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1. Introduction 

The growing interest in main group chemistry is based on the recent advances in small molecule 

activation,[1,2] ligand design for transition metal complexes and homogeneous catalysis.[3,4] Among main 

group elements phosphorus besides carbon is known for its strong tendency to form homoatomic bonds. 

According to the diagonal relationship, a vast variety of polyphosphorus frameworks can be accessed 

resulting from the comparatively high bond energy of PïP single bonds (~200 kJ/mol).[5] This is 

underlined by the diversity of the phosphorus allotropes, ranging from highly reactive white phosphorus 

to recently discovered fibrous red phosphorus.[6] The structural diversity of neutral polyphosphane 

derivatives is illustrated by the pioneering work inter alia by Baudler and Fritz[7,8] who aside from 

H-substituted polyphosphanes explored polyphosphorus compounds stabilized by organyl substituents 

facilitating their synthesis and isolation.[9,10] More recently, cyclic and acyclic anionic polyphosphanides 

have gained considerable interest and display a rich coordination chemistry.[11,12] Their potential 

application in the synthesis of metal phosphides is a current topic.[13] Cationic derivatives on the other 

side, include Pn-centered cations (n > 1)[14,15] and onio-substituted polyphosphorus cations. Important 

representatives of the latter are N-based and C-based onio-substituted P(III ) cations utilizing 

pyridiniumyl or imidazoliumyl substituents. Benefitting from the less reactive PïC bond, imidazoliumyl 

substituents have experienced widespread use in P1-cations.[16,17] Their introduction allows for 

adjustment of the donor acceptor properties of the adjacent phosphorus atom and present the possibility 

of precise ligand design for catalysis.[18,19] Simultaneously, thermodynamic stabilization of highly 

reactive phosphorus species is facilitated and the employment of imidazoliumyl substituents with 

increased steric volume can enhance kinetic stabilization. However, polyphosphorus cations stabilized 

by imidazoliumyl substituents are scarce due to the lack of selective and high yielding synthetic 

approaches and thus their coordination chemistry is far underdeveloped. 
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1.1. Neutral Polyphosphanes 

Polyphosphanes are composed of two or more phosphorus atoms bonded to each other and are accessible 

by several synthetic methods for PïP bond formation which were developed to address different 

structural motifs and reactivities.  

 

Scheme 1: Major synthetic approaches for PïP bond formation (I -VI ). 

A well-established strategy to form PïP bonds is dehalosilylation or -stannylation of halophosphanes 

under the release of trimethylsilyl chloride or trimethyltin chloride (Scheme 1, I ) and especially the 

work of Fritz demonstrates the wide applicability of this approach.[10] Halophosphanes are utilized in 

salt metathesis reactions with phosphides under elimination of the respective group 1 or 2 salts 

(Scheme 1, I I ).[9,20] The respective phosphides can be obtained in situ by the addition of group 1 or 2 

metals or starting from trimethylsilyl-substituted phosphanes via reaction with organolithium reagents 

or alkoxides. An efficient approach for the formation of symmetrically substituted polyphosphanes 

involves the catalytic dehydrogenation of secondary phosphanes by either main group compounds[21ï26] 

or transition metal complexes (Scheme 1, I II ).[27ï31] Furthermore, primary or secondary phosphanes can 

be employed in dehydrohalogenation reactions with halophosphanes (Scheme 1, IV).[32,33] Such 

reactions often require promotion of a base, most commonly triethylamine, leading to the formation of 

the respective ammonium salts.[34,35] In a very similar reaction, amino-substituted phosphanes can react 

with primary or secondary phosphanes (Scheme 1, V).[36ï38] In this case, the base is already included in 

the educt leading to the formation of the corresponding secondary amines. As pyrazolyl substituents are 
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amenable leaving groups the corresponding pyrazolylphosphanes can similarly be employed in 

condensation reactions.[39,40] Recently selective scrambling reactions, or in regard to the phosphorus 

carbon analogy, PïN/PïP bond metathesis reactions have gained attention (Scheme 1, VI ).[41] In this 

case, a diphosphane and a pyrazolyl-substituted phosphane with a reactive PïN bond generate a new 

P-P bond by cross exchange of bonding partners proceeding with a constant number of PïN and PïP 

bonds. Thus, a large variety of different approaches is viable for the synthesis of polyphosphorus 

compounds, but especially larger frameworks require careful adjustment of the reaction conditions and 

are therefore challenging to synthesize. 

 

Scheme 2: Synthesis of iso-tetraphosphanes by destannylation (I ), dehalosilylation (II ) or salt metathesis (III ); a) ï3 Me3SnCl, 

Et2O, 3 h, rt, 92.5%; b) ï3 Me3SiCl, n-pentane, ï78°C to rt, 29%; c) ï3 LiCl, n-pentane, ï78°C to ï35°C to rt, 19.5 h, 50%. 

Branched polyphosphorus compounds, comprising tricoordinate phosphorus atoms like 

iso-tetraphosphanes, are rather scarce and their follow-up chemistry restricted by their limited 

availability. The first report on an isolated iso-tetraphosphane in 1970 utilized P(SnMe)3 (1) and the 

chlorophosphane Ph2PCl in a 1:3 ratio in a destannylation reaction to build up phenyl-substituted 

derivative 2 in a high yield of 92.5 % (Scheme 2, I ).[42] The product can also be synthesized from 

P(SiMe3)3 as an alternative to the highly toxic P(SnMe3)3, however with a lower yield (76%).[42] 

Likewise, the dehalosilylation reaction of PCl3 and MeP(SiMe3)2 (3) in a 1:3 ratio yields the silylated 

iso-tetraphosphane 4 in 29% yield (Scheme 2, II ).[43] The exothermic reactions proceed due to the 

formation of either the energetically favorable Sn-Cl or SiïCl bonds. Dehalosilylation displays a 

common tool for the formation of PïP bonds but is hampered by multi-step syntheses[44] of its educts 

like 3 and the sophisticated work-up procedures, like fractionated sublimation in the case of 4. The 

related iso-tetraphosphane 6 is accessible by a salt metathesis reaction of PCl3 with three equivalents 

Li[P(SiMe3)Ph] (Li[ 5]) giving 6 in a moderate yield of 50% and LiCl (Scheme 2, III ).[45] An enriched 

product fraction is obtained as crystalline material but its 31P NMR spectrum shows various side 
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products. Due to the strong nucleophilicity of phosphides and their consequentially highly reactive 

nature, strict temperature profiles must be followed during the synthesis, resulting in complicated 

reaction procedures. 

 

Scheme 3: Aminolysis yielding triphosphane 8; a) ï2 HNMe2, o-xylene, reflux, 7.5 h, 71%. 

Catenated polyphosphanes, like triphosphane 8, are accessible by e.g. aminolysis reactions (Scheme 3). 

The reaction of aminophosphane 7 with HPPh2 in boiling o-xylene (bp: 144°C) yields triphosphane 8 

accompanied with the evolution of gaseous dimethylamine.[36] Such reactions often require elevated 

temperatures making them inapplicable for the synthesis of larger, temperature labile polyphosphanes 

due to thermal decomposition or rearrangement in more temperature stable cyclophosphanes as 

described by e.g. Niecke.[34] Thus, a synthetic protocol based on Petersons reported pyrazolyl-substituted 

phosphanes was developed.[46,47] Due to their free lone pair, the pyrazolyl moiety facilitates condensation 

reactions with primary or secondary phosphanes rendering pyrazoles as amenable leaving groups.[41] 

This is illustrated by reactions of di- and tripyrazolylphosphanes with various primary and secondary 

phosphanes at room temperature (Scheme 4). 

 

Scheme 4: Condensation reaction of tripyrazolylphosphane 9a (9a: R= pyr) and dipyrazolylphosphanes 9c-d (9b: R= Py, 9c: 

R= BTz, 9d: R= Ph) with primary and secondary phosphanes; a) +3 Cy2PH, ï3 pyrH (11), CH3CN, rt, 7 d, 95%; b) 12a: +2 

Cy2PH, ï2 11, CH3CN, rt, 15 h, 91%; 12b: +2 Cy2PH, ï2 11, CH3CN, rt, 16 h, 96%; 12c: +2 Cy2PH, ï2 11, CH3CN, rt, 16 h, 

93%; c) +PhP(H)C2H4P(H)Ph 13, ï2 11, CH3CN, rt, 5 min, 69%; d) 15b: +tBuPH2, ï2 11, CH3CN, ï30°C, 16 h, 53%; 15d: 

+tBuPH2, ï2 11, CH3CN, ï30°C, 16 h, 69%. 

The limited availability of polyphosphanes, like iso-tetraphosphanes, due to low yielding synthetic 

procedures or requirement of demanding reagents motivated the development of a novel synthetic 

approach using tripyrazolylphosphane 9a (R= pyr; pyr= 3,5-dimethylpyrazol-1-yl) as [P1] building 



 

5 

block.[39] The condensation reaction with three equivalents Cy2PH at room temperature leads to a 

colorless precipitate identified as iso-tetraphosphane 10, which can be isolated by filtration in 91% yield 

(Scheme 4). When a different stoichiometry (1:2) is applied, pyrazolyl-substituted triphosphane 12a is 

obtained. If dipyrazolylphosphanes RPpyr2 (9b: R= Py, 9c: R= BTz, 9d: R= Ph; Py= 1-(pyridin-2-yl), 

BTz= 1-(benzothiazol-4-yl), Ph= phenyl) are employed instead, reactions with two equivalents Cy2PH 

give rise to triphosphanes 12b-c, which can be isolated in very good yields (>90%).[48] Similarly, the 

reaction of 1,2-bis(phenylphosphanyl)ethane (13) with 9b yields the cyclic 1,2,3-triphospholane 14 in 

69% yield. While secondary phosphanes give branched polyphosphanes, primary phosphanes such as 

tBuPH2 lead in reaction with dipyrazolylphosphanes 9b,d selectively to the respective mixed substituted 

tetraphosphetanes 15b,d (15b: R= Py, 15d: R= Ph) accompanied by the expected formation of 

1,3-dimethylpyrazole (pyrH (11)).[49] The latter is conveniently removed by washing with CH3CN or 

sublimation. All aforementioned reactions provide access to novel polyphosphanes in moderate to 

excellent yields and employ readily available starting materials. A highlight in this regard is the synthesis 

of hexaphosphane 16 (Scheme 5), which is obtained by the reaction of 9a and 13.[50] 

 

Scheme 5: Synthesis of hexaphosphane 15 from tripyrazolylphosphane 9a; a) +5 13, ï10 11, CH3CN, rt, 58%. 

The formation of the PïP bond between the triphospholane moieties in 16 is unexpected but multinuclear 

NMR spectroscopy verified a mechanism for its formation which includes condensation reactions and 

PïN/P-P bond metathesis (Scheme 5). 

  
Scheme 6: Formation of hexaphosphane 16 via condensation and PïN/PïP bond metathesis steps; a) CH2Cl2, rt, 15 h. 
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In a first step, a condensation reaction of 9a with 13 in 2:3 ratio leads, under concomitant release of six 

equivalents of 11, to octaphosphane 18, which can be isolated and was fully characterized 

(Scheme 6, I II ). A PïN/PïP bond metathesis of 18 with 9a then leads to 1,2,3-triphospholane 19 

(Scheme 6, I I ). Subsequently, 17 and two equivalents of hexaphosphane 16 are formed by stepwise 

transfer of two triphospholaneyl moieties from octaphosphane 18 to two equivalents of 

1,2,3-triphospholane 19 by PïN/PïP bond metathesis (Scheme 6, II I ). Side product of this last step is 

compound 17. Similar selective PïN/PïP bond metathesis reaction has recently been used for the 

synthesis of pentaphospolanes.[48] The aforementioned examples of polyphosphane syntheses highlight 

the versatility of the approach based on conveniently accessible pyrazolylphosphanes as [P1] building 

block. 

1.2. Coordination Chemistry of Neutral Polyphosphanes 

The readily available polyphosphanes (chapter 1.1.) enable investigations regarding their coordination 

chemistry. The iron carbonyl complexes 12a[Fe(CO)4], 10[Fe(CO)4] and 16[Fe(CO)4]2 can be obtained 

from reactions of the respective polyphosphanes with [Fe2(CO)9] releasing stoichiometric [Fe(CO)5] 

(Figure 1).[39,50] 

 

Figure 1: Selected examples transition metal complexes with neutral acyclic polyphosphanes as ligands. 

The use of [Fe2(CO)9] facilitates the transfer of a [Fe(CO)4]-unit and enables the synthesis of such 

carbonyl complexes under ambient conditions while the remaining [Fe(CO)5] is conveniently removed 

during the work-up procedure. Furthermore, due to the soft Lewis basic properties of phosphorus atoms 

according to the HSAB concept,[51] polyphosphanes make excellent ligands for Ag(I) or Au(I). This is 

underlined by the coordination chemistry of 12b. The coinage metal triflate salts [Cu(CH3CN)4][OTf] 

and [Ag][OTf] yield dinuclear complexes [12b2M2][OTf] 2 (M= Cu, Ag) when reacted with pyridyl-

substituted triphosphane 12b.[48] The respective gold derivative can then be obtained from 
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transmetalation of [12b2Ag2][OTf] 2 with [AuCl(tht)] (tht= tetrahydrothiophene). The close distances 

between the metal atoms in the Ag(I) and Au(I) complex indicate the presence of argentophilic and 

aurophilic interactions.[52,53] Apart from catenated polyphosphanes, cyclic derivatives display an 

interesting coordination chemistry.[54] Reactions of pentaphospholane 20 with group 6 metal carbonyl 

compounds afford complexes 21a-c (a: M= Cr, b: M= Mo, c: M= W) under retention of the five 

membered ring (Scheme 7, right).[55] 

 

Scheme 7: Reaction of pentaphospholane 20 with transition metal carbonyls and diketaminate complex (NacNac)Ni)2(µ-ɖ3-

ɖ3-C6H5Me) 23; a) 21a: +Cr(CO)4(CH3CN)2, ï2 CH3CN, toluene, 120°C, 16 h, 32%, 21b: +[Mo(CO)4(nbd)] (nbd= 

norbornadiene), -nbd, CH2Cl2, 40°C, 16 h, 78%, 21c: +[W(CO)4(CH3CN)2], ï2 CH3CN, toluene, rt, 16 h, 68%; b) +1.25 

22, -toluene, rt, 16 h, 54%. 

Product of this reactions are the pentaphospholane complexes 21a,c (a: M= Cr, b: M= Mo, c: M= W) 

which comprise a ɖ2-coodinated metal tetracarbonyl. In contrast to the reactivity towards group 6 metal 

carbonyls, the reaction with diketaminate complex ((NacNac)Ni)2(µ-ɖ3-ɖ3-C6H5Me) (22; NacNac= 

CH(CMeN(2,6-iPr2C6H3))2) leads to fragmentation of pentaphospholane 20 (Scheme 7, left).[56] From 

the reaction the dinuclear ɛ2(ɖ2:ɖ2)-diphosphene complex 23 can be isolated showing a cis arrangement 

of the phenyl substituents. Fragmentation of the phosphorus frameworks likewise occurs in reactions of 

cyclophosphanes with smaller ring sizes, e.g. triphosphiranes. Alkyl -substituted triphosphirane 24a 

reacts with an equimolar amount of titanocene complex 25 to triphosphan-1,3-diide complex 26 under 

liberation of C2(SiMe3)2 and insertion of the [Cp2Ti] into a P-P bond of 24a (Scheme 8, top).[57] In 

contrast, the formation of diphosphene complexes 27b-d (Ar= Tipp, Dipp, Mes; Tipp= 2,4,6-iPr3C6H2, 

Dipp= 2,6-iPr2C6H3, Mes= 2,4,6-Me3C6H2) is observed in the reaction of aryl-substituted triphosphiranes 

24b-d with 1.33 equiv. 25 (Scheme 8, top). This reaction proceeds via stepwise single electron transfer 

steps, as concluded from sophisticated EPR spectroscopy and electrochemical investigations, and a 

paramagnetic titanocene phosphinidene species is postulated as possible intermediate. The frequent use 

of titanocene complexes for main group element bond formation[58] brings interest to the reactivity 

towards dichlorophosphanes. Indeed, triphosphirane 28b is obtained in a yield of 64% from reaction of 

diphosphene complex 23b with stoichiometric amounts of TippPCl2. The approach of using 



 

8 

diphosphene complexes as redox equivalent is especially promising in the synthesis of 

hetero-substituted triphosphiranes which are not accessible by simple reduction of mixtures of the 

respective dichlorophosphanes. 

 

Scheme 8: Synthesis of triphosphan-1,3-diide complex 26 and diphosphene complexes 27b-d (Ar= Tipp, Dipp, Mes) and 

reaction of 27b with TippPCl2; a) + 25, THF, 80°C, 16 h, 64%; b) + 4/3 25, C6H6, 80°C, 16 h, 27b: 56%, 27c: 49%, 27d: 66%; 

c) +TippPCl2, ï(Cp)2TiCl2, C6D6, 50°C, 16 h, 64%. 

The versatile synthetic use of cyclophosphanes as building blocks is further illustrated by the follow-up 

chemistry of diphosphatetrahedrane 25 with N-heterocyclic carbenes (NHC) or low valent transition 

metals (Scheme 9).[59,60] 

 

Scheme 9: Reaction of diphosphatetrahedrane 29 towards nickel compounds [Cp*Ni(IDipp)], [(ɖ6-toluene)Ni(IDipp)] and 

NHCs IMe4 (30) and IDipp (32); a) + 30, C6H6, rt, 1 h, 69%; b) +32, toluene, rt, 21 d, 29%; c) +[Cp*Ni(IDipp)], ï32, THF, rt, 

18 h, 33%; d) +0.5 [(ɖ6-toluene)Ni(IDipp)], ïtoluene, rt, 5 min, 35%. 

The highly strained diphosphatetrahedrane 29 is prone to ring opening, as observed in reactions with 

NHCs.[60] The reaction of 29 with two equivalents IMe4 (30) proceeds via PïP bond cleavage and gives 
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the vinyl bridged P2-compound 31 in a good yield of 69%. If the reaction is performed with a sterically 

more encumbered NHC, such as IDipp (32), the formation of imidazoliumyl-substituted 

diphosphan-1-ide 33, comprising a phosphirane moiety, is observed. A PïC bond cleavage occurs upon 

the addition of an appropriate transition metal precursors, such as the paramagnetic nickel(I) radical 

compound [Cp*Ni(IDipp)] or the nickel(0) precursor [(ɖ6-toluene)Ni(IDipp)], to a solution of 29. The 

reaction of diphosphatetrahedrane 29 with the paramagnetic nickel(I) radical compound [Cp*Ni(IDipp)] 

yields the dinuclear complex 34 with a P4-chain coordinated to two [NiCp*] moieties, while the reaction 

with [(ɖ6-toluene)Ni(IDipp)] leads to formation of tetraphosphetane complex 35.[59] In both cases a 

formal dimerization of two diphosphatetrahedrane moieties is facilitated upon coordination to the 

respective metal fragments. The reactions represent interesting examples in regard to the synthetic 

access of larger phosphorus scaffolds. However, they also show that detailed investigations on the 

reactivity of polyphosphanes with low valent transition metal compounds are necessary to derive viable 

reaction protocols. 

1.3. Polyphosphorus Cations 

1.3.1. Pn-centered Polyphosphorus Cations (n > 1) 

The aforementioned PïP bond formation, such as aminolysis and dehalosilylation, are only rarely 

employed for the synthesis of polyphosphorus cations. In this regard, the use of a PïN bond as synthetic 

equivalent for a PïP bond, in order to access diphosphenephosphonium salt 37a[OTf] , is pioneering. 

Compound 37a[OTf]  can be obtained from reaction of aminodiphosphene 36 with two equivalents of 

HOTf in the presence of PPh3 (Scheme 10).[61] Protonation of the amino substituent allows for 

subsequent nucleophilic substitution by PPh3 giving 37a[OTf] quantitatively. The arising 

diphosphenophosphonium is stabilized by the sterically encumbered Mes* substituent (Mes*= 

2,4,6-tBu3C6H2). 

 

Scheme 10: Synthesis of diphosphenosphosphonium salts 37a,b[OTf] (a: Rô= Ph, b: Rô= H) and further reaction of 37b[OTf]; 

37a+: a) +2 HOTf, +PPh3, ïH2N(iPr)2[OTf], CH2Cl2, ï78°C to rt, quantitative; 38 from 37b+: a) +HOTf, 

+(tBu)2PH, -H2N(iPr)2[OTf] , CH2Cl2, ï78°C to rt, >95%. 

When secondary phosphane (tBu)2PH is used as Lewis base instead of PPh3 and one equivalent of HOTf 

is employed in the reaction with 36, the diphosphenephosphonium salt 37b[OTf] is only intermediately 

formed and immediate deprotonation gives neutral phosphinodiphosphene 38. The transferability of 
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aminolysis reactions for PïP bond formation in polyphosphorus cations is further underlined by the 

synthesis of cationic four membered ring compound 40[OTf] and P7-cation 41+ (Scheme 11).[40] 

 

Scheme 11: Reaction of 39[OTf]3 with Cy2PH in different stoichiometries of 1:3 and 1:3.5; a) ï4 HpyrPCy2[OTf] (42[OTf] ), 

ï 3,5-dimethylpyrazolium triflate (43[OTf] ), ï11, CH2Cl2, 12 h, 45%; b) ï42[OTf], ï43[OTf], CH2Cl2, 4 h, 40%; c) ï42[OTf], 

ïpyrPCy2 44, CH2Cl2, 15 h, no yield reported. 

One-pot reaction of Janus-head type diphosphorus compound 39[OTf] 3 with 3.5 equivalents of Cy2PH 

leads to the formation of bicyclic P7-cation 41+ accompanied by release of dicyclohexylphosphanyl-3,5-

dimethyl-1H-pyrazolium triflate (42[OTf]), 3,5-dimethylpyrazolium triflate (43[OTf])  and 11. The 

formation of 41[OTf] can be understood as a series of substitution and base-induced reductive coupling 

steps which proceed via four membered ring compound 40[OTf]. The reaction can be performed 

stepwise to selectively access 40[OTf] by reaction of 39[OTf] 3 with only three equivalents of Cy2PH. 

The intermediate formation of 40[OTf] in the synthesis of 41[OTf] is indicated by the reaction of 

40[OTf] with 0.5 equiv. Cy2PH providing 41[OTf] , 42[OTf] and dicyclohexylphosphanyl-3,5-dimethyl-

1H-pyrazol (44). Both phosphorus centered cations 40+ and 41+ are obtainable from readily available 

[P1]-synthons and comprise a phosphanide bearing two adjacent phosphonio moieties commonly 

described as triphosphenium bonding motif. The related class of compounds, the so-called 

triphosphenium ions, represent one of the most comprehensively studied compound classes within the 

phosphorus centered cations.[62,63] Recently, they have gained considerable interest, as zwitterionic 

derivatives[64] open possibilities in coordination chemistry. The first examples of triphosphenium ions 

have been synthesized by Schmidpeter via reduction of PCl3 with SnCl2 in the presence of dppe 

(1,2-bis(diphenylphosphino)ethane; Scheme 12).[65,66] Later, approaches using PI3 instead of PCl3 or 

employing cyclohexene as halogen scavenger have been developed as well.[67] 

 

Scheme 12: Synthesis of the first triphosphenium salt 452[SnCl6]; a) CH2Cl2, 20°C, no yield reported. 
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The PïP bond lengths (2.11ï2.13 Å) of such cations are shortened compared to typical PïP single bonds 

(2.20 Å) due to negative hyperconjugation of electron density of the P(I)-atom into the P-R anti bonding 

orbitals of the R3P substituents.[68] This interaction stabilizes the frontier orbitals but restricts the 

coordination chemistry as similarly the frontier orbital energy is lowered due to the positive charge.[69,70] 

To overcome this deficiency a variety of zwitterionic triphosphenium ions have been developed 

(Scheme 13).[69,71,72] The elimination of the possibly coordinating anion and the introduction of an 

electron-rich supporting ligand, that weakens the back bonding of the P(I)-atom, has been envisioned to 

enhance the availability of the lone pairs for coordination chemistry. 

 

Scheme 13: Synthesis of zwitterionic triphosphenium derivatives 47 and 49a,b; a) ï2 tmeda (N1,N1,N2,N2-tetramethylethane-

1,2-diamine), ïLiBr, ïC6H10Br2, THF, rt, 10 min, 75%; b) 49a: ïdppe, ïKBr, THF, 91%; 49b: ïdppe, ïLiBr, THF, 74%. 

The implementation first succeeds by employing bisphosphinoborate ligands. The addition of PBr3 and 

an excess of cyclohexene to a solution of Li[46] results in the formation of zwitterionic species 47 

(Scheme 13, I ). Similarly, cyclopentadienides M[48a,b] (a: M= K, R= PPh2, b: M= Li, R= tBu) react 

with readily available triphosphenium salt 45[Br] as P(I)-source. The salt metathesis reactions give rise 

to zwitterions 49a,b in good yields (Scheme 13, II ). The modifications in the triphosphenium back bone 

lead to an increased electron density at the P(I)-atom and thus make diverse transition metal complexes 

available (Figure 2).  
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Figure 2: Selected transition metal complexes of zwitterionic triphosphenium ions. 

Consequently, the increased nucleophilicity of the P(I)-atom in 47 and 49b allows for the synthesis of 

1:1-complexes with early transition metal carbonyls 47[M(CO)n] and 49b[M(CO)n] (M= Cr, Mo, W, 

n= 5; M= Fe, n= 4). Furthermore, both free electron pairs at the P(I)-atom are available for coordination, 

which is illustrated by the isolation of dinuclear complexes 49b[Mn2(CO)10] and 49b[Co2(CO)8] and the 

iPr-substituted derivative 50 (M= [AuCl]). The coordination of intact triphosphenium zwitterions in 

reactions with gold chloride and early transition metal carbonyls is contrasted by the reactivity towards 

electron rich transition metal compounds.[73] 

 

Scheme 14: Reactivity of 49b towards electron rich transition metals [Ni(cod)2] and [Pd2(dba)3] and iron complex 

[(Cp)Fe(CO)2]2; a) 51a: +[Ni(cod)2], ï2 cod, THF, 2 h, 79%; 51b: +0.5 [Pd2(dba)3], ï1.5 dba, THF, 1 h, 63%; b) 

+[(Cp)Fe(CO)2]2,ï2 CO, THF, 4 d, 71%. 

The reaction of two equivalents of 49b with [Ni(cod)2] (cod= cyclooctadiene) or 0.5 equiv. [Pd2dba3] 

(dba= dibenzylideneacetone) gives rise to diphosphoniodiphosphene complexes 51a,b (a: M= Ni, b: 

M= Pd) (Scheme 14) comprising a ɖ2-coordination of the arising diphosphene moiety.[73] The reaction 

can be understood as oxidative insertion of the metal center into a PïP bond of the triphosphenium ion 

and dimerization of the P(I) units. The PïP bonds length of the diphosphene moiety in 51a (2.165(2) Å) 

compares well to known diphosphene complexes.[74] A similar reactivity is observed when 44b reacts 
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with [(Cp)Fe(CO)2]2 in a 2:1 ratio yielding the binuclear complex 52. In this case, a similar PïP bond 

insertion and dimerization occurs but the metal fragments are ů-coordinated by the phosphorus atoms 

of the presumed diphosphene moiety. The authors explain the strongly elongated PïP bond (bond length 

2.2332(12) Å) with the coordination of two electrophiles.[73] 

1.3.2. Imidazoliumyl-substituted Polyphosphorus Cations 

A versatile approach to access cationic polyphosphorus derivatives is the introduction of imidazoliumyl 

substituents, which allow for a precise electronic tuning of the attached phosphorus atoms.[17,75,76] 

Thereby, they are known to stabilize a variety of different bonding motifs, e.g. highly reactive radical 

cations (vide infra). The herein included examples are either described as imidazoliumyl-substituted 

phosphorus compounds with singly bonded onio-substituents or as phosphaalkenes with a P=C double 

bond according to Haaland, Krossing and coworkers[77,78] rather than donor-acceptor complexes of 

N-heterocyclic carbene (NHC) ligands and the respective phosphorus moiety.[76] Only one representative 

Lewis structure is given for most of the described compounds in this work. Various synthetic approaches 

for imidazoliumyl-substituted [P1]-compounds have been reported.[16,75,79] The related polyphosphorus 

compounds can either be synthesized starting from P4 and polyphosphorus compounds derived from 

P4-activation, while employing of NHCs as reagents with predominantly nucleophilic character[80ï82] or 

by using suitable imidazoliumyl-substituted P1-precusors which undergo P-P bond formation. The 

latter strategy is used to synthesize diphosphan-1,2-diide 54 (Scheme 15).[83]  

 

Scheme 15: Synthesis and reactivity of diphosphan-1,2-diide 54; a) +6 KC8, ï6 KCl, THF, rt, 21%; b) +Ph3C[B(C6F5)4], ï0.5 

(Ph3C)2, THF, rt, 2 h, >99%; c) +2 Fc[OTf], ï2 [Fc], THF, rt, 2 h, 42%; d) +[Hpyridine]Cl, ïpyridine, toluene, 16 h, 99.3%.  

Reduction of phosphoranide 53 with six equivalents of potassium graphite leads to the formation of 

neutral diphosphan-1,2-diide 54 via reductive coupling. The shortened PïC bonds (1.7504(17) Å) 
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indicate significant double bond character making a description as diphosphabutadiene feasible. 

Compound 54 can be oxidized by reaction with the single electron oxidant Ph3C[B(C6F5)4] to give 

P2-centered radical cation 55+.[84] Two electron oxidation can be executed by two equivalents of 

ferrocenium triflate [Fc][OTf] yielding diphosphene bis(imidazolium) salt 56[OTf] 2. Aside from 

oxidation reactions, protonation of diphosphandiide 54 is possible. The reaction with one equivalent of 

pyridinium hydrochloride leads to diphosphan-1-ide imidazolium salt 57[Cl], while a second 

protonation does not occur.[85] 

 

Scheme 16: Reduction of imidazolium salt 58[OTf] with potassium metalate [K(L)]59 (L= 18-crown-6); a) (ratio 60+:61+= 

9.9:0.1) ï[K(L)]OTf, ï[Cp*Fe(ɖ6-C10H8)]Cl, THF, reflux, 8 h, no yield reported; (ratio 60+:61+= 1:8), ï[K(L)]OTf, 

 -Cp*Fe(ɖ6-C10H8)Cl, THF, ï90°C, 15%, unidentified side products.  

In analogy to the reduction of phosphoranide 53, imidazolium salt 58[OTf] can be reduced stepwise by 

reaction with potassium metalate [K(18-crown-6)]59. If the reaction is performed under refluxing 

conditions, the halogen bridged P2-cation 60+ is obtained (Scheme 16).[86] Backed by quantum chemical 

calculations, the cation can be understood as Lewis acid base complex of the dicationic P2 moiety 

interacting with the bridging chloride anion. If the reduction is performed at ï90°C, the formation of the 

chloro-substituted P2-compound 61[OTf] is observed (Scheme 16). Instead via reduction of 

imidazoliumyl-substituted [P1]-sources, diphosphan-1-ides are also accessible from P5 cations utilizing 

NHCs (Scheme 17).[87] The [3+2]-fragmentation of 62[GaCl]4 with NHC 63 proceeds stepwise via the 

cationic phosphanyl-bicyclo[1.1.0]tetraphosphane imidazolium salt 64[GaCl4] (Scheme 17; in grey) 

yielding triphosphallyl cation 65+ and Dipp-substituted diphosphan-1-ide 66 both in yields over 87%.[87] 

The former comprises an imidazoliumyl-substituted P3-chain with a delocalized negative charge, closely 

related to the classical ́-system of the C3 allyl anion, as suggested by theoretical calculations. The latter 

is an overall neutral compound that features a chloro-substituted P2-moiety. Compound 66 shows a 

shortened PïP bond length of 2.1327(9) Å compared to the typical PïP single bonds (2.22 Å).[88] The 

PïCl bond in the diphosphan-1-ide 66 is longer (2.1586(8) Å) [89] than in related chloro-substituted 

diphosphane ArP(Cl)-P(Cl)Ar  (Ar= 2,6-dimethoxyphenyl; 2.11 Å).[90] This indicates a donation of 
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electron density of the p-type lone pairs on the imidazoliumyl-substituted phosphorus atom into the 

ů* -antibonding orbital of the adjacent PïCl bond. 

 

Scheme 17: [3+2]-fragmentation of 62[GaCl]4 with NHC 63 via 64[GaCl4]; a) C6H5F, ï40°C, 5 min, ï40°C to rt, 3 h, 66 87%, 

65[GaCl4] 89%. 

The weak P-Cl bond prompts the reaction of 66 with chloride abstracting reagents, e.g. GaCl3 

(Scheme 18). The cationic diphosphene 67+ is obtained in good yield of 76% by the addition of the 

Lewis acid GaCl3 to solutions of the respective diphosphan-1-ide 66.[89] The cation exhibits a PïP bond 

length of 2.038(1) Å (67+) that compares well to typical diphosphenes (2.0 Å).[74] The diphosphene 

moiety is stabilized by the high steric demand of the Dipp-substituent. 

 

Scheme 18: Reaction of diphosphan-1-ide 66 with MeOTf and GaCl3 and synthesis of phosphane adduct 68 [GaCl4]; a) C6H6, 

rt, 76%; b) +MeOTf, C6H6, 77%; c) +PMe3, o-C6H4F2, rt, 96 %.  

Accessing the related diphosphene imidazolium salt 67[OTf] via reaction of diphosphan-1-ide 66 with 

MeOTf by liberating MeCl is not feasible and instead gives rise to diphosphane imidazolium salt 

69[OTf]  (Scheme 18). The higher nucleophilicity and the sterically less crowded environment of the 

di-coordinate phosphorus atom results in the highly stereoselective methylation. The significantly 
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polarized P=P double bond in cationic diphosphene 67+ enables the nucleophilic attack of e.g. 

phosphanes. The reaction of 67[GaCl4] with a stoichiometric amount of PMe3 leads to the formation of 

phosphane adduct 68+ which features a rare example of a phosphane environment bridging a 

phosphanide and a phosphonium moiety (Scheme 18). Closely related imidazoliumyl-substituted 

polyphosphorus cations can also be synthesized by using phosphanide 70 as [P1]-building block 

(Scheme 19). 

 

Scheme 19: Synthesis of triphosphallyl cation 71+ and preparation of diphosphan-1-ides 72aïc and subsequent chloride 

abstraction yielding diphosphene imidazolium salt 74c[GaCl4] or tetraphosphetane bis(imidazolium) salts 74a,b[GaCl4]2; a) 

+0.5 PCl3, +DABCO (1,4-diazabicyclo[2.2.2]octane), ï[HDABCO]Cl (DABCO= (1,4-diazabicyclo[2.2.2]octane)), THF, 1 h, 

64%; c) +RPCl2 (R= Ph, NMe2, N(iPr)2), +DABCO, THF, rt, 2 h, -[HDABCO]Cl, 72a: 36%, 72b: 85%, 72c: 69%; c) +GaCl3, 

THF, rt ,73a2+: yield not determined, 73b2+: 70%; d) +GaCl3, DME, rt, yield not determined. 

Triphosphallyl cation 71+ is accessible by a synthesis starting from imidazoliumyl-substituted 

phosphanide 70. The reaction of 70 with PCl3 in a 2:1 ratio in the presence of DABCO 

(1,4-diazabicyclo[2.2.2]octane) gives rise to 71[Cl]. [91] An analogue base induced coupling of 70 with 

dichlorophosphanes RPCl2 (R= Ph, NMe2, N(iPr)2) in a 1:1 ratio allows for isolation of 

diphosphan-1-ides 72a-c (a: R= Ph, b: R= NMe2, c: R= N(iPr)2).[92] Treatment of the diphosphan-1-ides 

with GaCl3 gives diphosphene imidazolium salt 74c[GaCl4] and tetraphosphetane bis(imidazolium) salts 

73a,b[GaCl4]2, respectively. This observation is rationalized by the different steric demand of the 

substituents at the former chloro-substituted phosphorus atom. The sterically less encumbered phenyl 

or NMe2 substituent enables subsequent [2+2] cycloaddition reactions from the in situ formed 

diphosphenes. Bulky substituents are thus needed to investigate the follow-up chemistry of 

diphosphenes.  
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Scheme 20: Synthesis of diphosphan-1-ide 76 and subsequent coordination of [AuCl] giving complex 77; a) THF, rt, 5 min, 

52%; b) +[AuCl(SMe2)], ïSMe2, ï78°C to rt, 100 min, 50%. 

The high steric demand of the TerMes-groups (TerMes= 2,6-(Mes)2C6H3) in 75 stabilizes the diphosphene 

moiety and restricts nucleophilic attack to small nucleophiles (Scheme 20). Adduct formation with NHC 

30 gives rise to diphosphan-2-ide 76. However, variable temperature NMR studies suggest that the 

reaction is reversible. This is proven by the reactivity with Lewis acids, which upon the addition to the 

reaction mixture, again liberate diphosphene 75.[93] The electron rich diphosphan-1-ide can be used as a 

potent ligand for transition metal compounds. The 1:1 reaction of 76 with [AuCl·(SMe2)] in THF 

smoothly gives gold complex 77. No equilibrium as for 76 is observed for the gold complex indicating 

the very strong bonding of the Lewis base.[94] The authors suggest that the coordination of the [AuCl] 

enhances the electrophilicity of the di-coordinate phosphorus atom which leads to a better bonding with 

the NHC. A different synthetic approach to imidazoliumyl-substituted diphosphene complexes is 

represented by the follow-up chemistry of tetraphosphetane tetrakis(imidazolium) salt 80[OTf] 4 

(Scheme 21). 

 

Scheme 21: Synthesis and follow-up chemistry of tetracation 804+; a) ï8 Me3SiCl, ï 4 pyrazine, C6H5F, rt, 12 h, 86%; b) +79, 

ï2 Me3SiCl, ïpyrazine, ïiPrLC-P-LC
iPr[OTf]  (LC

iPr= 1,3-diisopropyl-4,5-dimethyl-imidazoliumyl), ïiPrLC-SiMe3[OTf] 

(82[OTf] ), iPrLC-P-LC
iPr[OTf]  (85[OTf]), CH3CN, 8 h, rt, 61%; c) 86a2+: +2 [Fe2(CO)9],-[Fe(CO)5], CH3CN/THF, 12 h, 98%; 

86b2+: +2 [Pd(PPh3)4], ï4 PPh3 CH3CN/THF, 12 h, 93%; 86c2+: +2 [Pt(PPh3)4], ï4 PPh3, CH3CN/THF, 12 h, 88%; d) 

+AuCl(tht), +nBu4N[Cl], ïnBu4N[OTf], THF/CH3CN, 70% determined by 31P NMR spectroscopy. 
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Reaction of dichlorophosphane imidazolium salt 78[OTf] with 1,4-bis(trimethylsilyl)-1,4-

dihydropyrazine (79) leads to the formation of tetraphosphetane tetracation 804+.[95] A stepwise reaction 

is proposed, in which first, two equivalents of 78[OTf] react with 79 giving rise to an intermediate 

species [ iPrLC-P(Cl)ïP(Cl)-LC
iPr]2+ (812+, LC

iPr= 1,3-diisopropyl-4,5-dimethyl-imidazoliumyl). Then 

subsequent reaction with another equivalent 79 ultimately leads to 80[OTf] 4. Aside from the 

tetraphosphetane tetrakis(imidazolium) salt 80[OTf] 4, the formation of the related triphosphirane 

tris(imidazolium) salt (iPrLC-P)3[OTf] 3 (83[OTf] 3) is observed. The latter is presumed to be the kinetic 

product as rearrangement of (iPrLC-P)3[OTf] 3 (83[OTf] 3) into the thermodynamically favored 

tetraphosphetane cation 804+ occurs over the course of 24 h in CH3CN. The P4-ring moiety in 80[OTf] 4 

is predominantly electrophilic due to the influence of the onio-substituents, which is confirmed by 

theoretical calculations. Further reacting 80[OTf]  with 79 in a 2:2 ratio provides access to 

imidazoliumyl-substituted P7-trication 843+
 under concomitant release of iPrLC-SiMe3[OTf] (82[OTf] ) 

and P(I) species iPrLC-P-LC
iPr[OTf]  (85[OTf] ). The product comprises a C3-symmetric 

heptaphosphanortricyclane cage. As the coordination chemistry of polyphosphanes and especially of 

such polyphosphorus cations is rarely investigated, the reactivity of electrophilic compounds with low 

valent transition metal is of great interest. A [2+2] fragmentation is observed when transition metal 

compounds [Fe2(CO)9], [Pd(PPh3)4], [Pt(PPh3)4] react with 80[OTf] 4 in a 1:2 ratio yielding diphosphene 

complexes 86a-c[OTf] 2 (a: M(L) n= Fe(CO)4, b: M(L)n= Pd(PPh3)2, c: M(L)n= Pt(PPh3)2). This reactivity 

is facilitated by the electron withdrawing effect of the cationic imidazoliumyl substituent and is likewise 

observed in reactions of (F3C-P)4 or (F5C6-P)4.[96,97] The resulting diphosphene moieties feature an 

increased ́-accepting ability with a low lying LUMO suitable for complexation of low valent metals. 

Transition metals with weak back bonding ability such as gold(I) show a different reactivity. When 

80[OTf] 4 reacts with [AuCl(tht)] in the presence of a chloride anion source, a reductive insertion into a 

PïP bond is observed giving rise to complex 87[OTf] 3. The complex comprises a P4 chain chelating the 

oxidized Au(III) atom which is additionally coordinated by two chloride ligands.  
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2. Objectives 

The objective of this work is to gain access to imidazoliumyl-substituted Pn-phosphorus compounds by 

utilizing dehalosilylation and condensation reactions (Figure 3) and to subsequently explore the 

coordination chemistry of such compounds. 

 

Figure 3: Easily accessible compound 88[OTf] (R= aryl, alkyl) and already available imidazoliumyl-substituted Pn-compounds 

78[OTf]  and 66 and the envisioned synthesis of larger frameworks (A-E) via dehalosilylation and condensation. 

The aforementioned dichlorophosphane imidazolium cation 78+ and diphosphan-1-ide 68 are readily 

available via high yielding synthetic routes[87,98] and are therefore ideal starting materials for the build-up 

of larger Pn-phosphorus compounds. In analogy to the synthesis of 78+, chlorophosphane imidazolium 

cation 88+ (R= aryl, alkyl) may be synthesized and used as [P1]-building block. The resulting compound 

88+ is envisioned to be employed in dehalosilylation reactions with silylated phosphanes to yield 

catenated polyphosphorus compounds. Diphosphane cations of type A represent a possible target as well 

as the unprecedented iso-tetraphosphane cations of type B. The starting materials 88+, 78+ and 66 can be 

converted to pyrazolyl substituted compounds which enable condensation reactions with primary or 

secondary phosphanes. This way, the asymmetrically substituted P2-compounds of type C may be 

accessible. Similarly, the novel P3-compounds D and E can be targeted. With a variety of imidazoliumyl-

substituted polyphosphorus compounds in hand, the goal is then to investigate their reactivity towards 

transition metal compounds (Figure 4). 
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Figure 4 Possible reactions from imidazoliumyl-substituted Pn-phosphorus compounds exemplified for a triphosphane cation 

of type D with various transition metal compounds (cod= cyclooctadiene) including fragmentation, coordination, or insertion 

in PïP bonds. 

The synthesized imidazoliumyl-substituted Pn-phosphorus compounds are investigated regarding their 

coordination chemistry with coinage metal compounds, metal carbonyls and metalates. Thereby, the 

formation of complexes, e.g. F and G, with different coordination modes under retention of the 

polyphosphorus framework is expected (Figure 4, right). The employment of electron rich precursors 

of late transition metals that are able to stabilize the charge through ˊ-back bonding with cationic 

ligands, are of special interest. In further reactions, a transformation of the polyphosphorus framework 

is anticipated. In particular, strong nucleophiles like halogenides or metalates are expected to lead to 

P-P bond cleavage reactions yielding phosphanide complexes of type H (Figure 4, left). Comparable 

phosphanide complexes of type I  may be the result from oxidative insertion of metals into PïP bonds 

of the employed polyphosphorus cations (Figure 4, bottom). This approach offers the opportunity for 

the targeted synthesis of novel transition metal phosphides with defined structures. The resulting 

complexes may also show interesting follow-up chemistry, e.g. dimerization or aggregation, which 

would give rise to larger, so far inaccessible Pn-phosphorus compounds.  
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3. Synthesis of Cationic Diphosphane 902+ and iso-Tetraphosphane 

913+  

The synthesis of 85[OTf] followed the established protocol using iPrLC-SiMe3[OTf] (82[OTf] ) as 

ñonio-substituent transferò reagent.[98] The condensation of 82[OTf] with CyPCl2 in C6H5F at elevated 

temperature (70°C) led to the formation of chlorophosphane imidazolium salt 89[OTf] under 

concomitant release of Me3SiCl (Scheme 22).  

 

Scheme 22: Access to chlorophosphane imidazolium salt 89[OTf] ; a)+ CyPCl2, ïMe3SiCl, C6H5F, 70°C, 3d, 74%. 

Compound 89[OTf] was isolated by precipitation from C6H5F and subsequent filtration as analytically 

pure, colorless salt in good yield (74%). The 31P{1H} NMR spectrum of 89[OTf] showed a broad 

resonance at ŭ(P)= 55.6 ppm, which is significantly high field shifted compared to the respective 

dichlorophosphane (ŭ(P)= 195 ppm) (Figure 6).[99] Upon cooling to 260 K the broad resonance resolved 

into two singlet resonances (ŭ(P)= 51.9 ppm, ŭ(P)= 54.5 ppm; integral ratio 2:1) indicating the presence 

of two stereoisomers. This is attributed to the hindered rotation[100] of the iPr-groups at the imidazoliumyl 

substituent that can adopt two different configurations (Figure 5).  

 

Figure 5: Possible configurations of iPr-groups at the imidazoliumyl substituent.  

For substances without sterically demanding substituent at the phosphorus atom, the rotation of the 

iPr-substituent is unrestricted. This is underlined by the structural data for several iPrLC-PR2[OTf] 

derivatives which show syn and trans orientations of the iPr-groups in the solid state.[98,101] However, if 

substituents with great steric bulk are introduced to the phosphorus atom, less steric repulsion is expected 

for the syn configuration in which both methyl-groups are orientated syn in regard to the bulky 

imidazoliumyl substituent. This conformation is exemplary observed in the molecular structures of 

cations 804+, 843+, 86a-c2+ and 873+
.
[95] As cation 89+ comprises a large cyclohexyl substituent, it is 

assumed that the syn configuration becomes energetically favorable. Thus, both conformations of the 

iPr-substituent are feasible and presumably show comparable ȹGo values. The hindered rotation of the 

iPr-substituent around the CïN bond then results in the observation of two different conformers. The 

two isomers may be assigned to the syn,syn and the syn,trans conformer, as it can be assumed that the 
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trans,trans conformer is energetically unfavorable due to steric repulsion between methyl-group and the 

cyclohexyl substituent. This assumption is supported by the molecular structure of 89+ which shows the 

syn,syn isomer (Figure 6). Therefore, the syn,syn conformer is presumed to be energetically favorable 

and is assigned to the 31P{} NMR  resonance with a chemical shift of 51.9 ppm and integral ratio of 2. 

 

Figure 6: 31P{1H} NMR spectra of 89[OTf] in CD2Cl2 at 300 K (top) and 260 K (bottom) and molecular structure of cation 

89+ in 89[OTf]; hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; 

selected bond lengths in Å and angles (°): PïC1 1.841(4), PïCl 2.0770(13), PïC12 1.832(4), C1-P-Cl 99.76(12). 

The molecular structure of 89+ is depicted in Figure 6 and shows the expected pyramidal bonding 

environment at the phosphorus atom. The PïCl bond length of 2.0770(13) Å is typical for 

chlorophospanes (PCl3: 2.09 Å).[6] The CïP bond length of the imidazoliumyl substituent (C1ïP1 

1.841(4) Å) compares well to the CïP bond of the cyclohexyl substituent (C12ïP1 1.832(4) Å) which 

justifies the description as CïP single bond. As 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (79) 

previously proved to be a suitable reagent for the reductive PïP bond formation of 

chlorophosphanes,[95,102] the synthesis of diphosphane bis(imidazolium) salt 90[OTf] 2 is envisioned.  

 

Scheme 23: Synthesis of diphosphane bis(imidazolium) salt 90[OTf]2; b) +0.5 79, ï2 Me3SiCl, ïpyrazine, C6H5F, rt, 16 h, 

63%. 

The 2:1 reaction in C6H5F of 89[OTf] with 79 led to a yellow precipitate in the course of 16 h. After 

filtration of the precipitate and subsequent drying in vacuo, the diphosphane bis(imidazolium) salt 

90[OTf] 2 was isolated in a good yield of 63% (Scheme 23). Suitable crystals for X-ray diffraction 

analysis were obtained by diffusion of Et2O into a saturated CH3CN solution at -30°C. Compound 

90[OTf] 2 crystallizes in the monoclinic space group P21/c with half a molecule in the asymmetric unit 

and possesses Ci symmetry (Figure 7). The PïP bond length of 2.2315(17) Å is well in range of PïP 

single bonds and corresponds to related the diphosphane Cy2PïPCy2 (2.21 Å).[103] The C1ïP1 bond 



 

23 

lengths of 1.837(3) Å compares well to CïP single bonds in related imidazoliumyl-substituted 

phosphanes (1.85 Å).[98] 

 

Figure 7: Variable temperature 31P{1H} NMR spectra of 90[OTf] 2 in CD3CN from 250 K to 340 K (the inset shows the zoom 

in of the experimental spectra at 250 K) and molecular structure of cation 902+ in 90[OTf]2Ā2 CH2Cl2; hydrogen atoms, solvate 

molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond lengths in Å and angles (°): 

P1ïC1 1.837(3), P1ïP1 2.2315(17), PïC2 1.833(4), C1-P1-P1 99.37(13). 

At ambient temperature the 31P{1H} NMR spectrum gave rise to two broad resonances (ŭ(P)=-48.0 ppm 

and ŭ(P)= -44.3 ppm) which are high-field shifted compared to the related neutral diphosphane 

(e.g. Cy2PïPCy2 ŭ(P)= ï21.0 ppm).[104] To further elucidate the dynamic behavior of the cation in 

solution variable temperature NMR studies were performed (Figure 7). At 340 K the spectrum showed 

two separate broad peaks at ï45.8 ppm and ï42.6 ppm. Upon cooling to 250 K the broad resonances 

resolved into two singlet resonances (ŭ(P)= ï49.8 ppm, ŭ(P)= ï45.3 ppm; integral ratio 10:1) and an AB 

spin system (ŭ(PA)= -48.5 ppm ŭ(PB)= ï46.3 ppm, 1J(PA,PB)= ï140 Hz; integral ratio 3). This is 

attributed to the presence of rotational isomers (Figure 8).  

 

Figure 8: Possible meso and rac rotamers for diphosphane 902+.  
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For unsymmetrically substituted diphosphanes six rotamers are feasible resulting from the racemic and 

meso diastereomers (Figure 8).[105] As the inversion barrier at the phosphorus atom is usually larger than 

the energy barrier for rotation around the PïP bond,[106] inversion is not observed on NMR time scale 

unless the temperature is above 100 °C.[107] For the comparable diphosphane Mes2PïPMes2, a trans 

orientation of the lone pairs of the phosphorus atoms in the ground state was observed.[108] The analogue 

meso,trans rotamer of 902+ is found in the molecular structure and is consequently assigned to the 

resonance with highest intensity in the 31P{} NMR spectrum (ŭ(P)= -49.8 ppm). This meso,trans 

rotamer is presumed to energetically favorable due to the antiperiplanar arrangement of the sterically 

demanding imidazoliumyl substituents. Furthermore, electron withdrawing effect of the onio-

substituents may favor a trans arrangement of the lone pairs, as previously reported for diphosphanes 

with electron withdrawing substituents, e.g. ïF or ïCF3.[109] The variable temperature NMR spectra 

showed dynamic exchange of the meso,trans rotamer which should consequently lead to a 

corresponding meso,gauche rotamer. Due to the steric interactions of the imidazoliumyl substituents, 

the meso,gauche rotamers are presumed to be energetically unfavorable and are assigned to the singlet 

resonance at -45.3 ppm with the lowest occurrence. Eclipsed rotamers with lone pairs in gauche 

conformation are typically observed for alkyl-substituted diphosphanes, e.g. for the related Cy2PïPCy2 

or for the tBu-substituted tBu2PïPtBu2.[107,110] Thus, the presence of a related staggered rotamer for 

cation 902+ can be reasoned. For the racemic diphosphane, the racemic,gauche II rotamer is presumed 

to be the most energetically favorable arrangement due to the sterically demanding imidazoliumyl 

substituent which adopts an antiperiplanar arrangement. The observed AB spin system 

(ŭ(PA)= -48.5, ppm, ŭ(PB)= -46.3 ppm 1J(PA,PB)= ï140 Hz) presupposes the presence of chemically 

unequal phosphorus atoms and might therefore be assigned to the racemic,gauche II  conformer. 

 

Scheme 24: Synthesis of iso-tetraphosphane tris(imidazolium) salt 91[OTf]3; a) + 0.5 P(SiMe3)3, C6H5F, rt, 3 d, 74% based on 

85[OTf] . 

The smooth and high yielding synthesis of chlorophosphane imidazolium salt 89[OTf] enabled the 

synthesis of larger catenated Pn-compounds. As to date the access to iso-tetraphosphanes is restricted to 

neutral derivatives, the synthesis of a cationic compound was envisioned. This was achieved by 

following Schumannôs approach of employing P(SiMe3)3.
[42] The dehalosilylation reaction of 89[OTf] 

with an excess of P(SiMe3)3 in C6H5F led to the formation of a colorless precipitate over the course of 

3 days which after filtration was identified as the desired iso-tetraphosphane tris(imidazolium) salt 

91[OTf] 3 (76%; Scheme 24).  
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Figure 9: Variable temperature 31P{1H} NMR spectra of 91[OTf] 3 in CD3CN from 240 K to 340 K (the inset shows the zoom 

in of the experimental spectra at 240 K) and molecular structure of cation 913+ in 91[OTf]3Ā2 CH3CN; hydrogen atoms, solvate 

molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond lengths in Å and angles (°): 

P1ïC1 1.827(5), P1ïP2 2.2346(12), P1ïC2 1.859(5), P1-P2-P1 102.64(6). 

In the 31P{1H} NMR spectrum an AX 3 spin system (ŭ(PA)= ï87.4 ppm, ŭ(PX)= -57.7 ppm, 1J(PA,PX)= 

ï271 Hz) was observed for 91[OTf] 3 which in comparison to the neutral iso-tetraphosphane (Cy2P)3P 

10 (AX 3 spin system: (ŭ(PA)= -108.9 ppm, ŭ(PX)= -5.2 ppm; 1J(PA,PX)= -361.9 Hz) showed high field 

shifted resonances for the outer phosphorus atoms (PX), and a smaller 1J(PA,PX) coupling constant.[39] 

Furthermore, the additional broad resonances in the room temperature spectrum of 91[OTf] 3 indicate 

the presence of another isomer (Figure 9). To further elucidate the dynamic behavior of the cation in 

solution, variable temperature NMR studies were performed. Upon cooling the sample to 240 K, a 

second AX 3 spin system (ŭ(PA)= -84.0 ppm, ŭ(PX)= ï41.5 ppm, 1J(PA,PX)= ï296 Hz) with an integral 

ratio of 1:10 in comparison to the first spin system was resolved, which is assigned to a conformer 

presumable resulting from rotation around the PïP bond (Figure 10).  

 

Figure 10: Possible conformations of the PïP bond in 91[OTf] 3 (left) and the enantiomers resulting from the axial chirality 

(right). 

Suitable crystals for X-ray diffraction analyses were obtained by diffusion of Et2O into a saturated 

CH3CN solution at ï30°C. The molecular structure of 913+ is depicted in Figure 9 showing the expected 
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pyramidal geometry of the central phosphorus atom. Compound 91[OTf] 3 crystallizes in the trigonal 

space group R3c with a third of a molecule in the asymmetric unit and possesses C3 symmetry. The P-P 

bond length of 2.2346(12) Å is elongated compared to the neutral iso-tetraphosphane 4 with P-P bond 

lengths ranging from 2.181(6) Å to 2.227(7) Å.[43] The C1ïP1 bond lengths of 1.827(5) Å is marginally 

shorter compared to the CïP single bonds in related imidazoliumyl-substituted phosphanes (1.85 Å).[98] 

Due to the presence of two different substituents at the outer phosphorus atoms, the cation shows axial 

chirality and both P/M-enantiomers are present in the unit cell (Figure 10).[111] In the molecular 

structure, the all trans conformer with an antiperiplanar conformation of the lone pairs at the 

phosphorus atoms is present which is therefore assigned to the AX 3 spin system with the highest integral 

ratio. As the second AX3 spin system presupposes C3 symmetry, it is presumed to be induced by the all 

gauche conformer. This is assumption is supported by literature reports on the larger 1J(PA,PX) coupling 

constant of the gauche conformation of lone pairs (ï296 Hz) compared to the trans conformation 

(-271 Hz) in related iso-tetraphosphanes.[112] The stability of the all gauche conformation is furthermore 

underlined by the solid state structure of comparable mixed substituted iso-tetraphosphane 4.[43]  

 

Figure 11: 31P/31P EXSY NMR spectrum of 91[OTf]3 in CD3CN at 300 K (mixing time 1 s). 

However, an additional doublet resonance at ŭ(P)= ï27.5 ppm (1J(P,P)= ï583 Hz) was observed in the 

31P{1H} NMR spectrum at 240 K. The abundance of more correlating resonances led to the assumption 

that their observation is eliminated by overlapping with other resonances. Due to the presence of the all 

gauche and all trans isomers and their exchange processes, it is feasible to assign the additional 
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resonances to an trans,trans,gauche or trans,gauche,gauche conformer as they are the logical 

intermediate structures. Similar observations are reported for the iso-tetraphosphane (HP(tBu))3P.[112] 

The exchange process between the presumed rotamers was proven by 31P/31P EXSY NMR experiments 

(Figure 11). The cross peaks indicate a slow exchange not only between the all gauche and all trans 

rotamers but also the assumed third unidentified rotamer. 

4. Metal Mediated Fragmentation Reactions of 90[OTf]2 and 

91[OTf]3 

The highly yielding synthesis of the novel Pn-cations 902+ and 913+ prompted the investigation of their 

coordination chemistry. The reaction of diphosphane bis(imidazolium) salt 90[OTf] 2 with two 

equivalents [Pd(PPh3)4] at 80°C yielded two different products 92[OTf] 2 and 93[OTf] 2 (Scheme 25). 

Compound 92[OTf] 2 is formed via an oxidative insertion of two palladium atoms into the PïP bond of 

the diphosphane with concomitant release of six equivalents of PPh3. The resulting complex bears two 

palladium atoms in the oxidation state +I including a Pd metal-metal bond bridged by phosphanide 

ligands and shows a well explored bonding motif.[113ï117] Optimization of the reaction conditions allowed 

to selectively synthesize 92[OTf] 2 by heating the reaction mixture in toluene at 120°C for 4 days. The 

compound was isolated by filtration as dark brown solid in 30% yield. 

 

Scheme 25: Synthesis of palladium complexes 92[OTf]2 and 93[OTf] 2; a) +2 [Pd(PPh3)4], ï6 PPh3, toluene, 120°C, 4 d, 30%; 

b) +2 [Pd(PPh3)4], ï6 PPh3, o-C6H4F2, 40°C, 14 d, 54%. 

In the 31P{1H} NMR spectra the complex 92[OTf] 2 showed two A2X2 spin systems (cis 922+: ŭ(PA)= 

26.5 ppm, ŭ(PX)= 141.8 ppm, 2J(PA,PX)= 37 Hz; trans 922+: ŭ(PA)= 25.3 ppm, ŭ(PX)= 132.8 ppm, 

2J(PA,PX)= 38 Hz; integral ratio 9:1) which were attributed to the two stereoisomers resulting from the 

respective cis and trans configurations (Figure 12), which are known from comparable zinc amides.[118]  
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Figure 12: Diastereomers of complexes 92[OTf]2 (top) and 93[OTf] 2 (bottom). 

The PA resonances show the typical chemical shift of PPh3 ligands bound to palladium as in the precursor 

[Pd(PPh3)4] (ŭ(P)= 29.8 ppm).[119] The PX resonances of the phosphanide moieties are low field shifted 

compared to bridging phosphanides (ɛ-PCy2: ŭ(P)= 238.0 ppm; ɛ-PPh2: ŭ(P)= 174.6 ppm) which is 

attributed to the influence of the imidazoliumyl substituent.[117,120] Analogue coupling constants for the 

2J(P,P) of around 40 Hz values are reported for related complexes.[117,120] 

 

Figure 13: 31P NMR spectra of the reaction mixture of 90[OTf] 2 and 2 equiv. [Pd(PPh3)4] stirred for 2 h at 80°C in o-C6H4F2 

in a microwave (CH3CN, 300 K, C6D6 capillary, top) and of the product 92[OTf]2 isolated from the synthesis in toluene after 

for 4 d at 120°C (CH3CN, 300 K, C6D6 capillary, bottom).  

Interestingly, the isolated product, obtained from the selective synthesis of 92[OTf] 2 at 120°C in toluene, 

renders the trans isomer with high field shifted resonances as the major isomer (10/90) as shown in 

Figure 13. But if the synthesis of 92[OTf] the is performed at 80°C in o-C6H4F2, the cis isomer with 

resonances with lower chemical shift (79/21) is predominantly observed aside from the formation of 

93[OTf] 2 (Figure 13). As 92[OTf] 2 directly precipitated from the reaction mixture in toluene, it is 

assumed that the contrary isomer distribution is mainly due to the different solubility of the 922+ isomers. 

The respective cis isomer comprises two imidazoliumyl substituents with similar orientation and thus 
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may exhibit a larger dipol moment which leads to less solubility in nonpolar solvents. Therefore, the 

major isomer with high field shifted resonances is attributed to the cis configuration. The 31P NMR 

spectrum of the reaction mixture of 90[OTf] 2 with [Pd(PPh3)4] (Figure 13) furthermore revealed the 

presence of a side product which was identified as rare dinuclear ɛ2(ɖ2:ɖ2)-diphosphene complex 

93[OTf] 2 (Scheme 13). The complex is a structural isomer of 92[OTf] 2 and results from an oxidative 

insertion in the PïC bond of the imidazoliumyl substituent instead of the PïP bond of the diphosphane. 

Similar reactivity was first reported in reactions of cyclopropenium-substituted phosphanes with 

palladium precursors.[121] A selective synthesis of 93[OTf] 2 was achieved by stirring the reaction mixture 

of 90[OTf] 2 with 2 equiv. of [Pd(PPh3)4] at 40°C for 14 days in o-C6H4F2. In the 31P NMR spectrum 

compound 93[OTf] 2 showed broad resonances (ŭ(PA)= ï11.7 ppm; ŭ(PX)= 18.2 ppm). At higher 

temperatures (340 K) an AA´XX´ spin system was revealed, which was iteratively fitted (Figure 14, 

Table 7). Details on the coupling constants are included in the experimental details (vide infra).  

 

Figure 14: 31P{1H} NMR spectra of 93[OTf]2 measured in mixture of o-C6H4F2 and toluene-d8 at 340 K displaying the 

experimental (upward) and fitted spectrum (downward). The NMR parameters are given in Table 7 and the molecular structure 

of cation 932+ in 93[OTf]2Ā2 o-C6H4F2Ā Et2O is shown on the right (the inset shows the detailed coordination environment); 

hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond 

lengths in Å and angles (°): P1ïP1 2.1160(12), P2-Pd 2.3213(6), C1ïPd 2.061(2), PdïPd 3.8007(8), P1-Pd-P1 53.54(4), P-

Pd-P plane fold angle 129.95(4). 

The resonance of the diphosphene moiety (ŭ(PA)= ï11.7 ppm) is shifted to lower field compared to the 

related molybdenum complex [(Cp)2Mo2(CO)4(PPh)2] (ŭ(P)= ï94 ppm)[122] and the large 1J(PA,PA´) 

coupling constant of ï489.4 Hz is typical for diphosphene complexes.[74] In the 31P NMR spectrum a 

minor isomer is observed, but iteration of its spin system is eliminated due to the overlapping with other 

resonances. However, the major isomer with the iterated AA´XX´ spin system can be assigned to the 

trans configuration, as in case of the cis isomer an ABXX´ spin system is expected. Suitable crystals for 

X-ray analyses were obtained by slow diffusion of Et2O into a saturated o-C6H4F2 solution of 93[OTf] 2 

at ï30°C (Figure 14). Compound 93[OTf] 2 crystallizes in the orthorhombic space group I2a with a half 
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molecule in the asymmetric unit. The molecular structure shows the trans isomer (Figure 13) with Ci 

symmetry. A central cis-substituted diphosphene is coordinated by two palladium atoms in a 

ɖ2-coordination mode. The PïP bond length of 2.1160(12) Å is in the expected range for diphosphene 

complexes[74] and compares well to the related nickel derivative [(NacNac)Ni)2(PPh)2]  (23: PïP bond 

length 2.125(3) Å).[56] The three membered P-Pd-P rings show a plane fold angle of 129.95(4)° and 

compound 93[OTf] 2 can therefore be described as butterfly type like structure (see inset in Figure 14). 

The palladium atoms are additionally coordinated by an NHC and a PPh3 ligand. The PdïC bond of 

2.061(2) Å compares well to known NHC palladium complexes.[123] The PdïPd distance of 3.8007(8) Å 

is significantly larger than the sum of the Van der Waals radii (3.26 Å)[124] excluding an interaction 

between the metal centers. The preferred oxidative insertion of the palladium into the CïP bonds of 

902+, as opposed to the competing reaction with the PïP bond, represents an unusual reactivity of 

polyphosphorus cation 902+ with low valent transition metals and might make further investigations 

using quantum chemical calculations necessary.  

 

Scheme 26: Synthesis of complexes 94[OTf]2 and 95[OTf]2; a) +0.5 Pd2Cl2(allyl)2, ï89[OTf], CH3CN, rt, 30 min, 59%; b) 

+0.5 Rh2Cl2(cod)2, ï89[OTf], CH3CN, rt, 30 min, 60%. 

The high yielding and convenient synthesis of iso-tetraphosphane tris(imidazolium) salt 91[OTf] 3 

enabled similar investigations on the reactivity towards transition metal compounds. The reaction of 

91[OTf] 3 with [Pd(PPh3)4] showed no conversion even at elevated temperature of 60°C. Therefore, the 

palladium precursor was changed to [Pd2Cl2(allyl)2]. The initially colorless reaction mixture of 91[OTf] 3 

with 0.5 equivalents of [Pd2Cl2(allyl)2] turned orange within 5 minutes and 31P NMR investigation gave 

rise to two newly formed A2X spin systems (cis isomer: ŭ(PA)= ï61.3 ppm, ŭ(PX)= ï16.1 ppm, 

1J(PA,PX)= -323 Hz; trans isomer: ŭ(PA)= ï57.6 ppm, ŭ(PX)= ï25.1 ppm, 1J(PA,PX)= ï321 Hz) showing 

effects of higher order[39,43,125] and a broad singlet resonance at ŭ(P)= 55.6 ppm. The latter is assigned to 

chlorophosphane imidazolium salt 89[OTf] indicating that the resulting palladium complex 94[OTf] 2 is 

formed via a chloride induced PïP bond cleavage reaction (Scheme 26). After removing all volatiles in 

vacuo, 89[OTf] was separated by washing with toluene and the palladium complex 94[OTf] 2 was 

obtained analytically pure as orange solid in moderate yield (59%). The complex comprises a ə-P1,P3 

coordinated Pd(allyl)-group. The two A2X spin systems of 94[OTf] 2 in the 31P NMR spectrum indicate 

the presence of two diastereomers (ratio 44:56), which originate from the respective cis and trans 

configurations of the cyclohexyl and imidazoliumyl substituents (Figure 15).  
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Figure 15: 31P{1H} NMR spectrum of 94[OTf]2 in CD2Cl2 at 300 K. 

As the cis isomer bears two cationic substituents in the same hemisphere of the molecule, a deshielding 

of the PX atom can be assumed due to the greater charge separation and dipole moment. Thus, the A2X 

spin system with the lower field shifted PX resonance (ŭ(PX)= ï16.1 ppm) is assigned to the cis 

diastereomer. Both isomers are present in solution and show an integral ratio of 56:44 in the 31P NMR 

spectrum. The susceptibility of iso-tetraphosphane tris(imidazolium) salt 91[OTf] 3 towards chloride 

nucleophiles prompted further investigations regarding the reactivity towards other transition metal 

chlorides. The reaction of iso-tetraphosphane tris(imidazolium) salt 91[OTf] 3 with 0.5 equivalents of 

[Rh2Cl2cod2] led to the formation of chlorophosphane imidazolium salt 89[OTf] and rhodium complex 

95[OTf] 2 which was obtained as a brown powder in 60% yield after work-up (Scheme 26). In the course 

of the reaction, the labile cod (cyclooctadiene) ligand is replaced by acetonitrile. 

 

Figure 16: 31P{1H} NMR monitoring of 95[OTf]2 in CD3CN at rt and after 30 min at 60°C. 
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31P{ 1H}  NMR spectrum of freshly synthesized 95[OTf]2 shows a single A2XY spin system (Y= 103Rh; 

ŭ(PA)= -57.0 ppm, ŭ(PX)= 14.3 ppm, 1J(PA,PX)= ï128 Hz, 1J(PA,Rh)= ï254 Hz) which comprises a 

coupling of the 31P atoms with the 103Rh atom. Analogue to compound 94[OTf] 2, this spin system is 

assigned to the cis diastereomer. A second A2XY spin system (ŭ(PA)= ï58.8 ppm ŭ(PX)= 5.5 ppm, 

1J(PA,PX)= ï142 Hz, 1J(PA,Rh)= ï267 Hz), which results from an isomerization process, evolves over 

time (Figure 16). This indicates that the cis-952+ is the kinetic product which is initially formed during 

the reaction of 91[OTf] 3 with Rh2Cl2cod2.  

 

Figure 17: Molecular structures of cations 942+ in 94[OTf] 2Āo-C6H4F2Ā0.5 Et2O and 952+ in 95[OTf]2Āo-C6H4F2ĀCH3CN; 

hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond 

lengths in Å and angles (°): 942+: P1ïP2 2.1527(13), P2ïP3 2.1544(13), C1ïP1 1.857(4), C2ïPd 2.189(4), C3aïPd 2.169(6), 

C3bïPd 2.169(12), C4ïPd 2.182(5), P1-P2-P3 85.40(5), P1-Pd-P3 74.47(3); 952+: P1ïP2 2.1535(7), P2ïP3 2.1495(7), C1ïP1 

1.867(2), N1ïRh 2.0782(17), N2ïRh 2.0774(19), P1-P2-P3 80.22(3), P1-Rh-P3 76.47(2). 

Suitable crystals for X-ray diffraction analysis were obtained by diffusion of n-pentane into a saturated 

o-C6H4F2/THF (v/v= 1:1) solution of 94[OTf] 2 and of an Et2O/toluene (v/v= 2:1) mixture into a saturated 

o-C6H4F2/CH3CN (v/v= 1:1) solution of 95[OTf] 2 at ï30°C. The molecular structures of both cations are 

depicted in Figure 17 showing a chelate ə-P1,P3 complex of the imidazoliumyl-substituted 

triphosphan-2-ide moiety with the respective metal center. Both molecular structures represent the 

respective cis isomers. The PïP bond lengths range from 2.1495(7) Å to 2.1544(13) Å and are shortened 

compared to typical PïP single bonds (2.22 Å)[88] which may be reasoned by negative hyperconjugation 

of electron density from the p-type lone pair at the P2 atom into antibonding PR2 orbitals as similarly 

observed in triphosphenium cations.[63] Consistently, the P1ïC1 bonds (1.857(4) Å and 1.867(2) Å) are 

elongated compared to 91[OTf] 3. The four membered metallacycle comprises an acute P-P-P angle 

(942+: 85.40(5)°; 952+: 80.22(3)°) and is nearly planar (plane fold angle: 942+: 7.77(6)°; 952+: 6.18(4)°). 

The acute angle around P2 and the resulting ring strain[126] might explain the low field shift of the PX 

resonances (cis-942+: ŭ(PX)= -16.1 ppm, trans-942+: ŭ(PX)= ï25.1 ppm; cis-952+: ŭ(PX)= 14.3 ppm, 

trans-952+: ŭ(PX)= 5.5 ppm) in comparison with the resonance of the phosphanide atom in the 

structurally related chromium ə-P1,P3-triphosphan-2-ide complex [Li(Et2O)2][P(tBu2P)2Cr(CO)4] 

(ŭ(P)= -31 ppm)[127] and especially other polyphosphanide complexes.[12] Simultaneously, the low field 

shift might be rationalized by dipol-dipol-interactions of the phosphorus atom with the metal, indicated 
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by the metal phosphorus distance of 3.3956(10) Å in 942+ and 3.3998(6) Å in 952+ being well inside the 

sum of the van der Waal radii of P-Pd (3.91 Å) and P-Rh (3.86 Å).[124,128] Presumably, due to the different 

overall charge and the influence of the imidazoliumyl substituent, the PA resonances (cis-942+: 

ŭ(PA)= -61.3 ppm, trans-942+: ŭ(PA)= ï57.6 ppm; cis-952+: ŭ(PA)= 57.0 ppm, trans-952+: ŭ(PA)= 

58.8 ppm) are strongly high field shifted compared to [Li(Et 2O)2][P(tBu2P)2Cr(CO)4] 

(ŭ(P)= 30 ppm).[127]  

 

Scheme 27: Synthesis of complexes 96[OTf]2 and 97[OTf]2; a) +2 PPh3, ï2 CH3CN, o-C6H4F2, ï30°C, 30 min, 60%; b) -PPh3, 

o-C6H4F2, 60°C, 60 min, 55% based on 95[OTf]2. 

The labile acetonitrile ligands at the rhodium atom in 95[OTf] 2 are easily replaced by other ligands. The 

reaction of 95[OTf] 2 with 2 equivalents PPh3 at ï30°C led under concomitant release of CH3CN to 

complex 96[OTf] 2, in which a ɖ2-coordination of an imidazoliumyl-substituted phosphorus atom and 

the phosphanide is established (Scheme 27). The 31P NMR spectrum of 96[OTf] 2 showed two 

AMNXYZ spin systems (Z= 103Rh; trans 962+: ŭ(PA)= ï151.3 ppm, ŭ(PM)= ï39.0 ppm, ŭ(PN)= ï3.3 ppm, 

ŭ(PX)= 29.6 ppm ŭ(PY)= 37.7 ppm; cis 962+: ŭ(PA)= ï136.6 ppm, ŭ(PM)= ï48.0 ppm, ŭ(PN)= ï19.1 ppm, 

ŭ(PX)= 29.6 ppm ŭ(PY)= 29.6 ppm) with an integral ratio of 1:2. The spin systems stem from the cis and 

trans isomers and in analogy to the complexes 94[OTf] 2 and 95[OTf] a high field shift of the resonance 

of the phosphanide atom is assumed for the trans isomer. The chemical shifts of the phosphanide atoms 

(trans isomer: ŭ(PA)= ï151.3 ppm, cis isomer: ŭ(PA)= ï136.6 ppm) compare well to the respective 

resonances in related triphosphan-2-ide complexes.[129] The PM and PN resonances are assigned to the 

imidazoliumyl-substituted phosphorus atoms and show the expected high field shift compared to related 

tBu-substituted triphosphan-2-ide complexes.[129] Full iteration of the spin systems was, however, not 

successful due to the strong overlap of three different 31P resonances. Even at lower temperature of 

240 K, these resonances are not fully separated. Besides, the compound proved to be instable in solution 

at room temperature which hampered a full NMR characterization (vide infra). However, 

suitable crystals for X-ray diffraction analysis were obtained by diffusion of n-hexane into a saturated 

THF solution of 96[OTf] 2 at room temperature. The molecular structure of cation 962+ confirms the 

modified ɖ2-coordination of P1 and P2 instead of the ə-P1,P3 coordination of the triphosphan-2-ide 

moiety in 952+ (Figure 18).  
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Figure 18: Molecular structures of cation 962+ in 96[OTf]2ĀTHF; hydrogen atoms, solvate molecules, and anions are omitted 

for clarity and ellipsoids are set at 50% probability; selected bond lengths in Å and angles (°): 962+: P1ïP2 2.1597(10), P2ïP3 

2.2184(10), C1ïP1 1.847(3), C2ïP3 1.873(3), P1ïRh 2.2995(7), P2ïRh 2.4123(7), P4ïRh 2.3149(7), P5ïRh 2.2797(7), P1-

P2-P3 93.22(4). 

The side on bound P1ïP2 bond is shortened (2.1597(10) Å) and the bond length compares well to 

diphosphene complexes.[74] The P2ïP3 bond is elongated (2.2184(10) Å) compared to the respective 

bond in 95[OTf] 2 but well in the range of PïP single bonds.[88] Similar structural features are known 

from the intensively studied neutral triphosphan-2-ide complexes by Pikies et al..[129,130] The three 

membered metallacycle shows unequal metal-phosphorus bonds between P1ïRh 2.2995(7) Å and 

P2-Rh 2.4123(7) Å while the bonds lengths to the PPh3 ligands show less deviation (P4ïRh 2.3149(7) 

Å, P5ïRh 2.2797(7) Å). The dihedral angle P1-P1-P3-C29 of 153.6(2)° indicates that the trans 

substituents at the P=P bond are bend away from the metal and deviate from planarity. This effect is 

known for related the diphosphene complexes 86b[OTf] 2 (148.4°) and 86c[OTf] 2 (147.1°)[95] but is more 

pronounced observable in Pikiesô triphosphan-2-ide complexes (135.37°).[130] The rhodium atom 

exhibits a distorted planar coordination sphere (Rh-P1-P2/Rh-P4-P5 plane twist angle: 24.83(4)°) which 

may be a result from the sterically demanding PPh3 ligands. However, the rhodium atom might be 

considered as d10 metal center which would render the ligands closely related to 

phosphino(diphosphenium) cations.[130] In this regard, the shortening of the P1ïRh may be explained by 

electrostatic interaction of the diphosphenium moiety bearing a positive charge and the partially negative 

charged metal atom. 
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Figure 19: Variable temperature 31P{1H} NMR monitoring of 96[OTf] 2 (black) in o-C6D4Cl2; evolving resonances of 97[OTf]2 

in red. 

In the course of variable temperature NMR investigations of 96[OTf] 2, an irreversible loss of one PPh3 

ligand even at room temperature was observed, quickly leading to full conversion to 97[OTf] 2 above 

60°C (Figure 19). The directed synthesis of complex 97[OTf] 2 succeeded by heating a o-C6H4F2 

solution of 96[OTf] 2 to 60°C in a microwave. The resulting complex 97[OTf] 2 was isolated as brown 

powder in 55% yield (based on 95[OTf] 2) by repeated washing with Et2O and subsequent filtration 

(Scheme 27). The complex forms via an intramolecular oxidative insertion reaction of the rhodium atom 

into the C-P bond of an imidazoliumyl substituent. Hence, the ligand may be considered as ɖ3-bound 

triphosphan-2-id-1-yl ligand. As an intramolecular reaction is not observed for 95[OTf] 2, which 

comprises CH3CN ligands, but is enhanced by the introduction of PPh3, it can be assumed that the 

increased donor ability of PPh3 in comparison to CH3CN increases the electron density on the metal 

atom and thereby facilities the oxidative insertion. 
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Figure 20: Left: 31P{H}  NMR spectrum of 97[OTf]2 (CD2Cl2, 300 K); insets show the zoom in of the experimental (upwards) 

and the iteratively fitted (downwards) AMXYZ spin system with parameters given in Table 8; right: molecular structure of 

complex 972+ in 97[OTf]2Ā3 CH2Cl2; hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are 

set at 50% probability; selected bond lengths in Å and angles (°): P1ïP2 2.1635(9), P2ïP3 2.1386(9), C1ïP1 1.839(3), C43ï

Rh 2.049(3), RhïP4 2.3702(7), P1-P2-P3 85.98(3). 

In the 31P{1H} NM R spectrum, 97[OTf] 2 showed four resonances of which two are broadened and 

overlap (ŭ(PX)= 72.8 ppm, ŭ(PY)= 73.5 ppm). By iteration, the spectrum was fitted to an AMXYZ spin 

system (Z= 103Rh) which shows coupling of the phosphorus atoms with the metal center (Figure 20, 

detailed information are given in the experimental section in Table 8). The broadened resonances of the 

P3 (ŭ(PX)= 72.8 ppm) and P2 atom (ŭ(PY)= 73.5 ppm) are high field shifted compared to 96[OTf] 2 and 

show a large 1J(PX,PY) coupling constant of -416 Hz. For the imidazoliumyl-substituted P1 atom (PA), 

a resonance with a chemical shift of -44.7 ppm is observed showing a large 1J(PA,PY) coupling constant 

of ï356 Hz. The large coupling constants may indicate the presence of a partial double bond character. 

The PPh3 ligand shows a resonance with a chemical shift of (ŭ(PM)= 19.0 ppm) which is low field shifted 

in comparison to Wilkinsons catalyst [RhCl(PPh3)3] (ŭ(P)= 46.3 ppm, ŭ(P)= 48.3 ppm).[131,132] The 

1J(P,Rh) coupling constants of the resonances corresponding to P1,P2 and P3 are negative and range 

from ï33.2 Hz to ï65.2 Hz. The PPh3 resonance, however, exhibits a large positive coupling constant 

of 1J(PM,Rh)= 155.8 Hz which compares well to Wilkinsons catalyst (1J(P,Rh)= 160 Hz).[132] Further 

insights are provided by the molecular structure (Figure 20). Suitable crystals for X-ray diffraction 

analysis were obtained by diffusion of n-pentane into a saturated solution of 93[OTf] 2 in CH2Cl2/C6H5F 

(v/v= 1:1) at ï30°C. The molecular structure shows an ɖ3-coordinated rhodium atom additionally 

coordinated by a PPh3 ligand and a NHC. The NHC ligand is trans located in relation to the 

imidazoliumyl-substituted phosphorus atom. The P1-P2 bond length of 2.1635(9) Å and the P2-P3 

bond length of 2.1386(9) Å are shortened compared to the respective bonds in 96[OTf] 2. Furthermore, 

the P-P-P angle of 85.98(3)° is more acute than in 96[OTf] 2 but compares well to the reported 

imidazoliumyl-substituted triphosphallyl cation 65+ (P-P-P 87.2(4)°).[87] Hence, in contrast to the only 
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reported phosphino-diphosphene complex [W(CO)5(Mes*)2P3(H)W(CO)4],[133] compound 97[OTf] 2 

might rather be viewed as triphosphallyl-complex. The C1ïP1 bond lengths of 1.839(3) Å compares 

well to CïP single bonds in related imidazoliumyl-substituted phosphanes (1.85 Å).[98] The RhïP bond 

distances increase from P1ïRh 2.3291(7) Å over P2ïRh 2.3900(7) Å to P3-Rh 2.4567(7) Å. In analogy 

to 96[OTf] 2, the short P1ïRh bond length might result from electrostatic interaction. The CïRh bond 

length (2.049(3) Å) of the NHC ligand compares well to the respective metal carbon bond in 93[OTf] 2 

which was likewise obtained from oxidative insertion. 

 

Scheme 28: Synthesis of gold complex 98[OTf]2; a) +[AuCl(PPh3)], ï89[OTf], CH3CN, ï30°C, 30 min, 88%. 

Inspired by chloride induced P-P bond cleavage reactions, subsequently [AuClĀPPh3] was employed as 

transition metal precursor (Scheme 28). As expected, the reaction of iso-tetraphosphane 

tris(imidazolium) salt 91[OTf] 3 with one equivalent [AuCl(PPh3)] led to the formation of 

chlorophosphane imidazolium salt 89[OTf]. Removal of all volatiles and repeated washing of the 

obtained residue with toluene afforded gold complex 98[OTf] 2 as analytically pure, colorless powder in 

very good yield of 88%.  

 

Figure 21: 31P{1H} NMR spectra of 98[OTf]2 in CD3CN at 340 K (top), 300 K (middle) and 240 K (bottom). 

At room temperature the 31P NMR spectrum of 98[OTf] 2 showed broad signals making variable 

temperature NMR necessary (Figure 21). At 340 K coalescence of two resonances of the Au 
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coordinated phosphorus atom was observed but the resonances of the imidazoliumyl-substituted 

phosphorus atoms remain broadened. Only at 190 K four spin systems of four different isomers were 

fully resolved (Figure 23). Detailed parameters are summarized in the experimental section (Table 9; 

vide infra). 

 

Figure 22: Possible meso and rac rotamers of cation 982+. 

Due to the chiral phosphorus atoms four different configurational isomers, namely two meso isomers 

(threo,threo and erythro,erytho) and two rac isomers (erythro,threo and threo,erytho), are possible 

(Figure 22). As the molecule comprises a mirror plane, the rac isomers become enantiomers which 

cannot be separately detected by NMR spectroscopy. It is assumed that an antiperiplanar orientation of 

the imidazoliumyl-substituent and the phosphanyl-substituent, as seen in III  and V, leads to less steric 

repulsion. The Au(PPh3) moiety is believed to be less sterically demanding due to the ideally linear 

coordination. Furthermore a gauche conformation of the lone pairs at the phosphorus atoms is generally 

favorable as described by the gauche effect.[134] As this orientation can only be realized in the erythro 

conformation, it is expected that the erythro,erytho meso isomer and the rac isomer are favored over the 

threo,threo meso isomer as previously reported for related unsymmetrically substituted 

triphosphanes.[135,136] The observation of four spin systems in the 31P{1H}  NMR spectrum at 190 K is 

then only plausible if rotamers are considered. The symmetric V,V-meso rotamer shows an AM2X spin 

system with resonances with a chemical shift of ï78.9 ppm (PA), ï20.4 ppm (PM) and 45.6 ppm (PX). 
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The latter can be assigned to the PPh3 ligand. A large 1J(PA,PM) coupling constant of ï240 Hz is 

observed, while the 2J(P,P) coupling over the gold atom is small (134.9 Hz). An AMNX spin system 

with resonances with comparable chemical shifts (ŭ(PA)= ï79.2 ppm, ŭ(PM)= ï21.6 ppm, 

ŭ(PN)= -21.3 ppm, ŭ(PX)= 45.4 ppm) is assigned to the related V,IV -meso isomer. Both observed 1J(P,P) 

couplings constants (1J(PA,PM)= ï244.3 Hz, 1J(PA,PN)= ï220.6 Hz) compare well to the V,V rotamer 

and are assigned to the bond with lone pairs in gauche arrangement. However, the conformation V is 

favored over IV  due to the steric repulsion between the imidazoliumyl-substituent and the phosphanyl-

substituent in IV  which is in line with the integral proportions of V,IV -meso isomer (16%) and 

V,V-meso isomer of (30%). The rac isomers show unsymmetric AMNX spin systems.  

 

Figure 23: 31P{1H} NMR spectra of 98[OTf]2 in CD2Cl2 190 K; experimental (upward) and fitted spectra of the rac and meso 

isomers (downward); insets show the zoom in of the iteratively fitted spectra; parameters of the spin systems are given in 

Table 9. 

The III,V -rac isomer is assigned to the asymmetric spin system which shows four resonances with 

chemical shifts of ŭ(PA)= ï84.5 ppm, ŭ(PM)= ï42.1 ppm, ŭ(PN)= ï25.0 ppm and ŭ(PX)= 46.3 ppm and 

different 1J(P,P) coupling constants (1J(PA,PM)= ï156.1 Hz, 1J(PA,PM)= -269.7 Hz). The III,V -rac 

isomer comprises the favorable III  and V conformations and is therefore found with a higher integral 

proportion (48%) than the other rac isomer (6%). The 1J(PA,PM) coupling constant is comparable to the 
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meso isomers (1J(PA,PM)= ï240.0 Hz, 1J(PA,PM)= ï244.3 Hz) and the PN atom shows a similar chemical 

shift as the respective resonances in the meso isomers (ŭ(PM)= ï20.4 and ŭ(PM)= -21.6 ppm). The 

adjacent bond is therefore assumed to adopt a gauche conformation confirming the V-conformation. 

The second 1J(P,P) coupling constant, however, is much smaller (ï156.1 Hz) which is expected for lone 

pairs which adopt an antiperiplanar conformation as in III . The relation of lone pair orientation and 

1J(P,P) coupling constant was previously discussed for 91[OTf] 3 (vide supra) and in literature.[135,136] 

The remaining AMNX spin system with resonances at ŭ(PA)= ï81.1 ppm, ŭ(PM)= ï49.4 ppm, 

ŭ(PN)= -27.3 ppm, ŭ(PX)= 45.7 ppm) then might stem from the respective III,IV -rac isomer. Both 

coupling constants (1J(PA,PM)= -148.5 Hz, 1J(PA,PM) -269.7 Hz) compare well to the III,V -rac isomer 

and indicate one gauche and one antiperiplanar conformation of the lone pairs. Both rac isomers show 

large 2J(PM,PN) coupling constants (III,V -rac isomer: 315.1 Hz; III,IV -rac isomer: 303.3 Hz) which 

may be a result from the similar orientation of the free electron pairs of the outer phosphorus atoms, 

which is known from e.g. phosphino-diphosphenes.[137] 

 

Figure 24: Molecular structure of 982+ in 98[OTf]2Ā1.5 CH2Cl2Ā0.5 CH3CN; the insets show the view along the P1ïP2 and 

P3-P2 bond; hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; 

selected bond lengths in Å and angles (°): P1ïP2 2.207(2), P2-P3 2.2098(2), C1ïP1 1.844(5), C12ïP1 1.865(6) ,C29ïP3 

1.866(6), C18ïP3 1.841(6), AuïP2 2.3304(13), P4ïAu 2.3028(12), P1-P2-P3 91.21(8), P2-Au-P4 172.38(5), C1-P1-P2-Au 

36.35(17)°, C29-P3-P2-Au 2.0(2)°. 

Suitable crystals for X-ray diffraction analysis were obtained by diffusion of Et2O and n-hexane into a 

saturated CH2Cl2/CH3CN (v/v= 1:1) solution of 98[OTf] 2 at ï30°C. The molecular structure of 982+ is 

depicted in Figure 24 which shows a rac isomer. One PïP bond adopts a conformation as described for 

rotamer III  in which the free electron pairs show an distorted antiperiplanar orientation with a C1-P1-

P2-Au torsion angle of 36.35(17)° (Figure 24, right). The second PïP bond, however, shows an eclipsed 

conformation as the cyclohexyl substituent is in a synperiplanar orientation with respect to the gold 

atom underlined by the C29-P3-P2-Au torsion angle of 2.0(2)° (Figure 24, right). This can be seen as 

transition state between rotamers V and VI . The PïP bond lengths of 2.2098(2) Å and 2.207(2) Å are 
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well in the range of PïP single bonds (2.22 Å)[88] which indicates a negative charge location at the P2 

atom. The P-P-P angle of 91.21(8)° is less acute than in 942+ (85.40(5)°) or 952+ (80.22(3)°) due to the 

acyclic structure but compares well to 962+ (93.22(4)°). The gold atom is nearly linearly coordinated by 

a PPh3 ligand and the phosphanide atom underlined by a P2-Au-P4 angle of 172.38(5)°. The AuïP2 

bond length of 2.3302(12) Å is larger than the bond length of the gold atom to the PPh3 ligand 

(2.3028(12) Å) which might be explained by electrostatic interaction of the gold cation and phosphanide 

anion. The CïP bond lengths of the imidazoliumyl substituent (C1ïP1 1.844(5) Å, C18ïP3 1.841(6) Å) 

are marginally shorter compared to the CïP bonds of the cyclohexyl substituents (C12ïP1 1.865(6) Å, 

C29ïP3 1.866(6) Å) but justify the description as CïP single bonds. As the investigations on the chloride 

induced PïP bond cleavage reactions resulted in a diverse set of complexes, the focus was shifted to 

altering the synthetic approach to gain access to the non-coordinated triphosphan-2-ide. Employing 

NHC 99 as reagent in a stoichiometric reaction with 91[OTf] 3 led to a nucleophilic substitution reaction 

yielding P3-compound 100[OTf] and phosphane bis(imidazolium) salt 101[OTf] 2 (Scheme 29). 

 

Scheme 29: Synthesis of compound 100[OTf]  and alternative synthesis of byproduct 101[OTf]2; a) o-C6H4F2, 60 min, 65%: b) 

ï2 Me3SiCl, C6H5F, 80°C, 16 h, 71%. 

The reaction mixture was filtered and removal of all volatiles in vacuo gave a residue from which 

compound 100[OTf] was conveniently separated by extraction with C6H5F and was then isolated as 

yellow crystalline powder after recrystallization in THF in good yield of 65%. The formation of 

101[OTf] 2 was proven by 31P NMR spectroscopy (ŭ(P)= ï38.2 ppm) which was identic with a sample 

synthesized on an independent route (Scheme 29). The reaction of two equivalents of 82[OTf] with 

CyPCl2 in C6H5F at 80°C gave rise to a colorless precipitate over the course of 16 h. After filtration, 

101[OTf] 2 was obtained as colorless solid in 71% yield. 
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Figure 25: 31P{1H} NMR spectra of 100[OTf]  in CD2Cl2 at 300 K (top), 260 K (middle) and 240 K (bottom). 

In the 31P{1H} NMR spectrum, compound 100[OTf] showed two broad AX2 spin systems isomer 

(trans,trans meso 100+: ŭ(PA)= ï135.2 ppm, ŭ(PX)= ï3.2 ppm, 1J(PA,PX)= ï316 Hz; anti,anti meso 100+: 

ŭ(PA)= ï130.6 ppm, ŭ(PX)= ï6.9 ppm, 1J(PA,PX)= ï315 Hz) at room temperature (Figure 25) indicating 

the presence of two symmetric meso rotamers which show dynamic exchange. The chemical shifts of 

the PA resonances and the 1J(P,P) coupling constants compare well to the respective parameters in the 

related triphosphan-2-ide [Li (thf)2][P(tBu2P)2] (ŭ(PA)= ï140.2 ppm, 1J(PA,PX)= ï330.3 Hz).[138] 

However, the PX resonances are shifted to higher field ([Li (thf)2][P(tBu2P)2] ŭ(PX)= -61.9 ppm)[138] 

which is attributed to the influence of the imidazoliumyl-substituent. In order to gain further insight, 

variable temperature NMR measurements were conducted. Only at 190 K the broad resonances vanished 

and four spin systems were revealed (Figure 27). 

 

Figure 26: Possible racemic and meso rotamers of 100+ and Newman projection of the PïP bond rotation. 

Due to the C2-symmetric cation 100+
, the existence of meso and racemic diastereomers is expected. 

However, the presence of four spin systems is only plausible if again different rotamers are considered. 

In order to minimize steric repulsion, an eclipsed anti conformation of the lone pair of the 
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imidazoliumyl-substituted phosphorus atom and the large phosphanyl substituent is expected to be 

energetically favorable. The other possible rotamer is the trans rotamer, in which a staggered 

conformation along the PïP bond is adopted. Rotation of the other staggered rotamers will lead to the 

anti rotamer which is assumed to represent the global minimum of steric repulsion. The AX2 spin system 

(ŭ(PA)= ï144.5 ppm, ŭ(PX)= ï16.2 ppm, 1J(PA,Px)= ï288 Hz) with an integral proportion of 39% is 

assigned to the anti,anti meso isomer. For the symmetric trans,trans meso rotamer an AX 2 spin system 

(integral proportion 44%) with resonances with a chemical shift of ŭ(PA)= -132.8 ppm and ŭ(PX)= ï6.6 

ppm and a larger 1J(PA,PX) coupling constant of ï316 Hz was observed. This assumption is supported 

by literature reports on the larger 1J(P,P) coupling constant of the gauche orientated lone pairs compared 

to the antiperiplanar conformation in related unsymmetrically substituted triphosphanes.[135,136] The 

trans,trans meso isomer is preferred due to the gauche effect.[134] Due to the same reason, the trans,trans 

rotamer is believed to be most energetically favorable of the rac isomers. The lone pairs of the 

imidazoliumyl substituted phosphorus atoms are in this case orientated approximately towards another. 

Thus, a large 2J(P,P) coupling constant is expected which is known from e.g. phosphino-

diphosphenes.[137] Such a large 2J(PY,PX) coupling constant of 454 Hz was observed for the AXY spin 

system (ŭ(PA)= ï136.5 ppm, ŭ(PX)= ï9.3 ppm, ŭ(PY)= ï4.1 ppm, 1J(PA,PX)= ï314 Hz, 1J(PA,PY)= ï311 

Hz, 2J(PY,PX)= 454 Hz) with an proportion of 5% which is therefore assigned to the trans,trans rac 

rotamer. The remaining AXY spin system (ŭ(PA)= ï145.7 ppm, ŭ(PX)= ï11.5 ppm, ŭ(PY)= ï11.4 ppm, 

1J(PA,PX)= ï289 Hz, 1J(PA,PY)= ï298 Hz, 2J(PY,PX)= 6 Hz) with an proportion of 7% shows two different 

1J(P,P) coupling constants and a very small 2J(P,P) coupling constant but could not be assigned to a 

rotamer with certainty.  



 

44 

 

Figure 27: 31P{1H} NMR spectra of 100[OTf]  in CD2Cl2 190 K; experimental (upward) and fitted spectra of the rac and meso 

isomers (downward); insets show the zoom in of the iteratively fitted spectra; parameters of the spin systems are given in 

Table 10. 

Suitable crystals for X-ray diffraction analysis were obtained by diffusion of n-pentane into a saturated 

solution of 100[OTf] in CH2Cl2/C6H5F (v/v= 1:1) at ï30°C. The molecular structure is depicted in 

Figure 28 showing the uncoordinated triphosphan-2-ide as the anti,anti meso isomer which exhibits 

C2-symmetry. The PïP bond lengths of 2.1558(12) Å and 2.1568(12) Å compare well to the 

triphosphan-2-ide [Li (thf)2][P(tBu2P)2] (2.174(1) Å)[138] and are thus shorter than in typical PïP single 

bonds (2.22 Å).[88] Similarly, the acute P1-P2-P3 angle of 94.72(5)° in 100+ is comparable to the acyclic 

[Li (thf)2][P(tBu2P)2] (96.50(4)°) and complex 982+ (91.21(8)°).[138] The CïP bond lengths of the 

imidazoliumyl substituents of 1.870(5) Å for C1ïP1 and 1.855(4) Å for P3ïC24 compare well to the 

C-P bond lengths of the cyclohexyl substituents (P1ïC12 1.867(8) Å, P3ïC18 1.866(4) Å) and thus, 

support their description as CïP single bonds.  
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Figure 28: Molecular structure of cations 100+ in 100+ĀCH2Cl2 (right) 1012+ in 101[OTf] 2ĀCH3CN (left); hydrogen atoms, solvate molecules, 

and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond lengths [Å] and angles [°]: 101+: P1ïC1 1.837(3), 

P1ïC12 1.840(3), P1ïC23 1.860(4), C1-P1-C23 100.94(16); 1002+: P1ïP2 2.1558(12), P2ïP3 2.1568(12), C1ïP1 1.870(5), P1ïC12 1.867(8), 

P3ïC23 1.855(4), P3ïC18 1.866(4), P1-P2-P3 94.72(5). 

Side product of the formation of triphosphan-2-ide 100+ is phosphane bis(imidazoliumyl) salt 

101[OTf] 2. The chemical shift of the 31P resonance of ï38.2 ppm is between the reported chemical shift 

for the cyano- (ŭ(P)= ï92.0 ppm) and the azido-substituted derivatives (ŭ(P)= 26.9 ppm) as the alkyl 

substituent is mainly an electron donor with +I effect. Suitable crystals for X-ray diffraction analysis 

were obtained by diffusion of Et2O into a saturated CH3CN solution of 101[OTf] 2 at -30°C. The 

compound shows the expected pyramidal bonding environment the phosphorus atom and comprises 

three CïP bonds. The bond lengths with the imidazoliumyl-substituent (P1ïC1 1.870(5) Å, P1ïC12 

1.867(8) Å) are marginally elongated in comparison the P1ïC23 bond to the cyclohexyl substituent 

(1.855(4) Å) and can thus be regarded as CïP single bonds. 
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5. Synthesis of Cationic P3-compounds 104+ and 106+ by 

Condensation  

The facile PïP bond formation via dehalosilylation reactions starting from imidazoliumyl-substituted 

chlorophosphanes prompted investigations regarding the reactivity of dichlorophosphane imidazolium 

salt 78[OTf] [98] as the presence of two reactive PïCl bonds in this P1-precursor may provide access to 

larger cationic frameworks. At first, the synthesis of triphosphane imidazolium salt 104[OTf] in a 1:2 

ratio was targeted by reacting 78[OTf] with 102 (Scheme 30).  

 

Scheme 30: Attempted synthesis of 104[OTf]; a) +2 102, ï2 Me3SiCl, THF, ï30°C, 1 h, not isolated; b) + 102, ïMe3SiCl, 

THF, ï30°C, 1 h, 77%; c) + 102, ïMe3SiCl, THF, ï60°C, not isolated. 

The reaction was performed by adding a precooled THF solution of 102 dropwise to a THF solution of 

78[OTf]  at ï30°C. Removal of all volatiles in vacuo and washing with Et2O, then yielded a mixture of 

the desired product and various unidentified side products with very similar solubility (see experimental 

section for details). The triphosphane cation 104+ was identified by its characteristic AX2 spin system 

(ŭ(PA)= ï55.8 ppm, ŭ(PX)= -19.1 ppm, 1J(PA,PM)= ï154 Hz). 

 

Figure 29: Variable temperature 31P{1H} NMR spectra of diphosphane imidazolium salt 103[OTf] (CD3CN) at 300 K (top) 

and 240 K (bottom). 

Thus, a stepwise procedure was performed and the reaction of 78[OTf] at -30°C with one equivalent 

99 in THF yielded the desired product 103[OTf] (77%) under concomitant release of Me3SiCl 
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(Scheme 30). The chloro-substituted diphosphane imidazolium salt 103[OTf] showed an AX spin 

system in the 31P{1H} NMR spectrum (ŭ(PA)= ï10.6 ppm, ŭ(PX)= 39.0 ppm, 1J(PA,PX)= ï164 Hz) with 

broadened resonances which resolved into two AX spin systems (gauche 103+: ŭ(PA)= ï13.1 ppm, 

ŭ(PX)= 38.9 ppm, 1J(PA,PX)= -161 Hz; trans 103+: ŭ(PA)= ï13.4 ppm, ŭ(PX)= 36.33 ppm, 

1J(PA,PX)= -160 Hz) at lower temperatures of ï240 K (Figure 29). This indicates the presence of two 

isomers (ratio 17:83) which presumably stem from a hindered rotation of the PïP bond (Figure 30) as 

previously reported in related diphosphane bis(imidazolium) salt 90[OTf] 2 (vide supra). 

 

Figure 30: Newman projection of possible rotamers of diphosphane 103+. 

The trans rotamer with trans orientation of the lone pairs at the phosphorus atoms is presumed to be 

energetically favorable due to the electron withdrawing chloro substituent and is therefore assigned to 

the AX spin system with higher integral proportion.[109] The second AX spin system is consequently 

assigned to the gauche rotamer. The chemical shift of the PX resonances compare well to the related 

cyclohexyl-substituted chlorophosphane imidazolium salt 89[OTf] and while the PA resonances are 

typical for Ph2P-moieties in diphosphanes e.g. Ph2PïPPh2 (ŭ(P)= ï14.6 ppm).[104]  

 

Scheme 31: Decomposition of diphosphane 103[OTf]; C6H5F, rt, yield not determined. 

The compound was sufficiently stable as solid but slowly decomposed in solution (Scheme 31). 

Products of this reaction are Ph2PCl and 80[OTf] 4. However, suitable crystals of 103[OTf] for X-ray 

analyses were obtained by slow diffusion of n-hexane into a saturated C6H5F solution of 103[OTf] 

at -30°C. The molecular structure of 103+ is depicted in Figure 31 and shows the expected pyramidal 

bonding environment of both phosphorus atoms. The PïP bond length of 2.2285(7) Å compares well to 

the bond in Ph2P-PPh2 (2.22 Å)[104] and the PïCl bond length of 2.0628 Å is typical for P(III) 

chlorophosphanes (PCl3: 2.09 Å).[6] The cation is present as the trans isomer underlined by a C1-P1-P2-

C18 torsion angle of 175.27(9)°. The length of the CïP bond of the imidazoliumyl substituent of 

1.832(2) Å compares well to the CïP bonds of the phenyl substituents (P2ïC18 1.838(2) Å, P2ïC12 

1.838(2) Å) and thus supports the description as CïP single bond. 
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Figure 31: Molecular structure of diphosphane 103+ in 103[OTf]·0.5 C6H5F; the inset shows the view along the P1ïP2 bond; 

hydrogen atoms, solvate molecules and anions are omitted for clarity and thermal ellipsoids are displayed at 50% probability; 

selected bond lengths (Å) and angles (°): C1-P1 1.832(2), P2ïC18 1.838(2), P2ïC12 1.838(2), P1ïP2 2.2285(7), P1ïCl 

2.0628, C1-P1-P2 98.24(6). 

With 103[OTf] in hand, synthesis of triphosphane imidazolium salt 104[OTf] was attempted by the slow 

addition of a second equivalent with 102 at lower temperatures (ï60°C). However, unchanged product 

distribution of 104[OTf] and various side products was observed. Therefore, the synthetic protocol was 

changed in order to employ pyrazolylphosphanes in condensation reactions with secondary phosphanes. 

 

Scheme 32: Synthesis of 1,2,3 triphospholane imidazolium salt 106[OTf]  by condensation; a) +2 pyrSiMe3, ï2 Me3SiCl, 

CH2Cl2, rt, 16 h, 88%; b) +PhP(H)C2H4P(H)Ph) 13, ï2 11, C6H5F, rt, 16 h, 85%. 

The synthesis of dipyrazolylphosphane imidazolium salt 105[OTf] followed the established protocol for 

the synthesis of P(pyr)3 9a[46,47] which was conveniently adapted to the dehalosilylation reaction of the 

dichlorophosphane imidazolium salt 78[OTf] [98] with two equivalents of 3,5-dimethyl-1-

(trimethylsilyl)-1H-pyrazole (pyrSiMe3) under release of two equivalents of Me3SiCl (Scheme 32). The 

addition of n-hexane to the reaction mixture led to the precipitation of analytically pure, colorless 

105[OTf] (88% yield). The 31P{1H} NMR resonance of 105[OTf] in CD2Cl2 ŭ(P)= 41.5 ppm is 

significantly high field shifted compared to 78[OTf] (ŭ(P)= 109.1 ppm).[101] The molecular structures of 

the cation 105+ was confirmed by X-ray diffraction analysis (Figure 33) which shows the expected 

pyramidal bonding environment at the phosphorus atom and typical PïN bond lengths of 1.7334(11) Å 

and 1.7007(11)Å (cf. P(pyr)3 9a: 1.714(4) Å).[139] The PïP condensation reaction of 105[OTf] 

(Scheme 32) proceeded cleanly with racemic 13 to give 1,2,3-triphospholane imidazolium salt 

106[OTf] under release of 11. After work-up, the compound was isolated in 85% yield. Suitable crystals 

for X-ray diffraction analyses were obtained by slow diffusion of Et2O into a CH3CN solution of 

106[OTf] at -30°C. The molecular structure of 106+ is shown in Figure 33. Similar to related 
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1,2,3-triphospholane derivatives,[48,50,140] the cation shows an envelope conformation of the five 

membered ring in the solid state in which the phenyl- and the imidazoliumyl substituents adopt an all 

trans configuration. The PïP bond lengths range from 2.2248(11) Å and 2.2181(11) Å are comparable 

to other structurally related 1,2,3-triphospholanes.[141] The P1-P2-P3 angle with a value of 101.83(4) is 

more acute compared to acyclic derivatives. The length of the CïP bond of the imidazoliumyl substituent 

of 1.844(4) Å compares well to 105[OTf] (1.8438(13) Å). The 31P NMR spectrum of 106[OTf] at room 

temperature revealed broadened resonances due to dynamic behavior attributed to the presence of two 

conformational isomers which are in exchange.  

 

Figure 32: Variable temperature 31P{1H} NMR spectra of 106[OTf] (CD3CN, temperature range of 240 K to 330 K). 

A free rotation of an iPr-group of the imidazoliumyl substituent is assumed. Two sets of resonances with 

an AX2 pattern (isomer A: (ŭ(PA)= -43.3 ppm, ŭ(PX)= 10.6 ppm; 1J(PA,PX)= -223 Hz); isomer B: 

(ŭ(PA)= -39.3 ppm, ŭ(PX)= 6.7 ppm; 1J(PA,PX)= -213 Hz) were observed at 240 K for 106[OTf] which 

show effects of higher order (Figure 32).[39,43,125] The conformers might therefore stem from a pseudo-

rotation of the five membered ring.[140] The ratio of isomer A and B is 4:1 indicating A as the 

energetically favorable conformer with a barrier of 57 kJ/mol for the pseudo rotation process determined 

by variable temperature NMR measurements.[100] 

Energetic barrier calculation:[142] 
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With a coalescence temperature of Tc= 310 K and a difference of the chemical shift of the two 

conformers of ȹv= 651 Hz, a rate constant of kc= 1446 Hz results which leads to a free activation 

enthalpy of ЎὋ  å 57 kJ/mol for the conversion between the two conformers. 

 

Figure 33: Molecular structure of cations 105+ and 106+ of the respective triflate salts; hydrogen atoms, solvate molecules and 

anions are omitted for clarity and thermal ellipsoids are displayed at 50% probability; selected bond lengths (Å) and angles (°): 

105+: C1ïP1 1.8438(13), P1ïN3 1.7334(11), P1ïN5 1.7007(11), N5-P1-N3 102.51(5); 106+: C3ïP2 1.844(4), P1ïP2 

2.2248(11), P2ïP3 2.2181(11), P1-P2-P3 98.37(4). 

When an analogous condensation reaction was performed with two equivalents Ph2PH to yield the initial 

target compound 104[OTf] , instead an equilibrium mixture of cations 104+ and 108+ was observed 

(Scheme 33). 

 

Scheme 33: Synthesis of triphosphane imidazolium salt 104[OTf] by condensation with intermediates shown in grey; a) 

+2 Ph2PH, ï11, CH3CN, rt, 16 h, then +Ph2Ppyr, ï11, THF, rt, 16 h, NMR yield: 52%, isolated yield: 21%.  

The formation presumably proceeds via a first condensation step with one equivalent of HPPh2 to form 

11 and Lc
iPrP(PPh2)pyr[OTf] (107[OTf] ) which is detected in the 31P{1H} NMR of the reaction mixture 

after 30 min (Figure 34) with its characteristic AX spin system (ŭ(PA)= ï24.0 ppm, ŭ(PX)= 5.7 ppm, 

1J(PA,PX)= ï130 Hz). This diphosphane subsequently reacts with HPPh2 either via another condensation 

reaction to form an additional PïP bond (104+) or via a reductive pathway giving 3,5-dimethyl-1-

(diphenylphosphanyl)-1H-pyrazole (pyrPPh2) and diphosphane imidazolium salt [L c
iPrP(H)PPh2][OTf] 

(108[OTf] ) exhibiting an AX spin system in the 31P{1H}  NMR spectrum (ŭ(PA)= ï108.7 ppm, 
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ŭ(PX)= -23.5 ppm, 1J(PA,PX)= ï141 Hz) which was observed both after 30 min and 16 h reaction time 

(Figure 34). The driving force of this reaction is the subsequent formation of P2Ph4 and 11 from 

condensation of pyrPPh2 and HPPh2. The steric requirement of the iPr-group prevents further 

condensation of 107+ and 108+ which would yield a P4-chain.[143]  

 

Figure 34: 31P{1H} NMR spectrum of the reaction of 78[OTf] with HPPh2 in CH3CN after 30 min (300 K, C6D6 capillary, top) 

and after 16 h (300 K, C6D6 capillary, bottom); inset shows zoom of the spectrum after 16 h. 

The target molecule triphosphane imidazolium salt 104[OTf] was isolated when from a stepwise 

performed reaction. After 78[OTf] is reacted with Ph2PH in a 1:2 ratio, resulting in a mixture of 

104[OTf] (ŭ(PA)= -55.8 ppm, ŭ(PX)= -19.1 ppm, 1J(PA,PX)=  ╖ 154 Hz) and 108[OTf] , as shown in 

Figure 34, 0.7 equivalents of pyrPPh2 were added leading to condensation reaction with 108[OTf] solely 

yielding 104[OTf].  

 

Figure 35: Molecular structure of cation 104+ in 104[OTf] ; hydrogen atoms, solvate molecules and anions are omitted for 

clarity and thermal ellipsoids are displayed at 50% probability; selected bond lengths [Å] and angles [°]: 104+: C1ïP1 

1.8372(14), P1ïP2 2.2222(5), P1ïP3 2.2311(5), P2-P1-P3 106.539(19). 
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By this synthetic protocol, triphosphane imidazolium salt 104[OTf] was obtained as crystalline crude 

material of 70% purity. Nevertheless, the compound was isolated as a pure material in 21% yield after 

several recrystallization steps. Crystals suitable for X-ray analysis were obtained by slow diffusion of 

Et2O into a saturated THF solution of 104[OTf] at ï30°C (Figure 35). The PïP bond lengths of 

2.2222(5) Å and 2.2311(5) Å and the P2-P1-P3 angle of 106.539(19)° compare well to those in 

comparable acyclic compounds.[15] The CïP bond of the imidazoliumyl substituent of 1.8372(14) Å is 

typical for related imidazoliumyl-substituted phosphanes (1.85 Å).[98] 

 

Scheme 34: Reaction of 104[OTf]  with [AuCl(tht)] and [Cu(CH3CN)4][OTf] and Ag[OTf]; a) THF, rt, 1 h, 85%; b) 

C6H5F/CH3CN (v/v= 1:1), rt, 1 h; 110a[OTf]2: 46%; 110b[OTf] 2: 52%.  

Subsequently, the coordination chemistry of the synthesized cationic P3-compounds towards gold(I) 

chloride was explored. The reactions of 1,2,3-triphospholane imidazolium salt 106[OTf] with 

[AuCl(tht)] turned out to be rather unselective and result in a complex mixture of several products of 

currently unknown constitution. However, the addition of one equivalent of [AuCl(tht)] to a solution of 

104[OTf] in THF (Scheme 34) led to the formation of a pale-yellow precipitate. The 31P{1H}  NMR 

spectrum of the filtrate shows one sharp resonance which is assigned to Ph2PCl (ŭ(P)= 82.5 ppm). The 

31P{1H} NMR spectrum of the solid material dissolved in CD3CN showed a highly symmetric, higher 

order spin system which can be attributed to the helical cationic tetragold complex 

[((Ph2P-PLC
iPr)Au)4][OTf] 4 (109[OTf] 4). The two major resonances are at ŭ(PA)= ï86.6 ppm and ŭ(PX)= 

29.0 ppm next to additional signals which are attribute to the presence of a minor diastereomer. Upon 

cooling to 235 K, the resonances of this minor diastereomer vanished which allowed iterative fitting of 

the spectrum to an AA´A´´A´´´XX´X´´X´´´ spin system (Figure 36, left; parameters given in the 

experimental section in Table 11). 
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Figure 36: 31P{1H}  NMR spectrum of 109[OTf]  (CD3CN, 235 K); insets show the zoom in of the experimental (upwards) and 

the iteratively fitted (downwards) AA´A´´A´´´XX´X´´X´´´ spin system; parameters summarized in the experimental section in 

Table 11. 

The A part of the spin system is assigned to the phosphorus atoms carrying the imidazoliumyl 

substituents and the X part to the Ph2P moiety. The resonances of the ligand are significantly high-field 

shifted with a much larger 1J(PA,PX) coupling constant of ï328 Hz compared to related free 

diphosphan-1-ide compounds (compare (cAAC)PïPPh2, (cAAC= cyclic (alkyl)(amino)carbene) 

ŭ(PA)= -27.3 ppm and ŭ(PX)= 41.2 ppm; 1J(PA,PX)= ï242 Hz)[144] which is caused by the Au 

coordination. The unusually large 4J(PA,PA) coupling constant of 314 Hz indicates a through space 

coupling path as a result of the orientation of the electron pairs of the imidazoliumyl-substituted 

phosphorus atoms.[145,146]  

 

Figure 37: Molecular structure of gold complex 1094+ in 109[OTf] 4; hydrogen atoms, solvate molecules and anions are omitted 

for clarity and thermal ellipsoids are displayed at 50% probability; inset shows top view of the structure; selected bond lengths 

(Å): Au1ïAu2 3.4341(3), Au2ïAu3 3.27349(12), Au3ïAu4 3.16209(16), Au4ïAu1 3.1926(3), P1ïP2 2.1958(13), P3ïP4 

2.1914(13), P5ïP6 2.1900(14), P7ïP8 2.1910(14).  
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Recrystallization of the precipitate by diffusion of benzene into a saturated CH3CN solution of 

109[OTf] 4 gave yellow-orange colored crystals suitable for X-ray analysis which revealed the 

tetranuclear, helical structure of the tetracation 1094+ (Figure 37). The homometallic core features three 

short Au-Au contacts (3.27349(12) Å, 3.16209(16) Å and 3.1926(3) Å) being well in the range of 

aurophilic interactions.[52,147] One large Au1ïAu2 distance of 3.4341(3) Å is at the upper limit for a 

significant bonding contribution (Figure 37, right). The PïP bond lengths range from 2.1900(14) Å to 

2.1958(13) Å and are well in the range of PïP single bonds (2.22 Å).[88] The average AuïP distance of 

the phosphanide atoms (P1, P3, P5 and P7) towards the gold atoms (2.3332(9) Å to 2.3557(9) Å) is 

larger than for the diphenyl phosphanyl atoms (P2, P4, P6 and P8) (2.2908(9) Å to 2.3062(9) Å) 

indicating a stronger donor ability of the phosphanyl moiety. The diagonal Au-Au separations of 

4.2052(2) Å and 4.2552(3) Å are significantly smaller compared to other square planar tetranuclear gold 

complexes.[148ï150] This leads to a rhombic cluster with an angle of 132° between the planes 

Au1,Au2,Au3 and Au1,Au3,Au4.  

 

Figure 38: Molecular structure of 110a2+ in 110a[OTf]2; hydrogen atoms, solvate molecules and anions are omitted for clarity 

and thermal ellipsoids are displayed at 50% probability; selected bond lengths (Å) and angles (°): C1ïP1 1.836(2), P1ïP2 

2.2095(7), P2ïP3 2.2326(7), P2ïCu 2.2190(6), P2-P1-P3 115.12(3). 

Mechanistically, the formation of 109[OTf] 4 is considered as a PïP bond cleavage reaction of 104[OTf] 

by nucleophilic chloride anions to give Ph2PCl and the diphosphan-1-ide ligand Ph2PïPLC
iPr which 

subsequently aggregates to complex 1094+. In order to evaluate the chloride induced fragmentation in 

the aforementioned reactions, compound 104[OTf]  was reacted with one equivalent [CuCl], 

[Cu(CH3CN)4][OTf] and Ag[OTf], respectively (Scheme 34). The equimolar reaction of 104[OTf] with 

[CuCl] revealed a rather unselective reaction as judged by the 31P NMR spectrum of the reaction mixture, 

indicating again a chloride induced PïP bond cleavage reaction. This notion is supported by reactions 

of 104[OTf] with one equivalent [Cu(CH3CN)4][OTf] and Ag[OTf] which yielded the expected 

coordination complexes 110a,b[OTf] 2 (a: M= Cu; b: M= Ag) containing the intact triphosphane 104+. 

The 31P NMR spectra of the isolated complexes give rise to a broadened AX2 spin system (110a2+: 

ŭ(PA)= ï56.4 ppm, ŭ(PX)= ï16.5 ppm, 1J(PA,PX)=  ╖ 195 Hz and 110b2+: ŭ(PA)= ï57.7 ppm, 
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ŭ(PX)= -7.2 ppm, 1J(PA,PX)=  ╖ 191 Hz) being marginally shifted compared to the free ligand (vide 

supra). Single crystals suitable for X-ray analysis were obtained by slow diffusion of Et2O into a 

saturated CH3CN solution of 110a[OTf] 2 (Figure 38). The copper atom is coordinated only to one 

terminal phosphorus atom of the triphosphane moiety which is contradicting to the symmetrical spin 

system observed in solution by 31P NMR spectroscopy. Presumably, a fast exchange of the metal atom 

between the two terminal phosphorus atoms of the ligand occurs in solution. The bonding parameters in 

110a2+ are comparable to those of the free ligand 104+, only the P2-P1-P3 bond angle is widened (110a2+ 

P2-P1-P3 115.12(3)° vs. 104+ P2-P1-P3 106.539(19)°) upon coordination to the copper atom. 

Even though, the reaction of 1,2,3-triphospholane imidazolium salt 106[OTf] with gold(I) chloride was 

unselective, unusual reactivity was observed in the reaction of 106[OTf] with [Pd(PPh3)4]  (Scheme 35).  

 

Scheme 35: Reaction of 1,2,3-triphospholane imidazolium salt 106[OTf] with [Pd(PPh3)4]; a) +[Pd(PPh3)4], ï3 PPh3, rt, 

30 min, not isolated. 

The reaction of 1,2,3-triphospholane imidazolium salt 106[OTf] with [Pd(PPh3)4] in THF in a 1:1 ratio 

led to a fast color change from colorless to deep red. An oxidative insertion of the palladium atom into 

the PïC bond of the imidazoliumyl substituent takes place. Product of the reaction is triphospholan-2-ide 

complex 111[OTf] in which the palladium atom bears a NHC ligand. 31P{1H} NMR investigations of 

the reaction mixture revealed an AMNZ spin system (ŭ(PA)= ï156.6 ppm, ŭ(PM)= 15.6 ppm, ŭ(PN)= 

21.5 ppm, ŭ(PX)= 47.1 ppm, 1J(PA,PX)= -485 Hz, 1J(PA,PM)= ï321 Hz, 2J(PA,PN)= 79 Hz, 2J(PM,PN)= 

28 Hz, 3J(PN,PX)= 15 Hz) besides a strong singlet resonance which is assigned to PPh3 (ŭ(P)= ï5.3 ppm) 

(Figure 39). The strong high field shift of the PA resonance of ï156.6 ppm compares well to 96[OTf] 2 

(vide supra) and indicates the presence of a phosphanide moiety and thus, a cleavage of a CïP bond. 

Likewise, the chemical shifts of the PM and PX resonances are comparable to other reported 

triphosphan-2-ide complexes.[130] As the AMNZ spin system presupposes an unsymmetric product, a 

coordination of the phenyl-substituted phosphorus atom can be assumed. The large 1J(PA,PX) coupling 

constant of -485 Hz compares well to 96[OTf] 2 and indicates a ɖ2-coordination of the PA and PX atom. 

The PN resonance shows the typical chemical shift of PPh3 ligands bound to palladium as in the precursor 

[Pd(PPh3)4] (ŭ(P)= 29.8 ppm).[119] 
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Figure 39: 31P{1H}  NMR spectrum of the reaction mixture of 106[OTf] with [Pd(PPh3)4] (THF, C6D6 cap., bottom) and of the 

final product 111[OTf]2; insets show the zoom in of the experimental (upwards) and the iteratively fitted (downwards) 

AA´MM´XX´ spin system (CH3CN, C6D6 cap., top). 

Et2O was added to the reaction mixture in order to isolate the product by precipitation. Repeated washing 

of the precipitate with Et2O to remove the excess of PPh3 gave rise to a red oil as residue from which an 

isolation of analytically pure 111[OTf] was so far unsuccessful. Several recrystallization steps led to a 

red powder which did not show 31P NMR resonances. Further extraction with Et2O led to a similar result. 

During one attempt to further purify the red oil, a yellow crystalline powder was formed upon 

recrystallization from o-C6H4F2 at ï30°C. However, the method could unfortunately not be reproduced. 

The 31P{1H} NMR of this crystalline material revealed three sharp multiplet resonances of 112[OTf] 2 

which were iteratively fitted to an AA´MM´XX´ spin system (ŭ(PA)= ï170.2 ppm, ŭ(PM)= 42.2 ppm, 

ŭ(PX)= 63.8 ppm, 1J(PA,PX)= -469 Hz, 1J(PA,PM)= ï312 Hz, 2J(PM,PX)= 316 Hz) as depicted in 

Figure 39. No resonance with a chemical shift comparable to PPh3 ligands coordinated to palladium 

atoms is observed ([Pd(PPh3)4] ŭ(P)= 29.8 ppm).[119] Thus, the presence of three groups of phosphorus 

nuclei indicate a dimerization of two P3-moieties. Final product of the reaction is complex 112[OTf] 2. 

The chemical shift of the PA resonance of ï170.2 ppm assigned to a phosphanide atom is high field 

shifted compared to the respective resonance in 111[OTf] (ŭ(PA)= ï156.6 ppm). Furthermore, a low 

field shift is observed for resonances of the phenyl-substituted phosphorus atoms. The 1J(P,P) coupling 

constants compare well to 111[OTf]. However, a large 2J(PM,PX) coupling constant of 316 Hz is 

observed which can be reasoned by the similar orientation of the electron pairs of the phenyl-substituted 

phosphorus atoms. Therefore, a cis orientation of the phenyl substituents is assumed which was verified 

by single crystal X-ray diffraction analysis (Figure 40).  
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Figure 40: Molecular structure of 1122+ in 112[OTf]2·o-C6H4F2; hydrogen atoms, solvate molecules and anions are omitted 

for clarity and thermal ellipsoids are displayed at 50% probability; selected bond lengths (Å) and angles (°): C1ïPd 2.079(3), 

P1ïP2 2.1315(9), P1ïP3 2.2011(9), P3ïPd 2.3035(6), P2ïPd 2.2672(6) Å, P3ïPd 2.3035(6), P1ïPd 2.3995(7), P2-P1-P3 

91.31(3). 

The compound crystallizes in the triclinic space group P-1 with a half molecule in the unit cell. A central 

six membered metallacycle connects two triphospholan-2-ide moieties. Each palladium atom shows 

ɖ2-coordination of one triphosphan-2-ide unit and is additionally coordinated by the P3 atom of the other 

one and a NHC. The triphospholan-2-ide moieties adopt a twist conformation with phenyl substituents 

in cis-orientation. The P1ïP3 bond with a bond length of 2.2011(9) Å compares well to typical PïP 

single bonds (2.22 Å)[88] but the PïP bond attached to the palladium atom is shortened (2.1315(9) Å). 

This is a result of a partial double bond character known from related ɖ2-triphosphan-2-ide complexes 

(vide supra).[130,151,152] Likewise, the P2-P1-P3 angle of 91.31(3) is more acute than in 103[OTf] 

(98.37(4)°) but compares better to P3-compound 97[OTf] (94.72(5)°). The palladium atoms exhibit a 

distorted planar coordination sphere with a Pd-P1-P2/Pd-C1-P3 plane twist angle of 24.14(6)° and might 

however be considered as a d10 metal centers. The PdïC bond of 2.079(3) Å is well in the range of 

known NHC palladium complexes.[123] The PïPd bond lengths increase from P2ïPd (2.2672(6) Å) over 

P3ïPd (2.3035(6) Å) to P1ïPd (2.3995(7) Å) which may indicate electrostatic repulsion of the Pd center 

and the phosphanide atom. The isolation of analytically pure 111[OTf] or 112[OTf] 2 was limited due to 

the decomposition of the product upon repeated washing with nonpolar solvents or upon 

recrystallization.  
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6. Synthesis of Triphosphan-1-ides 114a,b and 116 by Condensation  

The applicability of condensation reactions with pyrazolylphosphanes was elegantly demonstrated by 

the synthesis of symmetric triphosphane imidazolium salt 104[OTf] and 1,2,3-triphospholane 

imidazolium salt 106[OTf] and, thus, the synthetic protocol may be similarly used with other 

imidazoliumyl-substituted precursors. In this regard, the synthesis of asymmetrically substituted 

P3-compounds was targeted which made diphosphan-1-ide 66 a suitable starting material due to the 

already present PïP bond (vide infra). 

  

Scheme 36: Synthesis of pyrazoyl-substituted diphosphan-1-ide 113; a) +Me3Sipyr, ï Me3SiCl, neat, rt, 16 h, 86%. 

The reaction of diphosphan-1-ide 66 with one equivalent of Me3Sipyr in CH2Cl2 at room temperature or 

60°C did not lead to full  conversion to pyrazolyl-substituted diphosphan-1-ide 113. Thus, the reaction 

was performed in neat Me3Sipyr at room temperature. This approach gave rise to 113 as a yellow powder 

in yield of 86% after removal of all volatiles in vacuo and recrystallization from n-hexane at ï30°C 

(Scheme 29). The compound shows an AX spin system (Table 1) in the 31P NMR spectrum with high 

field shifted resonances (ŭ(PA)= ï49.7 ppm, ŭ(PX)= 46.6 ppm) compared to 66 (ŭ(PA)= ï13.7 ppm, 

ŭ(PX)= 133.8 ppm)[87] due to replacement of the chloro substituent with the less electron withdrawing 

pyrazolyl moiety. Simultaneously, the 1J(P,P) coupling constant of ï329 Hz is decreased in comparison 

to 66 (ï376 Hz).[87]  

 

Figure 41: Molecular structure of 113; hydrogen atoms and solvate molecules are omitted for clarity and thermal ellipsoids are 

displayed at 50% probability; selected bond lengths (Å) and angles (°): C1ïP1 1.7865(14), P1ïP2 2.1598(5), P2ïC28 

1.8684(14), P2ïN2 1.7899(13), C1-P1-P2 104.25(5). 
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Suitable crystals for X-ray analysis were obtained by overlaying an Et2O solution of 113 with n-hexane 

at ï30°C. The molecular structure of 113 is depicted in Figure 41. The molecule comprises an almost 

planar PïPïpyr moiety with a P-P-N-N torsion angle of only 7.32°. The PïP bond length of 2.1598(5) Å 

is elongated compared to 67 (2.1327(9) Å) while the C1ïP1 bond is shortened to 1.7865(14) Å (67: 

1.803(2) Å).[89] The P2ïN1 bond (1.7899(13) Å) is elongated compared to the respective bonds in 

dipyrazolylphosphane imidazolium salt 105[OTf] (1.7007(11) Å and 1.7334(11) Å). This presumably 

accounts for negative hyperconjugation of the p-type lone pairs of electrons on P2 into the unoccupied 

ů* orbital of the P2ïN1 bond which was analogously observed for 66.[89]. This effect might likewise 

explain the shortened P1ïC1 bond length and the larger double bond character of the PïC bond. 

 

Scheme 37: Condensation reaction of 113 with secondary phosphanes Cy2PH or Ph2PH yielding triphosphan-1-ides 114a,b (a: 

R= Cy, b: R= Ph); a) 114a: + Cy2PH, ïHpyr, CH3CN, rt, not isolated: 114b: + Ph2PH, ïHpyr, CH2Cl2, rt, 16 h, 45%. 

Condensation reactions of 113 with secondary phosphanes Cy2PH or Ph2PH yielded the respective 

triphosphan-1-ides 114a,b (Scheme 37; a: R= Cy, b: R= Ph). However, the reaction of 114 with 

equimolar amounts of Cy2PH showed only incomplete conversion even if performed in different 

solvents upon prolonged reaction times at room temperature. If the reaction temperature is increased to 

300 K, decomposition is observed as indicated by 31P NMR investigation (Figure 42). 

 

Figure 42: 31P NMR spectrum of the reaction mixture of 113 and Cy2PH after 16 h at 60°C (o-C6H4F2, C6D6 cap., 300 K). 

In the 31P NMR spectrum of the reaction mixture triphosphan-1-ide 114a was identified by its AMX 

spin system (ŭ(PA)= ï67.9, ŭ(PM)= ï41.3, ŭ(PX)= 19.2, 2J(PA,PM)= 278 Hz, 1J(PM,PX)= ï131 Hz, 

1J(PA,PX)= ï166 Hz; Table 1). Furthermore, the presence of Cy2PH (ŭ(P)= ï28 ppm) was observed and 

a singlet resonance with a chemical shift of ŭ(P)= 58.5 ppm which is assigned to 3,5-dimethyl-1-

(dicyclohexylphosphanyl)-1H-pyrazole (pyrPCy2). It is assumed that pyrPCy2 is formed via a reductive 

pathway from the reaction of 113 with Cy2PH as shown in Scheme 38. This side reaction further gave 
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rise to triphosphan-1-ide 115 which showed an AX spin system (ŭ(PA)= ï118.8 ppm, ŭ(PX)= 0.2 ppm, 

1J(PA,PX)= ï218 Hz) in the corresponding 31P{1H} NMR spectrum. The driving force of this reaction is 

the subsequent formation of P2Cy4 and 11 from condensation of pyrPCy2 and Cy2PH. However, it was 

not possible to separate 114a and 115 due to their very similar solubility.  

 

Scheme 38: Possible side reaction of the formation of 114a. 

The related phenyl-substituted derivative 114b is readily available by condensation reaction of 113 with 

equimolar Ph2PH (Scheme 37). The reaction mixture was stirred at room temperature for 16 h. The 

resulting 11 was removed by sublimation at 40°C and subsequent washing of the residue with Et2O. 

Triphosphan-1-ide 114b was then obtained as a yellow powder in 45% yield. In the 31P{1H} NMR 

spectrum compound 114b shows an ABX spin system (ŭ(PA)= ï55.7, ŭ(PB)= ï54.2, ŭ(PX)= ï7.6, 

2J(PA,PB)= 272 Hz, 1J(PB,PX)= ï163 Hz, 1J(PA,PX)= ï135 Hz). Second order effects are observed which 

made iteratively fitting of the spectrum necessary (Figure 43; Table 1). 

Table 1: 31P{1H} parameters of 113 and the subsequently synthesized triphosphan-1-ides. 

 
ŭ(P-Im) 

in ppm 

ŭ(P-Dipp) 

in ppm 

ŭ(P-PR2) 

in ppm 

1J(P,P) in Hz 

Im-P/P-Dipp 

1J(P,P) in Hz 

Dipp-P/PR2 

2J(P,P) in Hz 

Im-P/PR2
 

113 ï49.7 46.6 - ï329   

114a -41.3 19.2 ï67.9 ï166 ï131 278 

114b ï54.2 ï7.6 ï55.7 ï135 ï163 272 

e-116 ï72.3 ï54.0 ï46.7 ï257 ï114 242 

t-116 ï60.7 ï54.2 ï50.1 ï270 ï79 128 
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Figure 43: 31P{H}  NMR spectrum of 114b (CD2Cl2, 300 K); insets show the zoom in of the experimental (upwards) and the 

iteratively fitted (downwards) ABX spin system; parameters summarized in Table 1. 

The resonances of the Dipp-substituted phosphorus atom (114a: ŭ(PX)= 19.2 ppm; 114b: 

ŭ(PX)= -7.6 ppm) are high field shifted compared to 113 (ŭ(PX)= 46.6 ppm) due to the less electron 

withdrawing substituents PR2 in contrast to the pyrazolyl substituent. The PB/M resonances are assigned 

to the imidazoliumyl-substituted phosphorus atom and their chemical shifts compare well to 113. They 

show a proton coupling in the 31P NMR spectrum (114a: J(PM,H)= 8 Hz; 114b: J(PB,H)= 10 Hz) which 

is presumed to originate from a through space coupling with a proton of the Dipp substituent. As 

expected, a higher chemical shift is observed for the PR2-resonance (PA) in 114a compared to 114b due 

to the greater donor ability of Cy-groups than Ph-groups. Both show small 3J(PA,H) coupling in the 

31P NMR spectrum which are not fully resolved. The 1J(PB,PX) and 1J(PM,PX) coupling constants are 

significantly smaller than in 113 indicating a less pronounced negative hyperconjugation (vide supra). 

Thus, predominantly single bond character is assumed for the PïP bond connected to the imidazoliumyl 

substituent. The large 2J(P,P) coupling constants (114a: 2J(PA,PM)= 278 Hz; 114b: 2J(PA,PB)= 272 Hz) 

may be a result from the similar orientation of the free electron pairs of the imidazoliumyl-substituted 

phosphorus atom and the PR2 moiety which is known from e.g. phosphino-diphosphenes.[137] 



 

62 

 

Figure 44: Molecular structure of 114a in 114a·Et2O (left) and 114b (one of two independent molecules displayed; right); 

hydrogen atoms and solvate molecules are omitted for clarity and thermal ellipsoids are displayed at 50% probability; selected 

bond lengths (Å) and angles (°) are listed inTable 2.  

Suitable crystals for X-ray diffraction analysis were obtained by slow diffusion of n-hexane in a 

saturated Et2O solution of 114a or by slow diffusion of n-pentane in a saturated toluene solution of 114b. 

The molecular structures are depicted in Figure 44 and bond parameters are summarized in Table 2. 

The C1ïP1 bonds (114a: 1.769(2) Å; 114b: 1.766(3) Å) are shortened compared to the P2ïC28 bonds 

(114a: 1.878(2) Å; 114b: 1.872(3) Å) but compare well to related imidazoliumyl-substituted 

phosphanides or inversely polarized phosphaalkenes.[75] In analogy to the latter, this may indicate a 

partial double bond character as reported for 66.[89] Along the P1ïP2 bond both compounds show an 

eclipsed conformation of the free electron pairs at the imidazoliumyl-substituted phosphorus atom and 

the Dipp substituent and the respective PR2-moieties with C1-P1-P2-C28 torsion angles of 135.32(10)° 

for 114a and 132.82(17)° for 114b. 

Table 2: Bond lengths and angles of triphosphan-1-ides 114a, 114b and 116. 

 C1ïP1 in Å P1ïP2 in Å P2ïP3 in Å P3ïC28 in Å C1-P1-P2 in (°) 

114a 1.769(2) 2.1978(7) 2.2592(7) 1.878(2) 104.16(7) 

114b 1.766(3) 2.1829(11) 2.2530(11) 1.872(3) 103.39(11) 

erythro-116 
1.7779(14) 2.1839(5) 

2.113(11) 
1.8679(15) 103.85(5) 

threo-116 2.277(6) 

 

Similar to the precursor 113, the P1ïP2 bonds in 114a,b (114a: 2.1978(7) Å; 114b: 2.1829(11) Å) are 

shortened due to negative hyperconjugation of the free electron pairs of the imidazoliumyl-substituted 

phosphorus atom. The P2ïP3 bond lengths of 2.2592(7) Å (114a) and 2.2530(11) Å (114b) are well in 

the range of PïP single bonds (2.22 Å).[88] The lone pairs at the P2 and the P3 atom adopt a trans 

configuration which is underlined by P1-P2-P3-C40 torsion angles of 161.29(8)° for 114a and 

178.13(12)° for 114b. The P1-P2-P3 angles of 98.16(3)° (114a) and 97.38(4)° (114b) compare well to 










































































































































































































































