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Abstract: Group 6 metal (Cr, Mo, W) carbonyl complexes react with cyclo-(P5Ph5) to afford the phosphorus-rich complexes 

[Cr(CO)5{cyclo-(P5Ph5)-κP1}] (1), [{Cr(CO)5}2{-cyclo-(P5Ph5)-κP1,P3}] (2), [M(CO)4{cyclo-(P5Ph5)-κP1,P3}] (with M = Cr (3), 

Mo (4), W (exo-5, endo-5)) depending on the reaction conditions. Complexes 1–5 were characterised by 31P{1H} NMR and IR spec-

troscopy, elemental analysis, and X-ray crystallography. The cyclopentaphosphane remains intact and acts as monodentate (1), 

bridging (2) or bidentate (3–5) ligand. Compounds exo-5 and endo-5 are configurational isomers and essentially differ in the orien-

tations adopted by the phenyl rings attached to the uncoordinated phosphorus atoms. The 31P{1H} NMR spectra show five multi-

plets for an ABCDE spin system. Theoretical calculations showed that exo-5 and endo-5 are practically isoenergetic, which is in 

good agreement with the observed equilibrium in solution between exo-5 and endo-5. The thermal properties of the complexes have 

also been evaluated. 
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1 Introduction 

Scientific interest in the fundamental chemistry of cyclophosphanes cyclo-(PnRn) and cyclophosphanides cyclo-(PnRn–1)
– (n = 3-6) 

has gone from a period of intense research between 1960 and 1990, to a period of low activity in the past two decades but has re-

newed interest lately.[1] These compounds, which display diverse reactivity with transition metal carbonyls, have been used for the 

synthesis of phosphorus-rich main group and transition metal complexes.[1] The synthesis as well as the structural characterisation 

of cyclo-(PnRn) (R = Me, n = 3, 5;[2–4] Et, n = 3, 5;[2–4] Cy, n = 3, 4;[2,5] Bu, n = 5;[2,3] Ph, n = 3-5;[2,3,6,7] iPr, n = 3, 4;[8] 
tBu, n = 3, 4;[9–11] 1-Ad, n = 3, 4;[9–12] CF3, n = 4, 5;[13,14] 2,4,6-Me3C6H2 (Mes), n = 6;[15] etc) with three to six phosphorus 

ring atoms have been reported.[16] Also, some main group and transition metal complexes of cyclo-(PnRn) (n = 3,[5,17–23] 4,[23–

27] 5,[26,28–30] 6,[29,31] 7-9[32–34]) are known in the literature. Among the cyclophosphanes, cyclo-(P5Ph5) is a versatile start-

ing material in the preparation of phosphorus-rich transition metal complexes.[35–40] Reactions of cyclo-(P5R5) (R = Me, Et, Ph) 

with triosmium or triruthenium carbonyls have afforded several cluster derivatives [M3(CO)10{cyclo-(P5R5)-κP1,P3}] (with M = Os, 

Ru, R = Ph; [35,38] R = Et;[41]), [Os3(CO)11{cyclo-(P5Ph5)-κP1}] and [{Os3(CO)11}2{μ-cyclo-(P5Ph5)-κP1,P3}] [38,39] in which 

the ring remains intact. The cyclopentaphosphanes cyclo-(P5R5) (R = Me, Et, Ph) have also been shown to react with group 6 metal 

hexacarbonyls to yield compounds of the type [M(CO)n{cyclo-(P5R5)}] (M = Cr, Mo, W; n = 3-5) in which the ring coordinates as 

a mono- (κP1) or bidentate ligand, usually in a κP1,P3 and rarely in a κP1,P2 manner.[30,38,42,43] In contrast, cyclo-(P4Ph4) was 

shown to react with low-valent molybdenum and tungsten hexacarbonyls at high temperatures (>120°C) to yield complexes in 

which the ring size had changed from a four-membered to a five-membered phosphorus ring.[42] Although the complexes 

[M(CO)n{cyclo-(P5R5)}] (M = Cr, Mo, W; n = 3-5; R = Me, Et, Ph) have been synthesised and characterised especially using IR 

spectroscopy and mass spectrometry,[29,42,44] the single crystal X-ray structures of only two complexes have been reported, 

[Cr(CO)5{cyclo-(P5Ph5)-κP1}][36,37] and [Mo(CO)4{cyclo-(P5Et5)-κP1,P3}][28,45]. Furthermore, the structures of [M(CO)5{cyclo-

(P4Ph4)-κP1}] (M = Cr, W),[24,25] and [W(CO)4{cyclo-(P6Me6)-κP1,P3}][29] are known.  

Recently, we embarked on a systematic study of the syntheses, structural properties and reactivity of cyclophosphanes with the 

specific aim of exploring their application as building blocks for phosphorus-rich metal complexes which could serve as precursors 

for phosphorus-rich nanoparticles MxPy (y>x).[46,47] Herein, we describe a study of the reactions of cyclo-(P5Ph5) with 

[Cr(CO)x(MeCN)y] (x = 5, y = 1; x = 4, y = 2), [Mo(CO)4(nbd)] (nbd = norbornadiene) and [W(CO)4(MeCN)2]. Single crystal X-ray 
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crystallography and solution 31P{1H} NMR spectroscopic studies are employed to elucidate the influence of coordination on the 

conformation of the cyclo-(P5R5) ring in the solid state and in solution. 

2 Results and Discussion 

The phosphorus-rich complexes [Cr(CO)5{cyclo-(P5Ph5)-κP1}] (1), [{Cr(CO)5}2{-cyclo-(P5Ph5)-κP1,P3}] (2), [M(CO)4{cyclo-

(P5Ph5)-κP1,P3}] (with M = Cr (3), Mo (4), W (exo- and endo-(5)) were obtained in stoichiometric reactions (1:1 or 2:1) of the 

group 6 carbonyls with cyclo-(P5Ph5) in toluene or dichloromethane at room temperature (Scheme 1) and fully characterized. Com-

plexes 1–5 are air-stable at room temperature for at least one day. Single crystals of 1–5 were obtained by recrystallisation from 

suitable solvents at low temperatures. Crystallographic data for 2–5 are given in Table S1 (ESI), selected bond lengths (Å) and 

angles (°) in Table 1. 

[Cr(CO)5{cyclo-(P5Ph5)-κP1}] (1) has been structurally characterised before at 293 K, in a monoclinic (P21/c)[36] as well as a 

triclinic (P 1 )[37] modification (Table S2, ESI, shows the comparative crystallographic data). 

 

Scheme 1: Preparation of compounds 1–5 

The bonding mode of cyclo-(P5Ph5) in 1 is similar to that in [Os3(CO)11{cyclo-(P5Ph5)-κP1}].[38] However, NMR data have not 

been reported and are, therefore, discussed here. The 31P{1H} NMR spectrum of 1 (in C6D6) (Fig. S2, ESI) shows five multiplets for 

an ABCDE spin system, centred at 41.3, 2.7, –7.1, –18.5 and –24.5 ppm, consistent with five magnetically inequivalent phosphorus 

atoms. The 1J(P,P) coupling constants are in the expected range for P‒P single bonds (Table 3)[41] and show that the ring remains 

intact in solution. The P5 ring has an envelope conformation in the solid state.[36]  

 

In compound 2 (Fig. 1), cyclo-(P5Ph5) acts as a bridging ligand between two Cr(CO)5 moieties. The metal complex fragments 

are coordinated by the two phosphorus atoms in 1- and 3-position and occupy the equatorial positions of the five-membered ring. A 

similar coordination mode was observed in [{Os3(CO)11}2{μ-cyclo-(P5Ph5)-κP1,P3}].[38] The P−P bonds (Table 1) in 2 are in the 



 

 

typical range for P−P single bonds[38,40,48], including cyclo-(P5Ph5),[48] with two bonds (P2‒P3 (2.208(2) and P4‒P5 (2.205(2) 

Å) being slightly shorter than the other P‒P bonds (2.226(2)‒2.233(2) Å). 

The Cr‒P bond lengths (2.417(2), 2.400(2) Å) are in the same range as in [Cr(CO)5{cyclo-(P4R4)}] (R = Cy, Cr‒P 2.4375(6) Å;[27] 

R = Ph, Cr‒P 2.3921(5) Å)[25]. The cyclo-(P5Ph5) ligand has an envelope conformation with P(4), P(5), P(1) and P(2) being almost 

coplanar (torsion angle P(4)‒P(5)‒P(1)‒P(2) 8.5(1)°) and P(3) located 0.948 Å above this plane. The Ph substituents at P3 and P4 

have a cis arrangement.[16,40,49,50] The P–P–P bond angles (100.36(8) to 109.10(8)°) are similar to those in cyclo-(P5Ph5)[51] with 

P(2)‒P(3)‒P(4) being the smallest. 

The 31P{1H} NMR spectrum of 2 in C6D6 (Fig. S3, ESI) shows five multiplets for the ABCDE spin system at about 54.1, 40.8, 

26.7, 10.1 and 4.3 ppm. This is similar to the spin system observed for [{Os3(CO)11}2{cyclo-(P5Ph5)-P1,P3}].[38] The chemical 

shifts and coupling constants (Table 3) were extracted from the experimental data. The coupling constants 1J(P,P) are in the range 

observed for P‒P single bonds.[52] 

  

Fig. 1: Molecular structure and atom-labelling scheme for 2 with ellipsoids drawn at 30% probability level. H atoms are omitted for clarity.  

Tab. 1: Selected bond lengths (Å) and angles (°) for 2–5. 

2 3 4 exo-5 endo-5 

P1-P5  2.226(2) P1-P5  2.2101(5) P1-P5  2.2130(6) P1-P5  2.215(2) P1-P5  2.210(1) 

P1-P2  2.232(2) P1-P2  2.2416(5) P1-P2  2.2388(6) P1-P2  2.241(1) P1-P2  2.235(1) 

P1-Cr1  2.417(2) P1-Cr1  2.3826(4) P1-Mo1  2.5249(4) P1-W1  2.5099(9) P1-W1  2.5072(9) 

P2-P3  2.209(2) P2-P3  2.2339(5) P2-P3  2.2362(6) P2-P3  2.224(1) P2-P3  2.235(1) 

P3-P4  2.233(2) P3-P4  2.2338(5) P3-P4  2.2378(6) P3-P4  2.216(1) P3-P4  2.234(1) 

P4-P5  2.206(2) P4-P5  2.2124(5) P4-P5  2.2118(6) P4-P5  2.266(1) P4-P5  2.212(1) 

  P4-Cr1  2.3782(4) P4-Mo1  2.5219(4) P4-W1  2.516(1) P4-W1  2.5102(8) 

P5-P1-Cr1 121.83(8) P4-Cr1-P1 68.589(1) P4-Mo1-P1 65.86(1) P5-P1-P2 95.53(5) P5-P1-P2 99.06(5) 

P5-P1-P2 109.10(8) P5-P1-P2 98.69(2) P2-P1-Mo1 100.44(2) P5-P1-W1 102.08(4) P5-P1-W1 92.81(4) 

P2-P1-Cr1 114.20(7) P2-P1-P4 81.87(2) P3-P2-P1 93.91(2) P2-P1-W1 106.91(4) P2-P1-W1 114.17(4) 

P3-P2-P1 103.36(8) P3-P2-P1 94.81(2) P2-P3-P4 95.49(2) P1-W1-P4 65.33(3) P1-P2-P3 95.34(5) 

P2-P3-P4 100.36(8) P4-P3-P2 93.10(2) P5-P4-P3 99.10(2) P4-P3-P2 94.95(5) P4-P3-P2 93.62(4) 

P2-P3-Cr2 118.06(7) P5-P4-P3 113.34(2) P5-P4-Mo1 92.53(2) P3-P4-P5 90.91(5) P5-P4-P3 113.24(5) 

P4-P5-P1 101.49(8) P5-P4-P1 52.62(1) P3-P4-Mo1 113.91(2) P3-P4-W1 114.49(5) P5-P4-W1 92.69(4) 

P5-P4-P3 105.81(8) P3-P4-P1 83.62(2) P4-P5-P1 76.63(2) P5-P4-W1 100.44(4) P3)-P4-W1 100.79(4) 

P4-P3-Cr2 112.61(7) P1-P5-P4 74.68(2) P5-P1-Mo1 92.42(2) P1-P5-P4 74.49(5) P1-P5-P4 76.05(4) 

P3-Cr2-M2  2.400(2)     P3-P2-P1 97.01(5) P1-W1-P4 65.76(3) 

 

The complex [W(CO)4{cyclo-(P5Ph5)-κP1,P3}] (exo-5) (Fig. 2) crystallises in the monoclinic space group P21/c with four mole-

cules in the unit cell. The complexes [M(CO)4{cyclo-(P5Ph5)-κP1,P3}] (M = Cr (3, Fig. S1, ESI), Mo (4, Fig. S1, ESI), W (endo-5, 

Fig. 2)) are isostructural, all are endo isomers. They crystallise in the triclinic space group P1  with two molecules in the unit cell. 



The coordination mode of cyclo-(P5Ph5) is similar to that observed in [Os3(CO)10{cyclo-(P5Ph5)-κP1,P3}].[38,39,45] The P−P bond 

lengths (2.2101(6)‒2.2416(6) Å) are typical for P−P single bonds.[48]  

            

Fig. 2: Molecular structure and atom-labelling scheme for exo-5 (left) and endo-5 (right) with ellipsoids drawn at 30% probability level. H 

atoms are omitted for clarity. 

Tab. 2: Conformation of the P5 ring in complexes 2–5. 

 2 3 4 exo-5 endo-5 

Plane P2,P1,P5,P4 P1,P2,P3,P4 P1,P2,P3,P4 P1,P2,P3,P4 P1,P2,P3,P4 

Average distance 

of coplanar P at-

oms from the plane 

(in Å) 

0.06 0.195 0.195 0.081 0.194 

Distance of P3 (in 

2) or P5 (in 3–5) to 

the plane 

0.948 1.558 1.520 1.760 1.529 

 

In complexes 2–5, the P5 rings have an envelope conformation in the solid state, with four of the phosphorus atoms being al-

most coplanar and one phosphorus atom located above the plane (Table 2). The phenyl groups of the two phosphorus atoms ((P4, 

P5) for 2 and (P2, P3) for 3‒5) between the coordinating phosphorus atoms have a trans arrangement while the phenyl groups of 

the coordinating phosphorus atoms ((P1 and P3) for 2 and P1 and P4 for 3‒5) are in equatorial positions with the group 6 metal in 

the axial positions. The Cr‒P (2.3782(4), 2.3826(4) Å), Mo‒P (2.5249(4), 2.5219(4) Å) and W‒P (2.5072(9), 2.5102(8) Å) bond 

lengths are in the range as observed for similar complexes (Cr: 2.3921(5);[25] Mo: 2.51(1) Å;[45] W: 2.502(7) Å[29]).  

Complexes endo- and exo-5 (Fig. 2) differ only in the orientation of the phenyl group at P5, resulting in formation of an exo 

and an endo isomer, similar to the endo–exo isomerism found in organic compounds with a substituent on a bridged ring system. 

This phenomenon had previously been observed in the cluster [Os3(CO)10{cyclo-(P5Ph5)-κP1,P3}].[35,38] The P‒W bond lengths in 

exo-5 and endo-5 are similar (2.5072(9) to 2.516(1) Å) and are consistent with values of P‒W single bonds (2.50 ± 0.02 Å) found in 

the literature.[53,54]  

The 31P{1H} NMR spectra of 3–exo-5 (Fig. 3 and Figs. S4-S7, ESI) in C6D6 show five multiplets for the expected ABCDE spin 

system. The chemical shifts and coupling constants of 3, 4 and exo-5 were extracted from these spectra by simulation (Table 3). 

The coordinating phosphorus atoms in these complexes exhibit a significant downfield shift compared to the free ligand. The P 

atom between the coordinating ones experiences a slightly larger upfield shift compared to the ligand.[55] The 1J(P,P) coupling 

constants fall within the range of P‒P single bonds.[52] The differences in the 1J(P,P) coupling constants for the complexes indicate 

a difference in the stereochemical orientation around the coupled 31P nuclei. Crystal structures of these complexes confirm an 

asymmetric conformation in the solid state with the cis-trans arrangement of the phenyl groups (and hence lone pair of elec-

trons).[14,50] For complexes 4 and exo-5, the respective coupling constants 1J(PC,PD) = –79.77(4) and 1J(PC,PD) = –76.48(1) are 

smaller than the expected values though a similar value has been reported for [PtCl{cyclo-(P4tBu3)PtBu}(PMe2Ph)].[52] While we 



 

 

cannot yet explain this observation, there is no evidence that these molecules are different in solution. The large 2J(P,P) coupling 

constants for 4 and exo-5, 2J(PA,PD) = +175.45(4) and 2J(PA,PD) = +177.35(2), respectively, can be attributed to through-space cou-

pling in which the lone pairs of electrons are pointing towards each other.[56,57] Complex 4 gradually interconverts in solution to 

another isomer (probably the exo isomer, Fig. S8, ESI). Attempts to crystallise this isomer were not successful. The very strong 

higher order effects in the 31P{1H} NMR spectrum of endo-5 in combination with its poor quality prevented the successful simula-

tion. 

 

 

Fig. 3: Experimental (top) and simulated (bottom) 31P{1H} NMR spectrum of complex exo-5 in C6D6 (for details see Table 3). 

Pure complexes exo-5 and endo-5 also gradually interconvert in solution to give a mixture of both isomers (endo/exo) as shown 

by 31P{1H}NMR spectroscopy (Fig. S9, ESI). This process occurs even faster at elevated temperature. Theoretical calculations 

showed that exo-5 and endo-5 are practically isoenergetic (Fehler! Verweisquelle konnte nicht gefunden werden.). This is in 

good agreement with the observed equilibrium between both complexes in solution. The activation energy for the inversion should 

be low as the isomerisation already occurs at room temperature. Though the inversion barrier in tertiary phosphines is usually high 

(30–38 kcal/mol),[58] it has been shown to be lower (18.5 kcal/mol) for polycyclic phosphines.[16] Furthermore, the coordination 

of cyclic phosphines to metals, coupled with steric and electronic effects, has resulted in even lower inversion barriers (11–13 

kcal/mol)[58] which matches the experimental observation for exo-5 and endo-5. Our calculations however show that the isomeri-

sation does not proceed through a classical inversion i.e. a transition state with planar P atom (Fig. 4). The barrier was calculated to 

be 32.8 kcal/mol, which is too high for the inversion to occur spontaneously. Consequently, we considered an alternative mecha-

nism, which includes an oxidative insertion. However, even though we were not able to locate the transition state, the relative ener-

gy of the optimised intermediate 5-IM (Fig. 4) suggests a similarly high barrier. It is thus unclear how the isomerisation of 5 occurs 

and future studies are needed. 



 

Fig. 4: Optimised geometries of the two isomers of 5; the transition state for the classical inversion (5-TS) and the intermediate for the alter-

native mechanism (5-IM). C: grey, P: red, O: blue, W: pink. Relative Gibbs free enthalpy values and the imaginary frequency value of 5-TS 

are also given. Hydrogen atoms are omitted for clarity. 

The IR spectra (Fig. S10, ESI) and data (cm–1) of complexes 1, 2, 4 and exo-5 in the carbonyl region are summarised in Table S3 

(ESI). Three IR-active bands are expected for [M(CO)5L] (M = Cr, Mo, W) with local C4v symmetry, but in the IR spectra of 1 and 

2, only one sharp and one broad CO stretching vibration were observed.[59] The IR spectra of 4 and exo-5 each show terminal CO 

stretching bands with frequencies typical of cis-[M(CO)4L2] complexes of Cr, Mo and W with local C2v symmetry, assigned to the 

B2, B1, A1
1, A1

2 vibrational modes.[44,59–62] In some cases, the B1 mode was obscured because of overlap with the B2 and A1
1 

modes, and only three bands were reported as is also observed for complex exo-5.[61,63] 

The thermal properties of complexes 2, 4 and exo-5 were studied by simultaneous TG/DTA/MS analyses in the temperature 

range 30–900°C under an argon atmosphere (Figs. S11-S13 and Table S4, ESI). Two endothermic peaks are observed at ~200°C, 

and ~300°C in the DTA. The first decomposition step up to 260°C is attributed to the loss of ten CO (for 2) or two CO (for 4 and 

exo-5). This step is followed by the loss of further CO (for 4 and exo-5) and some of the phenyl moieties (as C6H5·) between 260 

and 460°C. A broad exothermic peak observed in 2 (360–420°C), 4 (400–500°C) and exo-5 (400–600°C) can be attributed to the 

decomposition of the phenyl substituents within this range. The loss of two (for 2 and 4) or three (for exo-5) phosphorus atoms 

occurs at higher temperatures. The PXRD patterns of the residues (Fig. S14, ESI) indicate that they are poorly crystalline, and the 

very low intensity peaks could not be indexed to any phase. The percent weight of the experimentally obtained residues (30.27%, 

55.00% and 46.67%, respectively) differ a lot from the calculated amounts for the potential phosphorus-rich metal phosphides 

(Cr2P3 (21.29%), MoP3 (25.24%) and WP2 (29.39%)), indicating the presence of impurities, probably carbon. The observed decom-

position patterns of these compounds render them unsuitable as precursors for phosphorus-rich metal phosphides. 

Tab. 3: 31P{1H} NMR data (δ (ppm) and J (Hz)) of compounds 1–5 in C6D6 at 25°C. 

[Cr(CO)5{cyclo-(P5Ph5)-κP1}] (1)  
(ABCDE spin system) 

 
 

1J(PD,PB) = –329.33(1)      2J(PB,PC) = 77.01(1)                                                  
1J(PD,PE) = –280.26(1)     1J(PA,PB) = –153.35(1) 
2J(PD,PC) = 6.95(1)          1J(PC,PE) = –260.68(1) 
2J(PD,PA) = 10.06(1)          2J(PA,PE) = 5.40(1) 
2J(PB,PE) = –6.17(1)         1J(PA,PC) = –196.10(1)                               

δA(PA) = 41.26  
δB(PB) = 2.68   
δC(PC) = –7.12  
δD(PD) = –18.50  
δE(PE) = –24.50  



 

 

[{Cr(CO)5}2{-cyclo-(P5Ph5)-κP1,P3}] (2) 
(ABCDE spin system) 

 

 
 
2J(PC,PE) = –8.66(6)        1J(PA,PE) = –368.20(6)                                                                       
1J(PB,PC) = –295.88(6)      2J(PD,PE) = 4.54(6) 
2J(PA,PC) = 65.41(6)           2J(PA,PB) = –3.59(6) 
1J(PC,PD) = –280.72(6)    2J(PB,PD) = –3.68(6) 
1J(PB,PE) = –289.81(6)    1J(PA,PD) = –169.20(6)  

[Cr(CO)4{cyclo-(P5Ph5)-κP1,P3}] (3) 
(ABCDE spin system) 

 
               
2J(PC,PE) = 28.95(1)         
1J(PB,PC) = –202.73(9) 
2J(PD,PE) = 17.19(7)         2J(PA,PC) = 16.39(9) 
1J(PB,PE) = –235.04(2)      2J(PB,PD) =10.29(1) 
1J(PA,PE) = –353.59(1)      1J(PA,PD) = –273.69(1) 
1J(PC,PD) = –210.16(3)      2J(PA,PB) = –11.99(9) 

[Mo(CO)4{cyclo-(P5Ph5)-κP1,P3}] (4) 
(ABCDE spin system) 

                         
 
1J(PB,PC) = –141.73(4)          2J(PA,PB) = –8.22(4)  
1J(PC,PD) = –79.77(4)        1J(PB,PE) = –256.15(4)  
2J(PA,PC) = 175.45(4)       1J(PA,PD) = -166.28(4)  
2J(PC,PE) = –3.71(4)          2J(PD,PE) = –5.95(6)  
2J(PB,PD) = 70.96(4)         1J(PA,PE) = –241.41  

exo-[W(CO)4{cyclo-(P5Ph5)-κP1,P3}] (exo-5) 
(ABCDE spin system) 

        
           
1J(PA,PD) = –138.58(1)    2J(PA,PB) = –8.4(1)  
1J(PC,PD) = –76.48(1)      1J(PA,PE) = –251.88(1)  
2J(PB,PD) = 177.35(2)     1J(PB,PC) = –168.63(1)  
2J(PD,PE) = –5.67(1)        2J(PC,PE) = –5.63(1)  
2J(PA,PC) = 80.54(1)       1J(PB,PE) = –243.19(1)  

endo-[W(CO)4{cyclo-(P5Ph5)-κP1,P3}] (endo-5) 
(ABCDE spin system) 

δA = 32.51 (m)  
δB = 25.31(m)       
δC = 19.37 (m) 
δD = 16.82 (m)   
δE = –11.45 (m) 

 

2.1 Conclusions 

Group 6 metal carbonyls react with cyclo-(P5Ph5) under mild conditions to form the phosphorus-rich complexes [Cr(CO)5{cyclo-

(P5Ph5)-κP1}] (1), [{Cr(CO)5}2{μ-cyclo-(P5Ph5)-κP1,P3}] (2), endo-[M(CO)4{(cyclo-P5Ph5)-κP1,P3}] with M = Cr (3), Mo (4) and 

endo- and exo-[W(CO)4{(cyclo-P5Ph5)-κP1,P3}] (endo- and exo-5) in which the P5 ring remains intact. The 31P{1H} NMR spectra 

of these complexes present an ABCDE spin system. While the crystal structures of the chromium complexes 1–3 are consistent 

with spectroscopic data obtained in solution, the molybdenum and tungsten complexes 4 and 5 slowly interconvert in solution at 

room temperature to form a pair of endo and exo isomers. Theoretical calculations showed that exo-5 and endo-5 are practically 

isoenergetic. Thermal decomposition of 2, 4 and exo-5 occurs in three steps starting at ca. 220°C and being completed at 600°C. 

The decomposition products indicate that these complexes are not suitable as precursors for the synthesis of phosphorus-rich metal 

phosphides. 

δA(PA) = 54.06  
δB(PB) = 40.77   
δC(PC) = 26.71  
δD(PD) = 10.07  
δE(PE) = 4.30  

δA(PA) = 63.57  
δB(PB) = 37.00   
δC(PC) = 20.88  
δD(PD) = 17.94  
δE(PE) = 9.03  

δA(PA) = 125.79  
δB(PB) = 9.47   
δC(PC) = 4.89  
δD(PD) = –4.08  
δE(PE) = –9.26  

δA(PA) = 135.51  
δB(PB) = 0.44   
δC(PC) = –1.95  
δD(PD) = –16.22  
δE(PE) = –24.30  



3 Experimental 

All experiments were performed under an atmosphere of dry nitrogen using standard Schlenk techniques. Solvents were dried and 

freshly distilled under nitrogen and kept over molecular sieve 4 Å. The NMR spectra were recorded at 25°C with a Bruker 

AVANCE DRX 400 spectrometer (1H NMR: 400.13 MHz, 31P NMR: 161.97 MHz). TMS was used as internal standard for 1H 

NMR spectra. 31P NMR (161.9 MHz): 85% H3PO4 was used as external standard. The chemical shifts and coupling constants were 

obtained with the simulation program SpinWorks 4.[64] Mass spectrometry measurements were carried out as ESI-MS with a 

BRUKER Daltonics FT-ICR-MS spectrometer (Type APEX II, 7 Tesla). IR spectra: KBr pellets were prepared in a nitrogen-filled 

glovebox and the spectra were recorded on a Perkin–Elmer System 2000 FTIR spectrometer in the range 350-4000 cm–1. Elemental 

analyses for C, H, N and O were performed on a FlashEA1112 element analyser. Thermogravimetric (TG) and differential thermal 

analysis (DTA) curves, coupled with mass spectrometry, were obtained using a NETZSCH STA449F1 thermoanalyzer in a dynam-

ic argon atmosphere (heating rate 10°C·min–1, flow rate 25 mL/min, aluminium oxide crucible, mass 20 mg, and temperature range 

from room temperature up to 900°C).  

3.1 Materials 

[Cr(CO)y(MeCN)x] (x =1, y = 5; x = 2, y = 4),[65] [Mo(CO)4(nbd)] (nbd = norbornadiene), [66] [W(CO)4(MeCN)2],[65]  and cy-

clo-(P5Ph5)[30] were synthesized according to literature methods. Cyclo-(P5Ph5) was recrystallised from hot toluene to obtain crys-

tals of higher purity and quality.  

3.2 Synthesis of the Complexes 

3.2.1 Synthesis of 1 

At room temperature, a solution of [Cr(CO)5(MeCN)] (0.280 g, 1.2 mmol) in toluene (15 mL) was added dropwise to a solution of 

cyclo-(P5Ph5) (0.541 g, 1 mmol) in toluene (15 mL). The colour of the solution gradually changed from cream white to reddish 

brown. The reaction mixture was stirred at room temperature overnight, filtered and the volume of the filtrate was reduced to ca. 10 

mL. At 0°C 1 was obtained as cream white crystals (384.2 mg, 52.4%): 1H NMR (C6D6, 25°C): δ = 8.36-6.85 (m, Ph). 31P{1H} 

NMR (C6D6, 25°C): see Table 4. IR (KBr): ̃ = 2062s, 1987sh, 1949vs, 1948vs, 1938vs cm−1; elemental analysis calcd (%) for 

C35H25CrO5P5 (732.4): C 57.39, H 3.44; found: C 57.71, H 3.46. 

3.2.2 Synthesis of 2 

At room temperature, a solution of [Cr(CO)5(MeCN)] (0.536 g, 2.3 mmol) in toluene (15 mL) was added dropwise to a solution of 

cyclo-(P5Ph5) (0.541 g, 1 mmol) in toluene (15 mL). The colour of the solution changed to reddish brown during the addition. The 

reaction mixture was stirred at room temperature overnight, filtered and the volume of the filtrate was reduced to ca. 10 mL. Crys-

tallisation from toluene at –15°C afforded compound 2 as yellow needle-like crystals (687.6 mg, 74.3%): m.p.: 190°C; 1H NMR 

(C6D6, 25°C): δ = 8.47-6.85 (m, Ph). 31P{1H} NMR (C6D6, 25°C): see Table 4. IR (KBr): ̃ = 2058s, 1992sh, 1983sh, 1927vs, 

1958sh cm−1; elemental analysis calcd (%) for C40H25Cr2O10P5 (924.45): C 51.97, H 2.73; found: C 52.94, H 2.43.  

3.2.3 Synthesis of 3 

At room temperature, a solution of [Cr(CO)4(MeCN)2] (0.542 g, 2.2 mmol) in toluene (20 mL) was added dropwise a solution of 

cyclo-(P5Ph5) (0.541 g, 1 mmol) in toluene (20 mL). The colour of the solution changed to reddish brown during the addition. The 

reaction mixture was stirred at room temperature for 30 minutes and then refluxed overnight at 120°C to give a dark brown mix-

ture. The solvent was removed in vacuum and the resulting brown solid was dissolved in CH2Cl2 and carefully layered with n-

hexane. Light orange crystals of 3 were obtained by recrystallisation from CH2Cl2/n-hexane (10 mL 8:2) at –15°C (227.1 mg, 

32.3%) which were also suitable for single-crystal X-ray diffraction: 1H NMR (C6D6, 25°C): δ = 8.33-6.52 (m, Ph). 31P{1H} NMR 

(C6D6, 25°C): see Table 4. Elemental analysis calcd (%) for C34H25CrO4P5 (704.39): C 57.97, H 3.44; found: C 57.54, H 3.58. 



 

 

3.2.4 Synthesis of 4 

At room temperature, a solution of [Mo(CO)4(nbd)] (0.159 g, 0.5 mmol) in CH2Cl2 (15 mL) was added dropwise to a solution of 

cyclo-(P5Ph5) (0.270 g, 0.5 mmol) in CH2Cl2 (15 mL). The colour of the solution changed to yellow during the addition. The reac-

tion mixture was refluxed overnight, cooled to room temperature, filtered and the volume of the filtrate was reduced to ca. 10 mL. 

At0°C 4 as bright yellow crystals (292.2 mg, 78.1%): 1H NMR (C6D6, 25°C): δ = 8.2-6.6 (m, Ph): 31P{1H} NMR (C6D6, 25°C): see 

Table 4. IR (KBr): ̃ = 2016s, 1916vs, 1915vs, 1873vs cm−1; elemental analysis calcd (%) for C34H25MoO4P5 (748.33): C 54.57, H 

3.37; found: C 54.59, H 3.06. 

3.2.5 Synthesis of exo-5  

At room temperature, a solution of [W(CO)4(MeCN)2] (0.201 g, 0.5 mmol) in toluene or  CH2Cl2 (15 mL) was added dropwise to a 

solution of cyclo-(P5Ph5) (0.270 g, 0.5 mmol) in toluene (15 mL). The colour of the solution changed from cream white through 

orange to reddish brown during the addition. The reaction mixture was stirred at room temperature overnight, filtered and the vol-

ume of the filtrate was reduced to ca. 10 mL. At –15°C exo-5 was obtained as bright yellow crystals (284.5 mg, 68.0%): m.p.: 

214°C; 1H NMR (C6D6, 25°C): δ = 8.2-6.6 (m, Ph): 31P{1H} NMR (C6D6, 25°C): see Table 4. IR (KBr): ̃ = 2011s, 1904vs, 1867vs 

cm−1; elemental analysis calcd (%) for C34H25O4P5W (836.24): C 48.83, H 3.01; found: C 49.13, H 3.08. 

3.2.6 Synthesis of endo-5 

At room temperature, a solution of [W(CO)4(MeCN)2] (0.201 g, 0.5 mmol) in toluene (15 mL) was added dropwise to a solution of 

cyclo-(P5Ph5) (0.270 g, 0.5 mmol) in toluene (15 mL). The colour of the solution changed from cream white through orange to 

reddish brown during the addition. The reaction mixture was stirred at room temperature for 30 minutes and then refluxed over-

night at 120°C to give a greenish black mixture. The solvent was removed in vacuo and the resulting greenish black solid was dis-

solved in CH2Cl2 and layered with n-hexane. Cooling to –15°C afforded endo-5 as dark yellow crystals (101.6 mg, 24.3%): ele-

mental analysis calcd (%) for C34H25O4P5W (836.24): C 48.83, H 3.01; found: C 48.78, H 2.82. 

3.3 DFT Calculations 

Computations were carried out with ORCA 3.0.3.[67,68] Geometry optimisations were carried out with the BP functional using the 

all-electron TZV-ZORA basis set.[69] Numerical frequency calculations were carried out in order to identify whether the optimised 

geometries are minima or saddle points. Density fitting techniques, also called resolution-of-identity approximation (RI),[70,71] 

were used to speed up the BP/TZV-ZORA calculations. The dispersion corrections using Becke-Johnson damping has been em-

ployed to improve the BP/TZV-ZORA results.[72,73] Single point energy calculations with the B3P hybrid functional has been 

carried out on the RI-BP-D3BJ/TZV-ZORA geometries in order to verify the predicted trends.[74] The RIJONX method was used 

to speed up the B3P/TZV-ZORA calculations. The dispersion corrections have been discarded, since the B3P functional has not 

been parameterised for the D3 method. Toluene solvent effects were accounted for with the COSMO solvent model, as implement-

ed in ORCA 3.0.3. All figures were rendered with the UCSF Chimera package.[75] 

3.4 Data Collection and Structure Refinement  

X-ray data were collected with a GEMINI CCD diffractometer (Rigaku Inc.), λ(Mo-Kα) = 0.71073 Å, T = 130(2) K, empirical 

absorption corrections with SCALE3 ABSPACK.[76] All structures were solved by dual space methods with SIR-92.[77] Structure 

refinement was done with SHELXL-2016[78,79] by using full-matrix least-square routines against F2. All hydrogen atoms were 

calculated on idealised positions. The pictures were generated with the program Mercury.[80] CCDC 1862041 (2), CCDC 1862044 

(3), CCDC 1862040 (4), CCDC 1862038 (exo-5) and CCDC 1862046 (endo-5) contain the supplementary crystallographic data for 

this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallo-

graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk). 

 



Acknowledgements  

Support from the Alexander von Humboldt Foundation (Georg Forster Research Fellowship for postdoctoral researchers for 

D.M.Y.), the Studienstiftung des deutschen Volkes (doctoral grant for T.G.) and the Graduate School BuildMoNa is gratefully 

acknowledged. 





 

References 

1. S. Gomez-Ruiz and E. Hey-Hawkins, Coord. Chem. Rev. 255, 1360 (2011). 

2. L. R. Smith and J. L. Mills, J. Chem. Soc., Chem. Commun., 808 (1974). 

3. L. R. Smith and J. L. Mills, J. Am. Chem. Soc. 98, 3852 (1976). 

4. M. Baudler, J. Hahn, and E. Clef, Z. Naturforsch., B: Chem. Sci. 39, 438 (1984). 

5. J. Borm, G. Huttner, and O. Orama, J. Organomet. Chem. 306, 29 (1986). 

6. M. Baudler, B. Carlsohn, B. Kloth, and D. Koch, Z. Anorg. Allg. Chem. 432, 67 (1977). 

7. M. Baudler, C. Pinner, C. Gruner, J. Hellmann, M. Schwamborn, and B. Kloth, Z. Naturforsch., B: Anorg. 

Chem., Org. Chem. 32B, 1244 (1977). 

8. M. Baudler, G. Fuerstenberg, H. Suchomel, and J. Hahn, Z. Anorg. Allg. Chem. 498, 57 (1983). 

9. M. Baudler and C. Gruner, Z. Naturforsch., B: Anorg. Chem., Org. Chem. 31B, 1311 (1976). 

10. M. Baudler, J. Hahn, H. Dietsch, and G. Fuerstenberg, Z. Naturforsch., B: Anorg. Chem., Org. Chem. 31B, 1305 

(1976). 

11. J. R. Goerlich and R. Schmutzler, Z. Anorg. Allg. Chem. 620, 173 (1994). 

12. A. Schisler, P. Loennecke, T. Gelbrich, and E. Hey-Hawkins, Dalton Trans., 2895 (2004). 

13. C. J. Spencer and W. N. Lipscomb, Acta Crystallogr. 14, 250 (1961). 

14. J. P. Albrand and J. B. Robert, J. Chem. Soc., Chem. Commun., 644 (1974). 

15. S. Gómez-Ruiz, R. Frank, B. Gallego, S. Zahn, B. Kirchner, and E. Hey-Hawkins, Eur. J. Inorg. Chem. 2011, 

739 (2011). 

16. M. Baudler and K. Glinka, Chem. Rev. 93, 1623 (1993). 

17. K. F. Tebbe, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. C40, 1552 (1984). 

18. H. Zimmermann, M. Gomm, E. Koeck, and J. Ellermann, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 

C44, 48 (1988). 

19. D. Fenske and H. Schottmueller, Z. Anorg. Allg. Chem. 624, 443 (1998). 

20. A. M. Hinke, A. Hinke, and W. Kuchen, Z. Naturforsch., B: Chem. Sci. 43, 280 (1988). 

21. G. Huttner, H. D. Mueller, A. Frank, and H. Lorenz, Angew. Chem. 87, 597 (1975). 

22. M. Baudler, F. Salzer, and J. Hahn, Z. Naturforsch., B: Anorg. Chem., Org. Chem. 37B, 1529 (1982). 

23. R. A. Bartlett, H. V. R. Dias, K. M. Flynn, H. Hope, B. D. Murray, M. M. Olmstead, and P. P. Power, J. Am. 

Chem. Soc. 109, 5693 (1987). 

24. N. H. T. Huy, Y. Inubushi, L. Ricard, and F. Mathey, Organometallics 16, 2506 (1997). 

25. N. H. T. Huy, Y. Lu, and F. Mathey, Organometallics 30, 1734 (2011). 

26. V. Naseri, R. J. Less, R. E. Mulvey, M. McPartlin, and D. S. Wright, Chem. Commun. 46, 5000 (2010). 

27. A. Deeg and H. Wunderlich, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. C54, i, IUC9800054 (1998). 

28. M. A. Bush, V. R. Cook, and P. Woodward, Chem. Commun., 630 (1967). 

29. P. S. Elmes, B. M. Gatehouse, and B. O. West, J. Organomet. Chem. 82, 235 (1974). 

30. M. Scherer, D. Stein, F. Breher, J. Geier, H. Schoenberg, and H. Gruetzmacher, Z. Anorg. Allg. Chem. 631, 

2770 (2005). 

31. J. Queisser and D. Fenske, Z. Anorg. Allg. Chem. 620, 58 (1994). 

32. G. Fritz, H.-W. Schneider, W. Hnle, and H. G. v. Schnering, Z. Anorg. Allg. Chem. 585, 51 (1990). 

33. G. Fritz, H.-W. Schneider, W. Hoenle, and H. G. von Schnering, Z. Anorg. Allg. Chem. 584, 21 (1990). 

34. G. Fritz, M. Jarmer, and E. Matern, Z. Anorg. Allg. Chem. 589, 23 (1990). 

35. H.-G. Ang, L.-L. Koh, and Q. Zhang, J. Chem. Soc., Dalton Trans., 2757 (1995). 

36. H. Wunderlich, Z. Kristallogr. 210, 889 (1995). 

37. H. Wunderlich, Z. Kristallogr. 210, 632 (1995). 

38. H.-G. Ang, S.-G. Ang, and Q. Zhang, J. Chem. Soc., Dalton Trans., 3843 (1996). 

39. H.-G. Ang, S.-G. Ang, W.-L. Kwik, and Q. Zhang, J. Organomet. Chem. 485, C10-C13 (1995). 

40. S. J. Geier and D. W. Stephan, Chem. Commun., 2779 (2008). 

41. H.-G. Ang, S.-G. Ang, and Q. Zhang, J. Chem. Soc., Dalton Trans., 2773 (1996). 

42. H. G. Ang, J. S. Shannon, and B. O. West, Chem. Commun., 10 (1965). 

43. H. G. Ang and B. O. West, Aust. J. Chem. 20, 1133 (1967). 

44. C. S. Cundy, M. Green, F. G. A. Stone, and A. Taunton-Rigby, J. Chem. Soc. A, 1776 (1968). 

45. M. A. Bush and P. Woodward, J. Chem. Soc., A, 1221 (1968). 

46. A. K. Akdag, P. Lönnecke, and E. Hey‐Hawkins, Z. Anorg. Allg. Chem. 640, 271 (2014). 

47. A. Kircali, R. Frank, S. Gómez-Ruiz, B. Kirchner, and E. Hey-Hawkins, ChemPlusChem 77, 341 (2012). 



 

48. D. E. C. Corbridge, The structural chemistry of phosphorus (Elsevier, Amsterdam, London, 1974). 

49. A. Schisler, P. Lonnecke, U. Huniar, R. Ahlrichs, and E. Hey-Hawkins, Angew. Chem., Int. Ed. 40, 4216 

(2001). 

50. J. P. Albrand, D. Gagnaire, and J. B. Robert, J. Am. Chem. Soc. 95, 6498 (1973). 

51. J. J. Daly, J. Chem. Soc., 6147 (1964). 

52. S. Gomez-Ruiz, A. Schisler, P. Loennecke, and E. Hey-Hawkins, Chem. Eur. J. 13, 7974 (2007). 

53. S. Burck, D. Gudat, and M. Nieger, Angew. Chem., Int. Ed. 46, 2919 (2007). 

54. M. A. Alvarez, M. E. Garcia, D. Garcia-Vivo, R. Lozano, A. Ramos, and M. A. Ruiz, Inorg. Chem. 53, 11261 

(2014). 

55. R. Wolf, M. Finger, C. Limburg, A. C. Willis, S. B. Wild, and E. Hey-Hawkins, Dalton Trans., 831 (2006). 

56. J.-C. Hierso, A. Fihri, V. V. Ivanov, B. Hanquet, N. Pirio, B. Donnadieu, B. Rebière, R. Amardeil, and P. Meu-

nier, J. Am. Chem. Soc. 126, 11077 (2004). 

57. J.-C. Hierso, Chem. Rev. 114, 4838 (2014). 

58. B. Kesanli, S. P. Mattamana, J. Danis, and B. Eichhorn, Inorg. Chim. Acta 358, 3145 (2005). 

59. F. A. Cotton and C. S. Kraihanzel, J. Am. Chem. Soc. 84, 4432 (1962). 

60. G. W. A. Fowles and D. K. Jenkins, Chem. Commun., 61 (1965). 

61. F. B. Ogilvie, R. L. Keiter, G. Wulfsberg, and J. G. Verkade, Inorg. Chem. 8, 2346 (1969). 

62. L. E. Orgel, Inorg. Chem. 1, 25 (1962). 

63. G. Johannsen, O. Stelzer, and E. Unger, Chem. Ber. 108, 1259 (1975). 

64. Kirk Marat, SPINWORKS (University of Manitoba Manitoba, Canada, 2010). 

65. D. P. Tate, W. R. Knipple, and J. M. Augl, Inorg. Chem. 1, 433 (1962). 

66. J. J. Eisch and B. R. King, Organometallic syntheses. Transition-metal compounds (Academic Press, New 

York, London, 1965). 

67. A. D. Becke, Phys. Rev. A 38, 3098 (1988). 

68. J. P. Perdew, Phys. Rev. B 33, 8822 (1986). 

69. D. A. Pantazis, X.-Y. Chen, C. R. Landis, and F. Neese, J. Chem. Theory Comput. 4, 908 (2008). 

70. K. Eichkorn, O. Treutler, H. Öhm, M. Häser, and R. Ahlrichs, Chem. Phy. Lett. 240, 283 (1995). 

71. K. Eichkorn, F. Weigend, O. Treutler, and R. Ahlrichs, Theoretical Chemistry Accounts: Theory, Computation, 

and Modeling (Theoretica Chimica Acta) 97, 119 (1997). 

72. S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, J. Chem. Phys. 132, 154104 (2010). 

73. S. Grimme, S. Ehrlich, and L. Goerigk, J. Comput. Chem. 32, 1456 (2011). 

74. A. D. Becke, J. Chem. Phys. 98, 5648 (1993). 

75. E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, and T. E. Ferrin, J. 

Comput. Chem. 25, 1605 (2004). 

76. CrysAlis Pro: (Oxford Diffraction Ltd., 2014). 

77. A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M. C. Burla, G. Polidori, and M. Camalli, J. Appl. 

Crystallogr. 27, 435 (1994). 

78. G. M. Sheldrick, Acta Cryst. C 71, 3 (2015). 

79. G. M. Sheldrick, Acta Cryst. A 71, 3 (2015). 

80. C. F. Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields, R. Taylor, M. Towler, and J. van de 

Streek, J. Appl. Crystallogr. 39, 453 (2006). 

 


