date the isolation of a cyclo-P6 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)2]2 and P4 in 1% yield after separation 

from several side-products described in 1985.[43] 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-As6 complex B2 was isolated in 1989.[44] 

The tetrahedrane complexes C1-C4, D1 and D2 

The E2 complexes C1-C3 are obtained in thermolytic reactions of [CpMo(CO)2/3]2  

with P4, (AsC6H5)6, As4S4, grey As, grey Sb or cyclic [SbtBu]4.[90,91,92,93,94,95]  

The cyclo-P3 complex D1 is formed in the same reaction with P4. The Bi2 complex C4 is 

obtained in a two-step reaction (see Scheme 9).[96,97] At first, [Bi{MoCp(CO)3}3] is formed 

from BiCl3 and Na[MoCp(CO)3]. Under photolytic activation, this complex releases 

[CpMo(CO)3]2 and CO under formation of the desired tetrahedrane complex C4. 
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Scheme 9. Synthesis of the Bi2 complex C4. 

Reactions of the P2 complex C1 with CuI halides lead to one-dimensional polymers 

exhibiting six-membered Cu2P4 rings.[98,99,100] Similar reactions of the Sb2 complex C3 

with CuX lead to dimeric species for X = Cl, Br and also a polymeric compound  

for X = I.[95] When C3 is reacted with Cu[GaCl4] instead, the dicationic complex cation 

[Cu(C3)4]2+ containing a Cu2-dumbbell is obtained.[95] 

 

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

When the P2 complex C1 was reacted with coinage metal salts of different WCAs the 

formation of the dinuclear complex [M2(µ,ɖ1:ɖ1-C1)2(ɖ2-C1)2]2+ (M = Cu, Ag, Au) 

exhibiting a central six-membered M2P4 ring has been observed regularly 

(see Scheme 10 I).[100,75] The introduction of organic linker molecules to these 

coordination compounds gave also access to organometallic-organic  

hybrid materials.[101,102,103] The reaction of C1 and Tl[TEF] leads to the formation of a 

related dinuclear complex [Tl2(µ,ɖ1:ɖ1-C1)2(ɖ1-C1)4]2+ featuring a central six-membered 

Tl2P4 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 [In4(µ,ɖ1:ɖ1-C1)6(ɖ1-C1)2]4+ exhibiting a weak InI-InI interaction  

(see Scheme 10 III).[15] 

 

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

Reactions of the cyclo-P3 complexes D1 or D2 with Ag+, In+ or Tl+ 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 I, 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 Tl+ exclusively yield 

four isostructural polymers with a molar ratio of 3:1 (see Scheme 11 II).  

The cyclo-P3 ligand D1 exhibits a bridging ů-1,2-coordination mode in both  

Ag+ compounds, while for In+ and Tl+ in contrast, D1 and D2 show a mixed ů and 

 ́coordination inside the one-dimensional coordination polymers.[104] Very recently, our 

group could also investigate reactions of the cyclo-P3 complexes D1 and D2 towards 

ónakedô Cu+ with the help of the WCA [TEF] (see Scheme 11 III).[75] 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-P3 complex D1 the 

formation of the dinuclear complex III-a and also the mononuclear complex III-b  

is observed. By adjusting the molar ratios of the reactants with an excess of D1 or Cu+ 

respectively, III-a or III-b can be obtained selectively as the only product. In contrast, the 

reaction of D2 and Cu+ always leads to the dinuclear complex III-c regardless of the 

used ratios. The complexes III-a and III-c are closely related. However, in III-a the 

cyclo-P3 complex D1 is bridging the two Cu+ cations in a ɖ2:ɖ2-coordination mode, while 
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in III-c the cyclo-P3 complex D2 exhibits a ɖ2:ɖ1-coordination mode. Interestingly, the 

arrangements of the cyclo-P3 complexes and the metal cations found for the  

complexes III-a - III-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 ð an unusual 

Lewis acid 

The first organomercurials were prepared by Frankland et al. more than  

150 years ago.[105,106] 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.[107,108] 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.[109,110] This planar trinuclear 

organomercurial is obtained in a very simple two-step decarboxylation of 

HgII(tetrafluorophtalate) illustrated in Scheme 12.[111] 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. 

 

Scheme 12. Two-step decarboxylation of HgII(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 [(o-HgC6F4)3] (E) is situated in the center of the molecule with large 

contributions (44%) of the 6p orbitals of the Hg atoms.[112] 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 I).[113,110,114] 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]  

 

Scheme 13. Reactivity of [(o-HgC6F4)3] (E) forming Lewis acid/base 
adducts (I), double-sandwich complexes with metallocenes Cp2M (II) and 
super-sandwich compounds with [(CpMo)2(µ,ɖ6:ɖ6-P6)] (III). 

Although these weak adducts may only arise from electrostatic and dispersion forces 

one can for example record a significant decrease (33 cmï1) of the CO stretching 

frequency in the IR spectrum of the acetone adduct [Eǒ(acetone)] compared to  

neat acetone.[115] 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 CH2Cl2 solution by simultaneous 

bonding to two molecules of E.[116] 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.[117,118,119,120] 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.[121] Finally, it was demonstrated that E forms double-sandwich 

complexes featuring Hg···Cp interactions when reacted with the metallocenes Cp 2Fe  

and Cp2Ni (see Scheme 13 II).[122] 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 interactio ns in the reactions of E and the cyclo-P6 triple-decker complex 

[(CpMo)2(µ,ɖ6:ɖ6-P6)] (Scheme 13 III).[123] A very recent study of the four structurally 

characterized polymorphs[124] 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. [125] Similar observations are 

reported for adducts of E. 

In addition to its chemical reactivity, the trinuclear Lewis acid E and its hydrogen 

substituted analog[126] [(o-HgC6H4)3] 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.[127] 
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2 Research objectives 

Coordination chemistry 

The current work is focusing on the reactivity of En ligand complexes under weakly 

coordinating conditions. The coordination chemistry of En 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: 

 

¶ Synthesis of new M+ salts containing the WCA [FAl] 

¶ Investigation of the coordination chemistry of [Cp*Fe(ɖ5-E5)]  

(E = P, As) 

¶ Investigation of the coordination chemistry of [{CpMo(CO)2}2(µ,ɖ2:ɖ2-E2)]  

(E = P, As) 

¶ Comparison of the complexes containing [TEF] or [FAl] as the anion 

¶ Investigation of the coordination chemistry of [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] 

 

Oxidation chemistry 

The oxidation chemistry of selected En ligand complexes will be investigated under 

weakly coordinating conditions. In order to accomplish this goal the following steps will 

be taken: 

 

¶ Synthesis of new oxidizing agents containing the WCAs [TEF] and [FAl] 

¶ Synthesis and characterization of the single-electron oxidation products of the 

cyclo-E6 complexes [(CpRMo)2(µ,ɖ6:ɖ6-E6)]  

(E = P, CpR = Cp, Cp*, C5(CH2Ph)5; E = As, CpR = Cp*) 

¶ Selective synthesis and characterization of the single-electron oxidation product 

of [{CpMo(CO)2}2(µ,ɖ2:ɖ2-P2)] 

 

Reactivity of pre-assemble CuI building blocks towards En ligand complexes 

During this work the coordination chemistry of En ligand complexes towards trinuclear 

CuI complexes will be investigated in close collaboration with Dr. Christophe Lescop 

(Université de Rennes 1). The work on this topic focusses on the complexes 

[Cu3(µ-X)2(µ-dpmp)2]+ (X = Cl, Br, I) 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 CuI complexes 

[Cu3X2]+ based on self-assembly 

¶ Structural characterization of the pre-assemble [Cu3X2]+ building blocks in the 

solid state 

¶ Synthesis of reactive [Cu3X2]+ building blocks containing vacant coordination sites 

¶ NMR characterization of the [Cu3X2]+ building blocks at variable temperatures 

¶ Investigation of the reactivity towards a variety En ligand complexes 

¶ Structural characterization of the obtained products in the solid state 

 

Reactivity of En ligand complexes towards the unusual Lewis acid [(o-C6F4Hg)3] 

During this work the chemistry of En ligand complexes towards the trinuclear Lewis 

acid (perfluoro-ortho-phenylene)mercury should be investigated in collaboration with the 

group of Prof. Dr. François Gabbaï (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: 

 

¶ Comparison of the interaction with the planar cyclo-E5 ligands of the sandwich 

complexes [Cp*Fe(ɖ5-E5)]  

(E = P, As) 

¶ Reaction with the cyclo-P3 ligand [CpMo(CO)2(ɖ3-P3)] 

¶ Synthesis and comparison of the products obtained from reactions with the 

tetrahedrane complexes [{CpMo(CO)2}2(µ,ɖ2:ɖ2-E2)]  

(E = P, As, Sb, Bi) 

 

Proceedings of this thesis 

In chapter 3 the oxidation and coordination chemistry of the cyclo-P6 complex 

[(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] is presented. Chapter 4 focusses on the coordination chemistry of 

the cyclo-E5 complexes [Cp*Fe(ɖ5-E5)] (E = P, As) towards Ag+. The oxidation and 

characterization of the tetrahedrane complex [{CpMo(CO)2}2(µ,ɖ2:ɖ2-P2)] is reported in 

chapter 5. The following chapter 6 presents a comparative study of the single-electron 

oxidation of several cyclo-E6 triple-decker complexes [(CpRMo)2(µ,ɖ6:ɖ6-E6)] and other  

En ligand complexes. The coordination chemistry of En ligand complexes towards  

pre-assembled trinuclear CuI complexes is discussed in chapter 7 and 8. Chapter 9 and 

10 describe the investigations of the reactivity of En ligand complexes towards the 

unusual trinuclear Lewis acid [(o-C6F4Hg)3]. 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(µ,ɖ6:ɖ6-P6)] towards 

the ñnakedò cations Cu+, Ag+ and Tl+ 

Abstract: Though the cyclo-P6 complex [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (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-P10 ligand and the reactivity of 1 towards the ónakedô cations Cu+, Ag+ 

and Tl+. Besides the formation of the single oxidation products 3a,b showing 

a bis-allylic distorted cyclo-P6 middle-deck the [M(1)2]+ 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 Tl+ 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.[1] In this context,  

the isolation of the all-phosphorus analog of one of the most prominent organic  

molecules ï benzene ï stabilized in the complex [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) in 1985 by 

Scherer et al. can be viewed as a milestone in inorganic chemistry.[2]  

Cyclo-P6 triple-decker complexes have also been described for Ti, V, Nb and W.[3,4,5,6,7] 

Over the last decade, isolation of inorganic supramolecules resembling fullerenes,[8, 9, 10] 

was realized by coordination of the cyclo-P5 complexes [CpRFe(ɖ5-P5)] to CuI halides. 

Intrigued by the idea to interconnect cyclo-P6 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)2/3]2 with P4 to 

approximately 205 °C in boiling di-isopropylbenzene gives 1 in analytically pure form in 

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



24 | 3 .  C h e m i s t r y  o f  H e x a p h o s p h a b e n z e n e  

[(Cp*Mo)2(µ-P10)] (2) is obtained in trace amounts in crystalline form during the  

isolation of 1.[11] The reaction energy calculated by DFT for the reaction 2 Ą 1 + P4  

(ȹE = ï19.6 kJ molï1) shows that 1 is the thermodynamic product.[12] The molecular 

structure of 2 (Figure 1) displays a strongly folded cyclo-P10 ligand that has four shorter 

bonds between P1-P2 and P4-P5 with 2.140(2) Å, while the remaining P-P bonds are 

longer with an average length of 2.2 Å. 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 [Å]: Mo1-P3 2.4965(15), Mo1-P3ô 2.5109(12), b) Illustration of 
the cyclo-P10 ligand of 2. c) Illustration of P10

2-. 

The polyphosphido ligand binds to each Mo center via a ɖ2:ɖ2 mode of the P-P double 

bonds and by additional ɖ1 coordination of P3 and P3ô. This suggests an oxidation state 

of +2 for Mo. The Mo-Mo distance of 3.7018(8) Å 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 P3ô 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-P1ô and P3-P5ô are below the sum of the van der Waals radii 

(~3.13-3.17 Å). 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 molï1) was clearly identified next to the 

peak for [1]+ at 647.9 (g molï1) in the EI-MS. 

There is a substantial variety of polyphosphorus frameworks containing up to 

24 P atoms[13] described in the literature that are stabilized as Zintl anions,[14]  

by main group substituents,[15,16] or in the coordination sphere of transition metals.[17,18]  

The unprecedented P10
2ï ligand of 2 represents the largest polyphosphorus cycle known 
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so far. The isolobal dianion C10H10
2ï has been exclusively studied by  

theoretical methods.[19] 

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) [Al{OC(CF3)3}4]ï (=[TEF]).[20,21,22] When a CH2Cl2 

solution of Ag[TEF] or Cu[TEF] is added to a CH2Cl2 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 ï0.24 V vs Cp2Fe0/+ while the second 

oxidation at ~ +0.59 V is irreversible.[23] The 1H NMR spectrum of the paramagnetic 

complex 3a in CD2Cl2 shows one broad singlet (ɤ1/2 = 16 Hz) at 4.08 ppm, while no 

signal can be resolved in the 31P NMR spectrum between ï1200 and +1200 ppm.  

The 19F 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 giso = 2.024 (solid state) 

or giso = 2.019 (CD2Cl2).[24] The magnetic moment of 3a (µeff = 1.67 µB) was determined 

by the Evans NMR method, which is consistent with one unpaired electron.[24] 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.[24] By exchanging the anion [TEF] for 

another WCA [FAl{OC6F10(C6F5)}3]ï (=[FAl]),[25] we were able to determine the crystal 

structure of the oxidized P6 complex 3b (Figure 2). 

 

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-Moô bond length of the cation [1]+ is almost identical 

with 2.6617(4) Å compared to 2.6463(3) Å of 1.[24] The P-P bond lengths on the other 

hand are strongly affected by the oxidation. While the bonds P1-P1ô and P3-P3ô are 

elongated, the remaining P-P bonds are shortened compared to the P-P bond average  
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of ~2.183 Å of the starting material. Therefore, the middle-deck of [1]+ can best be 

described as a bis-allylic distorted cyclo-P6 ligand. DFT calculations show that this 

distortion is due to depopulation of the P-P bonding orbitals in the oxidized  

complex cation [1]+.[24] 

 

Figure 2. a) Molecular structure of the cation [1]+ in 3b.[26] Thermal ellipsoids are drawn 

at 50% probability. Carbon atoms are depicted as small spheres, H atoms are omitted  
for clarity. Mo1-Mo1ó 2.6617(4) Å. b) bis-allylic distorted cyclo-P6 ligand. 

 

Scheme 2. Reactivity of 1 towards the cations Cu+ and Tl+. 

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 31P{1H} NMR spectrum of 4a in CD2Cl2 shows a broad singlet at ï290.4 ppm  

(ɤ½ = 126 Hz) at room temperature, which is shifted 24 ppm to lower field  

compared to 1. At 193 K, the signal gets sharper (ɤ½ = 71 Hz) and moves slightly  
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to ï293.4 ppm, but no splitting of this singlet could be resolved. The 31P{1H} MAS NMR 

spectrum (293 K, f = 30 kHz) shows only one broad singlet at ï288.8 ppm  

(ɤ½ = 937 Hz). The solution NMR characterization of crystalline 4b proved to be 

challenging due to low solubility in CD2Cl2 and fast decomposition. Nevertheless, a broad 

signal (ɤ1/2 = 155 Hz) at ï294.0 ppm could be resolved in the 31P{1H} NMR spectrum  

at 253 K when warming a crystalline sample in CD2Cl2. This suggests a highly dynamic 

coordination behavior of 1 towards Cu+ and Ag+. 

 

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 [Å]: 4a: Cu1-P1 2.4354(12), Cu1-P2 
2.3927(12), P1-P2 2.2694(16); 4b: Ag1-P1 2.5793(10), Ag1-P2 2.6196(10), P1-P2 2.2915(14); 5: Cu1-P1 

2.3546(16), Cu1-P2 2.3343(16), Cu1-P7 2.3483(16), Cu1-P8 2.3383(16), P1-P2 2.286(2), P7-P8 2.2876(19). 
Angle between the planes P1P2Cu1 and P7P8Cu1 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 c) 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 Å) 

are shorter than the Ag-P distances observed of ɖ2-coordination by [Cp*Fe(ɖ5-P5)] 

(~2.8 Å)[27] or [Cp*Mo(CO)2(ɖ3-P3)] (~2.7 Å)[28]. The Cu-P distances of 4a (~2.4 Å) are a 

little longer than for the ɖ2-coordination by [Cp2Mo2(µ,ɖ2:ɖ2-P2)] (~2.35 Å) but can be 

compared well to [CpMo(CO)2(ɖ3-P3)] (~2.4 Å).[29] The P-P bonds are elongated  

with 2.2694(16) Å (4a) and 2.2915(14) Å (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 monoclinic 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.[24] 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)2]+. 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 ótetrahedralô and ósquare planarô 

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 Ą 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 CH2Cl2 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 c) + d), we were able to prove that we can isolate the cation [Cu(1)2]+ selectively 

either as its tetrahedral isomer in 5 or as its square planar isomer in 4a. 

Table 1. Standard enthalpies ȹHº298 and Gibbs energies ȹGº298 (kJ mol-1), standard entropies ȹSº298 
(J mol-1K-1) and equilibrium constants K298 for the isomerization process tetrahedral Ą square planar 
in different media. 

metal medium ȹH0
298 ȹSº298 ȹGº298 K298 

Cu 

gas phase 22.5 57.5 5.34 0.12 

toluene 20.7 57.5 3.55 0.24 

CH2Cl2 19.5 57.5 2.39 0.38 

Ag 

gas phase 8.3 43.9 -4.8 7.0 

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 Tl+ and polyphosphorus and -arsenic ligands; therefore, we reacted 1 

with Tl[TEF].[30,31,32] When Tl[TEF] is added to a CH2Cl2 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 31P{1H} NMR spectrum of 6 in CD2Cl2 solution at room temperature. 

Upon cooling to 193 K, a very broad signal (ɤ1/2 = 1303 Hz) appears at ï305.5 ppm, 

shifted ~8 ppm to lower field compared with 1. The 31P{1H} MAS NMR spectrum of 6  

at 293 K (f = 27 kHz) shows one broad singlet at ï291.1 ppm (ɤ1/2 = 1530 Hz) while  

at 343 K (f = 25 kHz) two broad signals at ï289.6 (ɤ1/2 = 300 Hz) and at ï309.2  

(ɤ1/2 = 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 P6 complex 1 to Tl+, while the crystal structure 

reveals a trigonal pyramidal coordination of Tl+ by three side-on coordinating P-P bonds 

of the cyclo-P6 ligands (Figure 5). 

 

Figure 4. Cationic layers inside the bc-plane of 4b a) and 6 b). Tl+ positions (light and dark) in b) are half-

occupied. For a) and b) anions, C and H atoms are omitted for clarity. c) + d) Illustration 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 P6 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 Tl-P distances  

of 3.2-3.3 Å, which are shorter than the Tl-P distances observed for the ɖ5-coordination 

of [Cp*Fe(ɖ5-P5)] towards Tl+ (~3.5-3.9 Å).[30,31] This coordination results in a slight 

elongation of these P-P bonds to about 2.22 Å while the third molecule of 1 (P5ô-P6ô) 

shows an unsymmetrical coordination with long Tl-P distances of ~3.42 and 3.69 Å and 

no P-P bond elongation.  
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Figure 5. Coordination environment of Tl+ in 6. Ellipsoids are drawn at 50% 
probability. Cp* ligands are omitted. Sum of coordination angles = 343.5°. 

Although the environment of Tl+ in 6 is distinctly different from Cu+ and Ag+ in 4a and 

4b, their structures are related.[33]. In Figure 4a) the isolated [M(1)2]+ 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 Tl+ cations inside the two-dimensional coordination 

network with the restriction that one of the ellipses can only be occupied by  

one Tl+ cation. Herein structural similarities to grapheneïlike structures can be observed. 

Figure 4c) and d) illustrate the equal crystal packing with alternating positively charged 

ócoordinationô layers and negatively charged óanionô layers when going along the 

crystallographic a-axis. 

3.3 Conclusion 

In summary, we have presented a facile synthesis of the cyclo-P6 complex 1 which 

enabled us to study its reactivity for the first time. Additionally, the by-product 

[(Cp*Mo)2(µ-P10)] (2) containing the largest known cyclic polyphosphorus ligand has 

been structurally characterized. We have demonstrated that the bis-allylic distortion of 

the cyclo-P6 middle-deck occurs upon one-electron oxidation of 1. By reacting 1 with 

Cu+, Ag+ and Tl+ 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-P6 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)2]+ complex cations, Tl+ shows further interconnection of the 

cyclo-P6 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 CaH2 (CH2Cl2, CD2Cl2, 

CH3CN ,CD3CN), Na (toluene) or Na/K-alloy (n-pentane, n-hexane). Solution NMR spectra were 

recorded on a Bruker Avance 400 spectrometer (1H: 400.130 MHz, 31P: 161.976 MHz, 
13C: 100.613 MHz). The chemical shifts ŭ are presented in parts per million ppm and coupling 

constants J in Hz. The following samples were used for external reference: TMS (1H, 13C), CFCl3 

(19F), H3PO4 85 % (31P). 31P{1H} MAS NMR spectra were recorded on a Bruker Avance 300 (31P: 

121.495 MHz) by Dr. Christian Gröger of the Physics department of the University of Regensburg. 

The chemical shifts of the MAS NMR spectra are also presented in the ŭ 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 CH2Cl2 solution or the solid substances 

were grinded together with dried KBr and pressed to pellets. The starting materials 

[Cp*Mo(CO)2]2,[1] Ag[TEF],[2] Ag[FAl],[3] [Cu(o-DFB)2][TEF][4] (o-DFB = ortho-difluorobenzene), 

Tl[TEF][5] were prepared according to the literature procedure. 

Syntheses of described compounds 

Synthesis of [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) and [(Cp*Mo)2(µ-P10)] (2): The synthesis of 1 was reported 

in the literature with 1% yield after chromatographic work up.[6] 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, 1eq.) 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 × 30 mL) 

and dried in vacuum. Recrystallization from warm CH2Cl2 affords 1 as medium brown crystals. 

Yield: 1.88 g (crude), 1.41 g (64%, pure). 1H NMR (CD2Cl2) ŭ/ppm = 0.56 (s; C5Me5); 31P{1H}-

NMR (CD2Cl2) ŭ/ppm = ī314.3 (s). Anal. calcd. for C20H30Mo2P6: C, 37.06; H, 4.67. Found: 

C, 37.00; H, 4.83. 

After recrystallization of 1 from CH2Cl2, 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*Mo)2(µ-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 (CH2Cl2) 

m/q (%) = 647.9 (100) [(Cp*Mo)2P6]+, 772.0 (5) [(Cp*Mo)2P10]+. 

 

Synthesis of [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)][TEF] (3a): The cyclo-P6 ligand complex 1 is easily oxidized by 

Ag+ or Cu+ in pure CH2Cl2. 

 

Method 1: A mixture of Ag[Al{OC(CF3)3}4]ÅCH2Cl2 (135 mg, 0.12 mmol), [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (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 × 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 (ï28 °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*Mo)2(µ,ɖ6:ɖ6-P6)] (1) (26 mg, 

1eq., 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 × 5 mL) and dried in vacuum. Yield 62 mg (80%). 1H NMR (CD2Cl2) 

ŭ/ppm = 4.08 (br, ɤ½ = 16 Hz, CH3); 13C{1H} NMR (CD2Cl2) ŭ/ppm = 90.28 (s, Cp*), 4.92 (s, CH3), 

121.64 (q, 1JC,F = 294 Hz, CF3); 19F{1H} NMR (CD2Cl2) ŭ/ppm = ï75.03 (s, CF3); 31P{1H} NMR 

(CD2Cl2) ŭ/ppm = no signal detectable between ï1200 and +1200 ppm (paramagnetic); 27Al NMR 

(CD2Cl2) ŭ/ppm = 33.62 (s, [Al(OC(CF3)3)4]ï). Anal. calcd. for C36H30Mo2P6AlO4F36 C, 26.77; H, 

1.87. Found: C, 26.49; H, 1.99. X-band EPR (77 K, CD2Cl2) giso = 2.019. Evans-method µeff = 

1.67 µB (one unpaired electron). ESI-MS (CH2Cl2) cations: m/q (%) = 647.9 (100) [(Cp*Mo)2P6]+; 

anions: m/q (%) 966.9 (100) [Al(OC(CF3)3)4]ï. IR (KBr) ’/cmï1 = 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*Mo)2(µ,ɖ6:ɖ6-P6)][FAl] (3b): Ag[FAl] (79 mg, 1eq., 0.05 mmol) is dissolved in 

5 mL of CH2Cl2 to yield a clear colorless solution. [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) (33 mg, 1eq., 

0.05 mmol) is dissolved in 10 mL of CH2Cl2 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 Ag0 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 × 10 mL) and dried in vacuum. Yield 59 mg (58%). 1H NMR (CD2Cl2)  ŭ/ppm = 4.21 (br, ɤ½ 

= 17 Hz, CH3); 13C{1H} NMR (CD2Cl2) ŭ/ppm = 89.82 (s, Cp*), 4.55 (s, CH3); 19F{1H} NMR 

(CD2Cl2) ŭ/ppm = ï112.3 (d, JF,F = 275 Hz, 2F), ï117.1 (d, JF,F = 279 Hz, 2F), ï121.5 (d, JF,F = 

277 Hz, 2F), ï127.7 (s, 2F), ï130.4 (d, JF,F = 275 Hz, 2F), ï136.8 (d, JF,F = 276 Hz, 2F), ï140.7 

(d, JF,F = 277 Hz, 1F), ï153.9 (t, JF,F = 22 Hz, 1F), ï164.6 (t, JF,F = 18 Hz, 1F), ï172.0 ppm (s, 

AlF); 31P{1H} NMR (CD2Cl2) ŭ/ppm = no signal detectable between ï1200 and +1200 ppm 

(paramagnetic). Anal. calcd. for C56H30Mo2P6AlO3F46 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*Mo)2P6]+; anions: m/q (%) 1381 (100) [AlO3C36F46]ï. IR (KBr) ’/cmï1 = 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*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4b): Ag[Al{OC(CF3)3}4]ÅCH2Cl2 (87 mg, 1eq., 

0.075 mmol) and [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) (110 mg, 2.2eq., 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 CH2Cl2 (~ 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 × 50 mL) and 

dried in vacuum. The crystals show a rather low solubility in CH2Cl2 compared to the analogues 

Cu+ compound 4a and decomposes quickly to the oxidized compound 3a and elemental Ag. Yield 

29 mg (16 %). 1H NMR (CD2Cl2, 253 K) ŭ/ppm = 0.77 (s, CH3); 19F{1H} NMR (CD2Cl2) ŭ/ppm =  

ï75.6 (s, CF3); 31P{1H} NMR (CD2Cl2, 253 K) ŭ/ppm = ï294.0 (ɤ½ = 155 Hz, P6). Anal. calcd. for 



S I :  3 .  C h e m i s t r y  o f  H e x a p h o s p h a b e n z e n e  | 35 

C56H60AgMo4P12AlO4F36 C, 28.36; H, 2.55. Found: C, 28.37; H, 2.63. ESI-MS (CH2Cl2) cations: 

m/q (%) = 648.0 (100) [(Cp*Mo)2P6]+; anions: m/q (%) 967.1 (100) [Al(OC(CF3)3)4]ï.  

IR (KBr) ’/cmï1 = 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*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4a, 5): The addition of toluene or MeCN to this 

reaction is necessary to prevent the oxidation of [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) by Cu+. 

 

Isolation of [Cu{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][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 CH2Cl2 affording a clear 

colorless solution. [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) (104 mg, 2eq., 0.159 mmol) was suspended in 5 mL 

toluene and 1 mL CH2Cl2. 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 × 10 mL) and dried in vacuum. Yield 65 mg (35%). 

 

Isolation of [Cu{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] as dist. tetrahedral form 5: [Cu(o-DFB)2][TEF] 

(63 mg, 1eq., 0.05 mmol) and [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (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 × 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%). 1H NMR (CD2Cl2) ŭ/ppm = 0.93 (s, CH3); 13C{1H} NMR (CD2Cl2) 

ŭ/ppm = 97.28 (s, Cp*), 12.05 (s, CH3), 121.65 (q, 1JC,F = 295 Hz, CF3); 19F{1H} NMR (CD2Cl2) 

ŭ/ppm = ï75.75 (s, CF3); 31P{1H} NMR (CD2Cl2, 300 K) ŭ/ppm = ï290.4 (br, ɤ½ = 126 Hz, P6); 
31P{1H} NMR (CD2Cl2, 213 K) ŭ/ppm = ï293.4 (br, ɤ½ = 71 Hz, P6); 31P{1H}-MAS NMR (293 K, f = 

30 kHz) ŭ/ppm = ï288.8 (br, ɤ½ = 937 Hz, P6). Anal. calcd. for C56H60CuMo4P12AlO4F36 C, 28.90; 

H, 2.60. Found: C, 28.71; H, 2.59. ESI-MS (CH2Cl2) cations: m/q (%) = 647.9 (100) [(Cp*Mo)2P6]+, 

751.9 (42) [Cu{(Cp*Mo)2P6}(MeCN)]+, 1360.7 (11) [Cu{(Cp*Mo)2P6}2]+; anions: m/q (%) 966.9 

(100) [Al(OC(CF3)3)4]ï. IR (KBr) ’/cmï1 = 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 [Tl{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2]n[TEF]n (6): [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1) (50 mg, 2 eq., 

0.08 mmol) and Tl[TEF] (45 mg, 1eq., 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 × 5 mL) and dried in vacuum. Yield 

65 mg (68%). 1H NMR (CD2Cl2) ŭ/ppm = 0.83 (s; Cp*); 13C{1H} NMR (CD2Cl2) ŭ/ppm = 12.05 (s; 

C5(CH3)5), 97.28 (s; C5(CH3)5), 121.65 (q, 1JF,C = 296 Hz; CF3); 19F{1H} NMR (CD2Cl2) ŭ/ppm = 

ī75.7 (s; CF3); 31P{1H} NMR (CD2Cl2, RT) no signal can be resolved; 31P{1H} NMR (CD2Cl2, 

193 K) ŭ/ppm = ï305.5 (br, ɤ½ = 1303 Hz); 31P{1H}-MAS NMR (293 K, 27 kHz) ŭ/ppm ï291.1 (br, 

ɤ½ = 1530 Hz); 31P{1H}-MAS NMR (343 K, 25 kHz) ŭ/ppm ï289.6 (br, ɤ½ = 300 Hz, small 

signal), ï309.2 (br, ɤ½ = 260 Hz, large signal). Anal. calcd. for TlAlO4Mo4P12C56F36H60 C, 27.25; 

H, 2.45. Found: C, 27.62; H, 2.30. ESI-MS (CH2Cl2) cations: m/q (%) = 204.38 (100) Tl+, 
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648.17 (98) [(Cp*Mo)2P6]+, 852.56 (3) [Tl{(Cp*Mo)2P6}]+; anions: 967.0 (100) [Al{OC(CF3)3}4]ī. 

IR (KBr) ’/cmï1 = 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 µeff of the oxidized cyclo-P6 complex [1]+ in the compound [1][TEF] (3a) 

was determined by the Evans NMR method,[7,8,9,10] using equation (1).[11] The measurement 

resulted in a µeff of 1.67 µB for 3a which is in good agreement with one unpaired electron. 

 

‘ χωψὝϽ…   (1) 

 

…
σϽɝὪ

ρπππϽὪϽὧ
 

 

ɢm = molar susceptibility of the sample in m3 molï1, ȹf = chemical shift difference of the residual 

solvent signal inside and outside of the capillary in Hz, f = frequency of the NMR spectrometer,  

c = concentration of the sample in mol dmï3, T is the measurement temperature in K. 

 

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

The oxidized cyclo-P6 complex cation [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)]+ (= [1]+) is paramagnetic and X-band 

EPR spectra (f = 9.5 GHz) were recorded for. [1][TEF] (3a) in CD2Cl2 solution and for [1][FAl] (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). 

 
Figure 1. EPR spectrum of compound 3a in CD2Cl2 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*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4a):  

 
Figure 3. 31P{1H} 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 [Tl{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2]n[TEF]n (6): 

 
Figure 4. 31P{1H} MAS NMR spectra of compound 6. The 

absolute signal positions were confirmed by measurement at 
different rotation frequencies. 

VT NMR of [Cu{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4a, 5): 

 
Figure 5. 31P{1H} 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 ï290.4 ppm in the 31P{1H} NMR spectrum at 

room temperature revealing the chemical and magnetic equivalence of all P atoms of the cyclo-P6 

ligands on the NMR timescale. This is most probably caused by fast underlying equilibria 

including fast rotation of the P6 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*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4b): 

 
Figure 6. 31P{1H} 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 [Tl{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2]n[TEF]n (6):  

 
Figure 7. 31P{1H} VT NMR spectrum of compound 
6 in CD2Cl2. 

At room temperature no signal can be resolved in the 31P{1H} NMR spectrum of compound 6 in 

CD2Cl2. Upon cooling below 213 K a very broad signal can be observed at ï305.5 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-KŬ or Mo- KŬ 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 CF3- as well as whole (CF3)3CO-groups frequently exhibit rotational disorder 

by rotation of CïO or CïC 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. 

Identification code 1 2 3b 4b 

formula C20H30Mo2P6  C19H28.5Mo2P9.8  C56H30AlF46Mo2O3P6  C57H62AgAlCl2F36Mo4O4P12 

weight [gĀmolï1] 648.14  752.30  2029.48  2456.21  

T [K] 123.00(14)  123.00(10)  123.1(4)  123.01(10)  

crystal system triclinic  monoclinic  monoclinic  monoclinic  

space group Pï1  P21/n  C2/c  C2/c  

a [Å] 8.25280(10) 8.0528(4)  30.6081(3)  36.3787(4)  

b [Å] 8.65580(10) 15.3282(6)  21.83616(15)  16.16213(17)  

c [Å] 10.12920(10) 11.4000(6)  21.7617(3)  14.51853(16)  

Ŭ [°] 101.1590(10) 90  90  90  

ɓ [°] 106.0070(10) 104.970(5)  110.4429(13)  101.5137(10)  

ɔ [°] 113.5080(10) 90  90  90  

V [Å3] 598.789(13) 1359.41(12)  13628.7(3)  8364.49(16)  

Z 1 2  8  4  

ɟcalc [gĀcm
-3] 1.797 1.838  1.978  1.950  

ɛ [mmï1] 1.454 13.087  6.080  10.624  

absorption correction gaussian gaussian gaussian gaussian 

Tmin/Tmax 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 [mm3] 
0.185 × 0.180 × 

0.141 

0.202 × 0.082 × 

0.030  

0.212 × 0.120 × 

0.058  

0.110 × 0.076 × 0.062  

radiation [Å] MoKŬ CuKŬ  CuKŬ   CuKŬ  

diffractometer Gemini R Ultra SuperNova Gemini R Ultra SuperNova,  

2 Ū range [°] 5.852 to 60.088 9.89 to 152.33 5.944 to 133.2  8.28 to 147.416 

reflns collected / 

unique 
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/ 

parameters 
3339 / 0 / 132  2718 / 15 / 166  11876 / 36 / 1092  8226 / 109 / 738  

GOF on F2 1.106  1.069  0.946  1.067  

R1 / wR2 [I Ó 2 ů(I)] 0.0191 / 0.0491 0.0474 / 0.1279  0.0299 / 0.0728  0.0413 / 0.1149  

R1 / wR2 [all data] 0.0210 / 0.0495  0.0549 / 0.1324  0.0357 / 0.0747  0.0440 / 0.1167  

max / min ȹɟ [eĀ¡-3] 1.40 / ï0.48  1.20 / ï0.89  0.61 / ï0.67  1.24 / ï0.85  
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Table 2. Crystallographic details for the compounds 4a, 5 and 6. 

Identification code 4a 5 6 

formula C57H62AlCl2CuF36Mo4O4P12  C147H160Al2Cu2F72Mo8O8P24  C56.45H60.9AlCl0.9F36Mo4O4P12Tl  

weight [gĀmolï1] 2411.88  5114.58  2506.00  

T [K] 122.99(13)  123(1)  123.15  

crystal system monoclinic  triclinic  monoclinic  

space group C2/c  Pï1  C2/c  

a [Å] 36.4679(6)  16.7510(5)  36.1206(14)  

b [Å] 16.1466(3)  17.2703(7)  16.4296(5)  

c [Å] 14.4134(2)  18.8355(6)  14.5113(7)  

Ŭ [°] 90  109.136(3)  90  

ɓ [°] 101.863(2)  97.750(3)  100.380(4)  

ɔ [°] 90  108.799(3)  90  

V [Å3] 8305.8(2)  4693.8(3)  8470.8(6)  

Z 4  1  4  

ɟcalc [gĀcm
-3] 1.929  1.809  1.965  

ɛ [mmï1] 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 [mm3] 0.332 × 0.216 × 0.101 0.147 × 0.102 × 0.075  0.164 × 0.121 × 0.011  

radiation [Å] CuKŬ CuKŬ CuKŬ 

diffractometer SuperNova SuperNova SuperNova 

2 Ū range [°] 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/ 

parameters 
7599 / 123 / 758  18870 / 241 / 1261  8068 / 162 / 730  

GOF on F2 1.112  1.053  1.083  

R1 / wR2 [I Ó 2 ů(I)] 0.0472 / 0.1088  0.0665 / 0.1781  0.0836 / 0.2195  

R1 / wR2 [all data] 0.0474 / 0.1090  0.0736 / 0.1867  0.0973 / 0.2272  

max / min ȹɟ [eĀ¡-3] 1.39 / ï1.22  1.82 / ï1.11  1.24 / ï2.05  

 

X-ray structure refinement of [(Cp*Mo)2(µ,ɖ6:ɖ6-P6)] (1): The solid state structure of 1 was reported 

earlier in the literature.[6] 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 [Å]: Mo1-Mo1ó 2.6463(3), P1-P3ó 2.1822(8), P1-P2 2.1833(8), 
P2-P3 2.1840(8). 

X-ray structure refinement of [(Cp*Mo)2(µ-P10)] (2): Compound 2 crystallizes in the monoclinic 

space group P21/n with the molecule occupying the center of inversion. Figure 9 shows the 

cyclo-P10 ligand of compound 2. When the structural model containing only the complex with a 

cyclo-P10 ligand was refined we observed a residual density peak of ~4 electrons situated at 
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about 0.8 Å 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-P10 complex 2 and a cyclo-P6 complex 1 

mixed in a 95:5 ratio. The model of the disorder is depicted in Figure 10. 

 
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 [Å]: P1-P5ô 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-P2ó 3.174(2), P3-P5ó 3.1605(17). Mo1-
Mo1ó 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-P1ô-P5ô-plane 103.94(7)°. 

 
Figure 10. The disordering cyclo-P10 and cyclo-P6 complexes in the crystal structure of compound 2. 
H atoms are omitted and C atoms are depicted as small balls for clarity. The cyclo-P10 complex (P purple, 
Mo blue, C grey) with its Cp* ligands is occupied for 95%, the cyclo-P6 complex (P green, Mo red) is 

occupied for 5% without Cp* ligands. Selected bond lengths [Å]: Mo2-Mo2ô 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(µ,ɖ6:ɖ6-P6)][FAl] (3b): Crystals of compound 3b suitable 

for X-ray diffraction analysis can be obtained by layering a CH2Cl2 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 [FAl] anion occupying a general position. One of the P6 rings shows a re-orientational 

disorder over three close positions (Figure 11 middle, right) while the other one is ordered (Figure 

11 left). All P6 rings show a bisallylic distortion with two opposing P-P bonds being significantly 

elongated (P1-P1ô, P3-P3ô, 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. 

 
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 P6 ring over 
three positions. (right) The model of the disorder for the P6 ring. The P6 ring 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 [Å]: Mo1-Mo1ó 2.6617(4), 
P1-P1ó 2.2932(13), P1-P2 2.1348(10), P2-P3 2.1384(11), P3-P3ó 2.2477(16), Mo2-Mo2ó 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*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][TEF] (4b) and 

[Cu{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}2][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 CH2Cl2/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(P6)2]+ (M =Ag, Cu; P6 = 1) 

is occupying the center of inversion. The anion and one CH2Cl2 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 CH2Cl2 solvent molecule is disordered over three positions for M = Ag (43:29:28) and two 

positions for M = Cu (70:30) The C-Cl 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 Cl-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 [Å]: Ag1-P1 2.5793(10), Ag1-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 [Å]: 
Cu1-P1 2.4354(12), Cu1-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(µ,ɖ6:ɖ6:ɖ2-P6)}2][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-P6 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(P6)2]+ 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 [Å]: Cu1-P1 2.3546(16), Cu1-P2 2.3343(16), Cu1-P7 2.3483(16), Cu1-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-Cu1 and P7-P8-Cu1 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 [Tl{(Cp*Mo)2(µ,ɖ6:ɖ6:ɖ2-P6)}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 Tl+ can be described as a cationic 

complex [Tl(P6)2]+ (cf. Ag+ and Cu+) which is occupying the center of inversion. The anion and 

90% of a CH2Cl2 solvent molecule are situated each on a twofold rotation axis. The structure is 

severely disordered. The Tl+ cation is disordered around the inversion center. The cyclo-P6 ring is 

disordered over two positions in a 1:1 ratio. The ratio is also in agreement with the distances to 

the Tl+ 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 Tl+ is depicted in Figure 15. 
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Figure 15. Direct coordination environment of Tl+ in the crystal structure of compound 6 can be described as 

cationic [Tl(P6)2]+ unit. Cp*Mo fragments are omitted for clarity. Selected bond lengths [Å]: Tl1-P1 
3.23284(12), Tl1-P2 3.28516(15), Tl1-P8 3.23938(8), Tl1-P9 3.24129(14). 

Tl1 is disordered over a center of inversion and cannot occupy it like Cu+ or Ag+ (see 

section 6.7, distance Tl1-Tl1ô = 4.4448(19) Å). If this is caused by the larger atomic 

radius of Tl+ 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-P6 

ligand shows two orientations in the solid state with a 1:1 ratio when it is coordinated to 

Tl1 or Tl1ô, respectively.(1) 

 
Figure 16. The model of the disorder of the [Tl(P6)2]+ complex over the center of symmetry, where two 
cyclo-P6 ligands in different orientations are coordinated to every Tl cation. Cp*Mo fragments of the P6 
ligands are omitted for clarity. A coordination of the Tl cation to the other orientation of the cyclo-P6 ligand 
can be ruled out since it would result in too short Tl-P distances (e.g. Tl1-P8ô 2.882 ¡ vs. Tl1 P2ô 3.022 Å). 

The present coordination forms [Tl(P6)2]+ coordination units (see Figure 15) with Tl-P distances 

ranging from ~3.23 ï 3.28 Å, but the large Tl+ cation shows also elongated contacts to the P6 

rings of the next [Tl(P6)2]+ coordination unit (see Figure 17) which results in a distorted trigonal 

                                                
(1) A coordination to the other orientation of the cyclo-P6 ligand can be excluded since it would 

result in too short Tl-P distances which are not in accordance with the weak TlI-P interactions 
present in this compound. (e.g. Tl1-P8ô 2.882 ¡ or Tl1 P2ô 3.022 Å). 
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pyramidal coordination of three P-P bonds to Tl+. The two possible orientations of the third 

cyclo-P6 ligand around Tl+ result in two pairs of Tl-P distances (either Tl1-P5ô 3.42008(19), Tl1-P6ô 

3.69009(11) or Tl1-P12ô 3.43(3), Tl1-P11ô 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 P6 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-P6 ligands of a layer are turned by 

14.9°. 

 
Figure 17. Coordination environment of Tl cation (view along the a axis). Selected bond lengths [Å]: Tl1-P1 

3.23284(12), Tl1-P2 3.28516(15), Tl1-P8 3.23938(8), Tl1-P9 3.24129(14), Tl1-P5ô3.42008(19), Tl1-P6ô 
3.69009(11), not shown here: Tl1-P12ô 3.43(3), Tl1-P11ô 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 Tl1 or Tl1ô can be occupied at once (light blue or dark grey, distance Tl-Tl1ô = 4.4448(19) Å) 

and the respective Tl cation is coordinated by an additional cyclo-P6 ligand the resulting 

assembly, if only one Tl is occupied in an ordered manner (always Tl1 or Tl1ô), is presented in 

Figure 20. The assembly in Figure 20 shows parallel one-dimensional coordination strands of Tl+ 

and cyclo-P6 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 TlI coordination to these cyclo-P6 ligands.) 

 
Figure 19. Viewing direction along the crystallographic a axis. The half-occupied Tl cations are depicted in 

dark and light grey and the [Tl(P6)2]+ coordination units with shorter Tl-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 [Tl(P6)2]+ coordination units of 6 (see Figure 15) directly correspond to the 

complex cations [M(P6)2]+ 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). Tl+ positions (light and dark) in b) are 

half-occupied. For a) and b) anions, C and H atoms are omitted for clarity. c) + d) Illustration 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 P6 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-KŬ1-radiation (ɚ = 1.540598 Å, Ge-monochromator) and a Mythen 1 K detector 

at 293 K. The 2Ū-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) Å, b = 16.307(6) Å, c = 14.61(2) Å, ɓ = 100.74(3)° and V = 8615(9) Å3 (4a) and a = 

16.995(8) Å, b = 17.51(1) Å, c = 19.41(1) Å, Ŭ = 109.42(4)°, ɓ = 97.65(4)°, ɔ = 108.44(3)° and V = 

4981(7) Å3 (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 4a 5 

 single crystal 
(123 K) 

powder 
(293 K) 

single crystal 
(123 K) 

powder 
(293 K) 

a [Å] 36.4679(6) 36.812(9) 16.7510(5) 16.995(8) 
b [Å] 16.1466(3) 16.307(6) 17.2703(7) 17.51(1) 
c [Å] 14.4134(2) 14.61(2) 18.8355(6) 19.41(1) 
Ŭ [°] 90 90 109.136(3) 109.42(4) 
ɓ [°] 101.863(2) 100.74(3) 97.750(3) 97.65(4) 
ɔ [°] 90 90 108.799(3) 108.44(3) 

V [Å3] 8305.8(2) 8615(9) 4693.8(3) 4981(7) 
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Figure 22. X-ray powder pattern for the pure cyclo-P6 complex 1. Positive intensities (measured), negative 

intensities (simulated). 

 
Figure 23. X-ray diffraction pattern for compound 4a. Positive intensities (measured), negative intensities 

(simulated). 
























































































































































































































































































































































































































































