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Abstract 

A series of representative late d-block metal complexes bearing a rigid bis(phosphine) ligand, iPr2P-Ace-

PPh2 (L, Ace = acenaphthene-5,6-diyl), was prepared and fully characterised by various techniques, 

including multinuclear NMR and single crystal X-ray diffraction. The heteroleptic nature of the peri-

substituted ligand L allows for the direct observation of the JPP couplings in the 31P{1H} NMR spectra. 

Magnitudes of JPP are correlated with the identity and geometry of the metal, and the distortions of the 

ligand L. The forced overlap of the phosphine lone pairs due to the constraints imposed by the rigid 

acenaphthene skeleton in L results in large 4JPP of 180 Hz. Sequestration of the lone pairs, either via 

oxidation of the phosphine, or metal chelation, results in distinct changes in the magnitude of JPP. For 

tetrahedral d10 complexes ([LMCl2], M = Zn, Cd, Hg), the JPP is comparable or larger (193–309 Hz) to that 

in free ligand L, although the P···P separation in these complexes is increased by ca. 0.4 Å (compare to 

free ligand L). The magnitude of JPP diminishes to 26–117 Hz in square planar d8 complexes ([LMX2], M = 

Ni, Pd, Pt, X = Cl, Br) and octahedral Mo0 complex [LMo(CO)4], 33 Hz). Coupling Deformation Density 

calculations indicate the through-space interaction dominates in free L, whilst in metal complexes the 

main coupling pathway is via the metal atom. 
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Introduction 

1,8-Bis(diphenylphosphino)naphthalene (dppn, Figure 1) represents one of the archetypal bidentate 

ligands in transition metal coordination chemistry.1 Its hallmarks are exceptional rigidity, and a close 

proximity of the two phosphine donor atoms. The P···P separation in dppn is 3.05 Å,2 which represents 

78 % of the sum of the van der Waals radii.3 This results in a bite angle of the free ligand of ca. 90°.4 A 

number of metal complexes of dppn have been reported, and the coordination chemistry of dppn and 

related ligands has been covered in our recent review.1 In the majority of cases, chelation of a metal ion 

is accompanied by a slight lengthening of the P···P distance, with slight increase in the distortion of the 

naphthalene skeleton also observed.1, 4  

Several related 1,8-bis(phosphino)naphthalenes with substituents other than phenyl have been 

synthesised; however, their number is somehow restricted due to the limited commercial availability, or 

lack of facile synthetic routes to the required precursor diorganohalophosphines. Steric constraints 

associated with peri-substitution represent another limitation, some functionalities being too large to 

occupy both peri-sites simultaneously.5-11 

There are only few reports of peri-bis(phosphines) with a non-symmetrical substitution pattern; 

i.e. where two differently functionalised P(III) centres occupy the peri-positions of naphthalene (or 

related polycyclic aromatic scaffolds, acenaphthene and anthracene). Whilst 1,8-dibromonaphthalene 

lends itself as an excellent precursor for stepwise lithium–halogen exchange to introduce two different 

phosphine groups to the peri-region, its synthesis is challenging and poor yielding.11-12 In contrast, 5,6-

dibromoacenaphthene is synthetically accessible on a multi-gram scale from the reaction of 

acenaphthene and N-bromosuccinimide, and also allows for stepwise lithium-halogen exchange.13-14 

Adoption of 5,6-dibromoacenaphthene as a principal synthon in our group has led to the isolation of a 

large variety of systems showing stabilisation arising from peri-substitution (using so called “enforced-

proximity donor stabilisation”),15-17 and also allowed for the facile synthesis of a compound central to this 

work, the bis(phosphine) PiPr2-Ace-PPh2 (L, Ace = acenaphthene-5,6-diyl).18 The non-symmetrical nature 

of L allows for the direct observation of homonuclear spin-spin coupling via 31P{1H} NMR spectroscopy. 

Thus, the interaction between the two chemically (and magnetically) differing phosphorus atoms in a 

variety of metal complexes can be probed and assessed with respect to the free ligand, and also with 

respect to the P-oxidised ligand.  
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Figure 1: Peri-bis(phosphines) with non-symmetrical substitution pattern. 
 

As alluded to above, only handful of non-symmetrical peri-substituted bis(phosphines) have been 

reported to date. These are listed in Figure 1 (A – D), together with the relevant JPP coupling constants.18-

25 While the JPP magnitude in A-D changes with different substituents (and the backbone), in all cases it 

remains rather substantial, and comparable to 1JPP observed in σ3P–σ3P bonded species E (JPP = 220 Hz). 

A higher magnitude of JPP was found in σ4P–σ4P dative-bonded F (JPP = 363 and 388 Hz),14, 26 whilst 

significantly smaller couplings were observed in the σ4P–σ6P dative-bonded G (JPP varied from 88 Hz at 

213 K to 118 Hz at 303 K). It is believed that the JPP coupling in A–D comprises entirely of a ‘through space’ 

interaction in which the spin information is transmitted between the coupled nuclei via the non-bonding 

interaction of two phosphorus lone-pair orbitals.  

In the past, the JPP of phosphine–metal complexes with chemically identical phosphine groups, 

were determined using complex double resonance techniques via the 1H NMR spectra,27 or utilising the 

inequivalence of the two phosphorus atoms in the solid state by solid state NMR techniques.2 Direct 

observation of significant JPP through-space coupling has been reported for a series of tetraphosphine 

ferrocenyl species by Hierso,28 and the wider area has been reviewed recently.29 Here we relate the 
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directly observed through-space couplings across the peri-gap, with their through-metal counterparts. 

Furthermore, we relate these with observed structural parameters (obtained from single crystal X-ray 

diffraction) and also with monoxidised (LO) and dioxidised (LO2) versions of the free ligand.  

 

Results & Discussion 

Syntheses 
The bis(phosphine) ligand L was synthesised according to the published procedure18 from 5-bromo-6-

(diisopropylphosphino)acenaphthene (iPr2P-Ace-Br), in which a low temperature lithium halogen 

exchange was followed by P–C coupling with Ph2PCl and aqueous work-up. This gives L as a moderately 

air sensitive yellow solid in good yields. Under aerobic conditions, powdered L shows signs of reaction to 

its respective phosphine oxides only after several days, though oxidation occurs more rapidly (<1 day) in 

solution. Hence as a precaution, all reactions involving free ligand were performed under a nitrogen or 

argon atmosphere using Schlenk/glove box techniques and degassed solvents. A general synthetic 

procedure involved preparation of a solution or suspension of L, to which a solution of the metal 

containing precursor was added dropwise. Removal of the volatiles in vacuo afforded the desired 

complexes. The syntheses are summarised in Scheme 1. Where possible, all novel compounds were fully 

characterised by multinuclear NMR, HRMS (high resolution mass spectrometry), elemental analysis and 

IR spectroscopy.  

Synthetic, structural and spectroscopic data of the platinum complex [LPtCl2] as well as the 

structural data of ligand L have been reported by us earlier;18 for completeness we discuss these in the 

context of other related compounds in this paper.  
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Scheme 1: Syntheses of metal complexes of bis(phosphine) ligand L reported in this work (cod = 1,5-
cyclooctadiene). 
 

The reaction of L with half an equivalent of AgSbF6 leads to the formation of pale yellow 

[L2Ag]SbF6; a mononuclear tetrahedral complex bearing two bidentate ligands L, each bound in κ2 

manner. The reaction of L and cuprous chloride produces the dinuclear chloride bridged copper(I) 

complex, [(LCuCl)2], as a pale yellow solid. All other complexes in Scheme 1 are mononuclear with one 

κ2-L ligand chelating to the metal, which adopts either a tetrahedral geometry (Co, Zn, Cd, Hg) or cis 

configuration in approximate square planar geometry (Ni, Pd, Pt). The Pt complex, [LPtCl2], and the group 

12 complexes, [LZnCl2], [LCdCl2] and [LHgCl2], are colourless, while the Ni(II) complex, [LNiCl2], is red, the 

Co(II) complex, [LCoCl2], is green and both [LPdBr2] and [(LCuCl)2] are yellow. All complexes shown in 

Scheme 1 are air stable both in the solid state and in solution, with the exception of the cobalt(II) complex, 

[LCoCl2]. The cobalt complex undergoes monooxidation of its bis(phosphine) ligand on dissolution in non-

degassed solvents, this is accompanied with a colour change from green to blue. This transformation 

occurs fastest in acetonitrile (ca. 120 seconds – see Supporting Info, Figures S10 and S11). Removal of the 

solvent under reduced pressure yields [LOCoCl2] as a blue powder in a quantitative yield. Single crystal X-

ray diffraction confirmed that the PPh2 group has been selectively oxidised to a P(O)Ph2 moiety and the 

resulting monoxide ligand LO remains κ2-PIII,O bonded to cobalt atom, forming a seven-membered 

C3P2OCo metallacycle (see Scheme 2).  

Interestingly, dissolution of [LOCoCl2] in methanol results in a loss of the LO ligand from the 

complex, giving a pink solution instantaneously. Leaving the solution to stand for 24 hours led to 

formation of colourless crystals, which were isolated and identified as the free bis(phosphine)monoxide 

LO. The remaining CoCl2, dissociated from the ligand, stayed in the methanolic solution. 
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Scheme 2: Oxidation reactions involving L as a free or metal-bound ligand, and the formation of [LO2CoCl2] 
and [LO2CuCl2]. 
  

 

Bis(phosphine) monoxide (BPMO) ligands are used widely in catalytic applications such as Diels-Alder 

couplings,30 sulfoxidations30, C–C bond formation31-32 and hydrogenations.33 Their synthesis is somewhat 

challenging as selective oxidation of one phosphine functionality is needed, whilst leaving the other 

intact. The synthetic pathways are often long, for example, the formation of [RuCl(BINAP(O))(bipy)]PF6 

(BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl, bipy = 2, 2’-bipyridine), requires reaction to 

proceed for 14 days for a 70% yield.32, 34 In comparison to the known methods for the synthesis of BPMOs, 

the approach shown in Scheme 2 is somewhat simpler and essentially quantitative at each step with 100 

% chemoselectivity observed. Moreover, the progress of the reaction is very easily followed by 

observation of colour changes (Figure 2).  

 

 

Figure 2: From left to right: the colours of MeCN solutions of L (yellow), [LCoCl2] (green), [LOCoCl2] (blue) 
and methanolic solution of CoCl2 (pink), obtained by dissolution of [LOCoCl2], followed by removal of LO 
by crystallisation. 
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In an attempt to synthesise LO from L in an alternative way, a solution of L in CH2Cl2 was treated with one 

molar equivalent of aqueous H2O2. Even with very slow addition, the bis(phosphine)oxide, LO2 was the 

major product as judged by 31P{1H} NMR spectroscopy. Using a slight excess of hydrogen peroxide results 

in a complete conversion of L to LO2 (Scheme 2). A blue tetrahedral cobalt(II) complex, [LO2CoCl2], was 

prepared by a quantitative reaction of LO2 with an equivalent of CoCl2·6H2O (Scheme 2). In a similar vein 

to the [LOCoCl2], addition of methanol to solid [LO2CoCl2] produces a pink solution, from which LO2 and 

CoCl2 were isolated. Interestingly, no [LO2CoCl2] was produced when [LCoCl2] or [LOCoCl2] (as acetonitrile 

solutions) were exposed to air at room temperature.  

A yellow tetrahedral copper(II) complex [LO2CuCl2] was also prepared and isolated in a 

quantitative yield by the reaction of LO2 with CuCl2·2H2O.  

 

NMR Spectroscopy 

Ligands L, LO and LO2 

The vast majority of bis(phosphine) ligands in the literature have chemically and magnetically identical 

phosphorus environments. The bis(phosphino)acenaphthene, L, represents a less common 

unsymmetrical bis(phosphine) ligand, and as such, values of JPP coupling can be determined directly from 

its 31P{1H} NMR spectra. Despite the two P atoms in L being formally separated by four bonds, the 

compound displays 4JPP of 180 Hz, which is observed as an AB spin system with δP –11.3 (iPr2P) and –12.8 

ppm (Ph2P) (Figure 3). The remarkably large magnitude of JPP is attributed to the geometrically forced 

overlap of the two phosphorus lone pairs, resulting in a large through space coupling component.18, 29, 35 

Upon oxidation of L to LO2, both phosphine lone pairs are sequestrated and the JPP coupling diminishes 

with two broad singlets observed for LO2 at δP 54.7 (iPr2P(O)) and 31.4 ppm (Ph2P(O)). The monoxide, LO, 

shows JPP of 6.0 Hz with δP 32.7 (Ph2P(O)) and –7.2 ppm (iPr2P), indicating that even the sequestration of 

one lone pair results in a major decrease in the magnitude of JPP (Figure 3). Similar observations were 

made for a related P···Se system; where upon selenation of the P(III) centre in Ph2P-Nap-SePh (Nap = 

naphthalene-1,8-diyl) to Ph2P(=Se)-Nap-SePh, the magnitude of 4JPSe decreased from 391 Hz to 24 Hz.36  
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Figure 3: The 31P{1H} NMR spectra of L, LO and LO2 recorded at 202.5 MHz and schematic representations 
of the lone pair orbitals involved in the through-space JPP couplings.  
 

Group 12 [LMCl2] Complexes (M = Zn, Cd, Hg) 

The 31P{1H} NMR spectrum of [LZnCl2] shows two doublets at δP –3.1 (iPr2P) and –16.9 ppm (Ph2P) with a 
2JPP 193.0 Hz (Table 1 and Figure 4). This indicates a slightly deshielded iPr2P centre, and a slightly more 

shielded PPh2 centre compared to the free ligand L (δP –11.3 (iPr2P) and –12.8 ppm (PhP)). In contrast, 

both phosphorus nuclei in [LCdCl2] are deshielded vs. the free ligand L, at δP 13.2 (iPr2P) and –6.6 ppm 

(Ph2P). The deshielding effect is more pronounced in [LHgCl2] with the two doublets at δP 47.7 (iPr2P) and 

19.8 ppm (Ph2P).  
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Table 1: Chemical shifts δP (ppm) and J couplings (Hz) in free ligands and [LMX2] complexes (M = Zn, Cd, 
Hg, Ni, Pd, Pt; X = Cl, Br). 

 Metal 
geometry 

δP iPr2P δP Ph2P JPP 1JP(iPr2)–M 
1JP(Ph2)–M 

L[a] – -11.3 -12.8 180.0 – – 
LO – -7.2 32.7 6.0 – – 
LO2 – 32.7 31.4 0 – – 
[LZnCl2] tetrahedral –3.1 –16.9 193.0 – – 
[LCdCl2] tetrahedral 13.2 –6.6 231.5 1156.7/1106.0[b] 1025.0/979.5[b] 
[LHgCl2] tetrahedral 47.7 19.8 309.1 3655.1 2336.9 
[LNiCl2][c] sq. planar 27.1 14.3 116.6 – – 
[LPdBr2] sq. planar 35.1 18.5 16.0 – – 
[LPtCl2] sq. planar 13.4 –2.3 26.1 3351.9 3407.3 
[LMo(CO)4][a] octahedral 43.1 34.5 33.5 - - 

[a] ref 18. [b] Values for 113Cd and 111Cd isotopologues. [c] NMR spectra acquired at 193 K. 

 

The most distinct feature in this series is the increase in the magnitude of 2JPP as the atomic number of 

the metal atom increases, with a 2JPP of 193.0 Hz in [LZnCl2]; 231.5 Hz in [LCdCl2] and 309.1 Hz in [LHgCl2]. 

Notably, magnitudes of these couplings are not vastly different to that observed in the free ligand L, 

where the JPP of 180 Hz is comprised exclusively of the through-space component. It is believed that upon 

coordination to the metal centre, the coupling becomes metal-mediated; the change in magnitude of JPP 

is attributed to the increasing ability of the metal (Zn < Cd < Hg) to transfer magnetic spin information 

between the two phosphorus donor atoms.   

Well resolved satellite peaks were observed in the 31P{1H} NMR spectra for both 111Cd and 113Cd 

isotopologues in [LCdCl2], as well as for the 199Hg isotopologue in [LHgCl2] (Figure 4). Observed JPCd and 

JPHg couplings are directly linked to the σ-donor strength of the phosphine, with the more basic phosphine 

(iPr2P) having a larger coupling to the metal centre (Table 1). This is as expected for the group 12 metals 

in +2 oxidation state.37-38 Interestingly, the electronic properties and sterically fixed nature of the ligand 

L, in which the two donor atoms are held in close proximity, results in smaller magnitudes of 1JPM 

compared to the related complexes of (less rigid and less compact ligand) dippf (dipff = 1,1’-

bis(diisopropylphosphino)ferrocene).39 These displayed 1JP111Cd = 1390 and 1JP113Cd = 1450 Hz in 

[CdCl2(dipff)] and 1JPHg = 4190 Hz in [HgCl2(dipff)].  
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Figure 4: Stacked 31P{1H} NMR spectra of [LMCl2] (M = Zn, Cd, Hg) recorded at 202.5 MHz with the Cd 
satellites expansion shown.  
 

We conclude that the JPP increases with increasing size of the metal atom, in the series of [LZnCl2], 

[LCdCl2] and [LHgCl2], although the change is not dramatic. It appears that the through-space coupling 

component is not a major contributor in these complexes, in comparison to the through-bond coupling, 

as this would be expected to lead to smaller JPP magnitudes as the metal size (and hence P···P separation) 

increases.   

 

Group 10 [LMX2] Complexes (M = Ni, Pd, Pt) 

The 31P{1H} NMR spectra of [LPdBr2] and [LPtCl2] indicate a substantial deshielding of the phosphorus 

atoms upon coordination to the Group 10 metal centres (Table 1). There is also a dramatic decrease in 

the magnitudes of 2JPP when comparing the Group 10 cis-square planar complexes (Pd, Pt) with group 

12 tetrahedral complexes (Zn, Cd, Hg) discussed above. The magnitude of JPP increases slightly with 

increasing metal mass (2JPP 16.0 and 26.1 Hz, respectively, for [LPdBr2] and [LPtCl2]), however both 

metal and halide ligands are different in this series and hence the observed change cannot be 

attributed solely to the metal atom. This is because 1JMP are significantly dependent not only on the 

nature of the metal, but to a significant degree also on the ligand trans to the phosphorus atom. For 

completeness it is of interest to mention relevant NMR data of an octahedral molybdenum complex, 

[LMo(CO)4], which have been reported by us earlier.18 In this complex, a 2JPP of 33.5 Hz was observed, 

which is clearly more in line with that observed for square planar, rather than tetrahedral complexes of 

L (Table 1). 
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Since partially filled d-orbitals (d8 metal configuration) are present in the Group 10 complexes, the π 

back-bonding contribution is likely to be significant.40 This affects the 1JPPt magnitudes in [LPtCl2], in 

which the stronger σ-donating phosphine, the iPr2P group, displays a slightly smaller 1JPPt magnitude 

than the less basic Ph2P group. This is the opposite trend to that observed with [LCdCl2] and [LHgCl2]. 

The coupling constants were obtained from 195Pt satellites in the 31P{1H} NMR spectra shown in Table 1 

and Figure 5. The 195Pt{1H} NMR spectrum complements this with a doublet of doublets centred at δPt –

4504.1 ppm, confirming the magnitudes of 1JPtP 3407.3 and 3351.9 Hz.  

  

 

Figure 5: NMR spectra of [LPtCl2]. Left: 31P{1H} NMR spectrum (202.5 MHz). Right: 195Pt{1H} NMR spectrum 
(107.0 MHz). 
 

Rather peculiarly, at ambient conditions, the 1H NMR spectrum of [LNiCl2] was entirely devoid of any JHP 

couplings, in contrast to the 1H NMR spectra of [LPdCl2] and [LPtCl2], which clearly showed the 2JHP and 
3JHP couplings in the isopropyl groups. In addition, no signal was detected in the 31P{1H} NMR spectrum of 

[LNiCl2] at 298 K. Upon cooling a solution of [LNiCl2] to 193 K, two well resolved doublets (w1/2 = 5 Hz) 

were observed at δP 27.1 and 14.3 ppm with 2JPP of 116.6 Hz (Figure 6). Upon increasing the temperature, 

the two doublets observed in the 31P{1H} NMR spectra broaden, reaching w1/2 of ca. 265 Hz at 233 K. Upon 

increasing temperature to 248 K and above, no signal is detected, and no new signal emerges even at 

293 K. A plausible explanation for this broadening appeared to be paramagnetism of [LNiCl2], which 

would be expected if the d8 nickel(II) centre adopted a tetrahedral geometry. In direct contradiction with 

this, the magnetic susceptibility (μeff) of the solid [LNiCl2] was found to be very low, at 0.1–0.2 BM (at 294 

K), instead of the expected value of around 2.9–3.2 BM, typical for tetrahedral nickel(II) species.41  

However, this phenomenon is not unknown with nickel(II) complexes with strong field ligands, 

such as phosphines or amines. A comprehensive study of magnetism in bis(phosphine) nickel(II) 

complexes, such as [(dtbpe)NiX2] (dtbpe = 1,2-bis(di-tert-butylphosphanyl)ethane), was recently carried 
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out by Schultz,42 who concluded that an equilibrium between planar (singlet) and pseudo-tetrahedral 

(triplet) complexes is likely responsible for magnetic properties similar to those observed by us in [LNiCl2]. 

Similar conclusions were made by Hierso for tetraphosphine ferrocenyl NiCl2 complex, where the 

apparent paramagnetism was rationalised by the fluxional behaviour of the Ni(II) centre leading to an 

average spectrum between a diamagnetic square-planar complex and a paramagnetic tetrahedral 

complex.28 A plausible mechanism of fluxionality around Ni(II) centre in [LNiCl2] includes an inversion 

process with respect to the rigid bis(phosphine) acenaphthene backbone, as shown in Figure 7.  

 

 

Figure 6: The 31P{1H} VT NMR of [LNiCl2] recorded in CD2Cl2 at 109.4 MHz. Temperature is in Kelvin. 
 

 

 

 

Figure 7: Plausible inversion of [LNiCl2] leading to an equilibrium between planar (singlet) and pseudo-
tetrahedral (triplet) geometry, giving rise to the paramagnetism. The molecule is viewed along the 
acenaphthene plane. 
 

 

Group 11 Complexes [L2Ag]SbF6 and [(LCuCl)2] 

The reaction of L with half an equivalent of silver hexafluoroantimonate gave [L2Ag]SbF6 as an air stable, 

light sensitive microcrystalline solid. Silver has two naturally abundant isotopes, 107Ag and 109Ag (51.8% 
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and 48.2% abundance, respectively), both of which are NMR active (I = ½). This leads to a complex 31P{1H} 

NMR spectrum, which represents an AA’BB’XX’ spin system, in which X and X’ are the two NMR active 

isotopes of silver (X = 107Ag; X’ = 109Ag, respectively). A and A’ represent phosphorus atoms in iPr2P group, 

whilst B and B’ represent phosphorus atoms in Ph2P group. An iterative spin system simulation was 

performed to elucidate the relevant coupling constants (Figure 8).  

 

Figure 8: The experimental 31P{1H} NMR spectrum of [L2Ag]SbF6 acquired at 109.4 MHz (bottom) and 
simulated spectrum (top). 
 

The series of signals at ca δP 23 to 18 ppm corresponds to the iPr2P group and the set of peaks ranging 

from δP 3 to –1 ppm corresponds to the Ph2P group. The coupling constants which can be read directly 

from the spectrum are the 2JPP (171.5 Hz) and the 1JPAg (of which there are 4). All other couplings (of which 

there are also 4) were obtained from iterative fitting (Figure 9). 
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Figure 9: Diagram of the spin-spin couplings in [L2Ag]SbF6. 
 

The 2JPP (2JAB and 2JA’B’) coupling of 171.5 Hz is rather comparable to that in the free ligand L (180.0 Hz), 

indicating that silver is an effective mediator of spin information between the two phosphines. The 

magnitudes of 1JPAg are directly proportional to basicity of the phosphine ligands (1J(31PA–109Ag) 287.5 Hz, 
1J(31PB–109Ag) 200.6 Hz, PA = iPr2P; PB = Ph2P). The corresponding 107Ag couplings (1J(31PA–107Ag) of 249.1 

Hz and 1J(31PB–107Ag) of 172.9 Hz) are consistent with the ratio of the gyromagnetic ratios of 107Ag:109Ag 

(ca. 1 : 1.15).  

Cuprous chloride and L reacted in a 1:1 ratio to produce the only dinuclear species in this study, 

[(LCuCl)2]. The 31P{1H} NMR spectrum of [(LCuCl)2] at 298 K is broadened (w1/2 ca. 45 Hz). Despite this, a 
2JPP of 215 Hz can be read from the spectrum; this is again rather comparable to that in free ligand L (180.0 

Hz). 

 

Cobalt(II) and Copper(II) Complexes of L, LO and LO2 

As the cobalt(II) complexes [LCoCl2], [LOCoCl2] and [LO2CoCl2] are paramagnetic (d7 configuration), their 

NMR spectra are extremely broad and no information on JPP can be extracted. The same applies to the 

Cu(II) complex [LO2CuCl2] (d9 configuration). 

 

Structural Investigations 

The ligands (L, LO and LO2) 

Crystal structures of L, LO and LO2 are shown in Figure 10 and crystallographic information is presented 

in Table 2. Despite the two rather bulky phosphine groups being attached in the peri-positions, only 

moderate in-plane and out-of-plane distortion is observed in L. The largest displacement from the 

acenaphthene mean plane (0.233(1) Å) is shown by the phosphorus atom of PiPr2 group. Nevertheless, 
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the constraints of the acenaphthene backbone result in a forced overlap of the two lone pairs on 

phosphorus atoms. The dominant repulsive interaction is partially counterbalanced by a weak attractive 

interaction in which some of the electron density from the lone pair of the iPr2P phosphorus atom is 

transferred into one of the σ*(P–Cipso) orbitals of the Ph2P group. This weak bonding interaction results 

in a quasi-linear (iPr2)P···P–Cipso arrangement (P9···P1–C13 175.6(2)°) in the crystal structure (Figure 10). 

This interaction may facilitate transfer of spin information between the two phosphorus atoms, 

contributing to the rather large magnitude of JPP of 180 Hz observed for L. The resulting P···P distance of 

3.100(2) Å represents 80% of the sum of Van der Waals radii.3 

 

  

Figure 10: The crystal structures of L, LO and LO2. Hydrogen atoms and solvating molecules are omitted. 
Thermal ellipsoids are plotted at the 40 % probability level. 
 

The addition of one oxygen atom in LO does not have a dramatic influence on the structural features of 

the peri-region (Figure 10). The P···P distance does increase marginally to 3.308(1) Å, but the changes in 

other structural parameters are small, such as the change of P9–C9···C1–P1 dihedral angle from 6.1(2)° 

in L to 4.7(2)° in LO (see Table 2).  

The oxidation of both P(III) centres to P(V) in LO2 results in dramatic structural changes in the peri-

region. The P···P distance shows a large increase to 3.846(2) Å. The out-of-plane displacements of the 

phosphorus atoms (ca. 1 Å) and the large P1–C1···C9–P9 dihedral angle of 46.2(2)° reflect the increased 

steric congestion and repulsive interactions between the two phosphine oxide groups. These features 

are akin to the bis(phosphine)sulfide, iPr2P(S)-Ace-P(S)Ph2, reported previously,18 although as expected, 

the distortions are even more pronounced in the bis(sulfide) compared to the bis(oxide) LO2.  
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Table 2: Selected bond distances (Å) and angles (°) for ligands, L, LO and LO2. Numbering scheme is shown 
in Figure 10. 

Compound L [a]
 LO·MeOH LO2·CH2Cl2 

peri-region bond distances 
P1···P9 3.100(2) 3.308(1) 3.846(2) 
P–O – 1.494(2) 1.504(3), 1.486(3) 
 
peri-region bond angles 
P1–O1···P9 – 80.78(9) 94.2(1) 
P9···P1–Cipso  175.6(2) 173.8(1) 167.7(1) 
splay angle[b] 14(1) 21.0(8) 25(1) 
 
out-of-plane displacement[c] 
P1 0.053 0.099 0.962 
P9 –0.233 –0.110 –0.911 
 
peri-region torsion angle 
P9–C9···C1–P1 6.1(2) 4.7(2) 46.2(2) 

[a] Ref. 18. [b] Splay angle: sum of the bay region angles – 360 (see Figure S12 in supporting information). [c] Displacement from 
the acenaphthene mean plane. 
 
 
Group 12 and 10 [LMX2] Complexes (M = Zn, Cd, Hg, Ni, Pd, Pt, X = Cl, Br) 

The metal atoms in Group 12 complexes [LMCl2] (M = Zn, Cd, Hg) adopt a distorted tetrahedral 

geometry with P1–M–P9 angles being rather compressed, ranging from 86.41(3)° to 93.47(3)° (Figure 11). 

Despite the compressed P1–M–P9 angles, the P1···P9 distance in these complexes is elongated by ca. 0.4 

to 0.5 Å compared to the free ligand L, and this distance increase marginally with the atomic number of 

the metal (the order is L < Zn < Cd < Hg) (Table 3). 

The group 12 series shows large distortions of the acenaphthene peri-region due to the 

competing requirements of the ideal (tetrahedral) ligand sphere geometry and the (rigid) acenaphthene 

backbone (Table 3). The phosphorus atoms are significantly displaced above and below the mean 

acenaphthene plane (displacements ranging from 0.5 to 0.8 Å), resulting in the P9–C9···C1–P1 dihedral 

angles of 29 to 34°. Also in-plane distortions are increased in this series with splay angles of around 21° 

(c.f. 14° in L). 

 
 

The metal atoms in Group 10 complexes [LNiCl2], [LPdBr2] and [LPtCl2] adopt a distorted square 

planar geometry (Figure 11). In contrast to tetrahedral complexes [LMCl2] (M = Zn, Cd, Hg), the square 

planar coordination of L to the metal atoms Ni, Pd and Pt results in a very modest increase in the P···P 

distances by only 0.03 to 0.11 Å compare to free ligand L (Table 3). The splay angle values are either 

marginally smaller or identical for Group 10 metal complexes and free ligand L. On the other hand, the 

out-of-plane distortions are slightly increased in these complexes compare to the free ligand L, with the 
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largest displacement of 0.79 Å for P1 in [LPdBr2]. In line with this, the P9–C9···C1–P1 dihedral angles are 

increased (ranging from ca. 29 to 37°) compared to the free ligand L (ca. 6 °).  

 

 

 

Figure 11: Crystal structures of [LZnCl2], [LCdCl2], [LHgCl2] (top) and [LNiCl2], [LPdBr2], [LPtCl2] (bottom). 
Solvating molecules and hydrogen atoms are omitted for clarity. Thermal ellipsoids are plotted at the 40 
% probability level. 

 

In addition to the rather pronounced out-of-plane distortions of the ligand, the metal centres show 

deviations from the ideal square planar geometry. This is of interest especially for the nickel complex, as 

unusual magnetic properties were observed for this complex in the solution NMR (see above). The P1–

Ni1–P9 cis-angle is 92.99(2)°. A distinct tetrahedral distortion is observable with the trans bond angles of 

165.54(2) (P1-Ni1-Cl2) and 164.95(2) (P9-Ni1-Cl1), with similar values for Pd and Pt complexes (167.45(3) 

to 173.2(1)°). Although these deviations are significant, they are not sufficiently pronounced for the 

structures to be considered as intermediate between tetrahedral and square planar, such as seen, for 

example, in CuCl42- anion, where trans angles of ca. 135-138° have been observed.43 

For the group 10 series, the Ph2P–M bond lengths are slightly shorter than the iPr2P–M bond 

lengths, correlating with an increase in π back-bonding. In [LPtCl2] the shorter P-Pt bond results in larger 

magnitude of JPPt coupling. This indicates the coupling is not proportional only to the strength of the σ-

component of the metal-phosphorus bond, but rather to the overall strength of the bonding (i.e. the 

product of σ and π interaction). 
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Group 11 Complexes [(LCuCl)2], [L2Ag]SbF6 and [LO2CuCl2] 

The copper atom in the centrosymmetric dimer [(LCuCl)2] adopts a distorted tetrahedral 

geometry. A P···P distance of 3.4206(18) Å in [(LCuCl)2] is comparable to that in the tetrahedral 

coordinated group 12 series (Figure 12, Table 3). The P–Cu distances are crystallographically identical 

(2.2298(11) Å and 2.2286(13) Å), which contrasts the observations made with the monomeric [LMX2] 

species discussed above.  

In the crystal structure of [L2Ag]SbF6 two molecules of very similar geometry are present in the 

asymmetric unit. The silver centre adopts a distorted tetrahedral geometry, with P–Ag–P angles within 

each ligand being acute (P31–Ag1–P39 84.67(4)°). This is compensated by the obtuse inter-ligand P–Ag–

P angles, such as P1–Ag1–P39 (126.40(4)°).  

 

 

Figure 12: Crystal structures of [(LCuCl)2] (left), [L2Ag]SbF6 (middle) and [LO2CuCl2] (right). Solvating 
molecules (CHCl3, MeOH and toluene, respectively) and hydrogen atoms are omitted, as are the SbF6 
anion in [L2Ag]SbF6 and the second molecule in the asymmetric unit of [LO2CuCl2]. Thermal ellipsoids are 
plotted at the 40 % probability level. 
 

The distortions of the acenaphthene backbone in [(LCuCl)2] and [L2Ag]SbF6 are comparable to those seen 

in the tetrahedral Group 12 [LMCl2] complexes (Table 3). The only exception to this is that the silver(I) 

atom is displaced further out of the acenaphthene plane than any other metal in this study (1.168 Å and 

1.330 Å, respectively, in the two molecules in the asymmetric unit). This anomaly is likely to result from 

the significant steric clash of the isopropyl and phenyl groups arising from the two bis(phosphine) ligands 

L attached to a single metal atom. 

The copper(II) complex of the dioxidised ligand [LO2CuCl2] displays a tetrahedrally coordinated 

copper atom, forming an eight membered metallacycle (Figure 12). Attachment of the LO2 ligand in a κ2 

manner via two oxygen donor atoms results in the peri-region of the ligand backbone showing greater 

distortion, in terms of both in-plane and out-of-plane distortions, than in free LO2. These distortions are 

significantly larger than those seen in the tetrahedral complexes of ligand L (Table 3). 
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Cobalt Dichloride Complexes [LCoCl2], [LOCoCl2] and [LO2CoCl2] 

Although the paramagnetism of the cobalt(II) centre prohibited collection of the relevant 31P NMR spectra 

and hence evaluation of the P···P couplings, the series of the Co(II) complexes with L, LO and LO2 is still of 

interest from a structural point of view. In all three complexes, the cobalt(II) centre adopts a distorted 

tetrahedral geometry, with P1/O1-Co-P9/O9 bond angles ranging from 83.6(2)° in [LO2CoCl2] to 101.1(1)° 

in [LOCoCl2]) (Figure 13 and Table 3). The P···P distances increase from 3.367(2) Å in [LCoCl2], to 3.663(2) 

Å in [LOCoCl2] and 3.850(3) Å in [LO2CoCl2].  The out-of-plane distortions also increase upon oxidation of 

the phosphorus atom(s). This is documented by the peri-region torsion angles P9-C9···C1-P1, which 

change dramatically from 2.4(3)° in [LCoCl2], to 42.2(3)° in [LOCoCl2] and 42.8(4)° in [LO2CoCl2].  

 

 

Figure 13: Views of the crystal structures of [LCoCl2], [LOCoCl2] and [LO2CoCl2]. Solvating molecules and 
hydrogen atoms are omitted for clarity. All thermal ellipsoids are plotted at the 40 % probability level.  
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Table 3: Selected bond distances (Å) and angles (°) for the metal complexes of L, LO and LO2. 

 
[LZnCl2] 

·0.5 CH2Cl2 
[LCdCl2] [LHgCl2] 

[LNiCl2] 
·CH2Cl2 

[LPdBr2] 
·CH2Cl2 

[LPtCl2][b] 
[(LCuCl)2] 
·2CHCl3 

[L2Ag]SbF6[c] 

·CH3OH 
[LCoCl2] 

[LOCoCl2] 
·CH3CN 

[LO2CoCl2] 
·CH3CN 

[LO2CuCl2] [d] 

·0.5 C7H8 

peri-region bond distances 

P1···P9 3.4725(12) 3.5277(19) 3.5923(16) 3.1322(7) 3.2208(11) 3.213(6) 3.4206(18) 
3.4038(17) 

[3.3874(15)] 
3.367(2) 3.663(2) 3.850(3) 

3.7594(16) 
[3.7775(16)] 

P1/O1–M 2.3970(8) 2.5687(14) 2.5128(10) 2.1359(5) 2.2216(8) 2.203(4) 2.2298(11) 
2.5116(11) 

[2.5150(12)] 
2.3591(18) 1.954(4) 1.982(4) 

1.972(3) 
[1.936(3)] 

P9/O9–M 2.3714(9) 2.5841(16) 2.4896(11) 2.1824(5) 2.2692(8) 2.236(4) 2.2286(13) 
2.5179(12) 

[2.5146(11)] 
2.3793(19) 2.4727(17) 1.976(5) 

1.959(3) 
[1.951(3)] 

peri-region bond angles 
P1/O1–M–
P9/O9 

93.47(3) 86.41(3) 91.97(3) 92.99(2) 91.64(3) 92.8(1) 100.21(5) 
85.18(4) 

[84.67(4)] 
90.57(6) 101.1(1) 83.6(2) 

83.9(1) 
[82.9(1)] 

Splay angle[a] 20.6(8) 20.7(9) 22.6(9) 8.0(3) 10.6(6) 14(3) 21(1) 
20(1) 

[19(1)] 
23(1) 21(1) 26(1) 

27.5(9) 
[26.1(9)] 

out-of-plane displacements[e] 

P1 0.525 0.774 0.796 0.751 –0.790 –0.689 0.527 
–0.338 

[–0.494] 
–0.011 0.888 0.896 

0.695 
[0.805] 

P9 –0.563 –0.508 –0.462 –0.646 0.610 0.453 –0.333 
0.499 

[0.448] 
0.087 –0.780 –0.797 

–0.753 
[–0.773] 

M –0.768 –0.319 –0.235 –0.183 0.134 0.215 –0.381 
–1.168 

[–1.330] 
1.252 –0.758 –0.799 

–1.120 
[–0.804] 

peri-region torsion angles 
P9–C9 
···C1–P1 

28.9(2) 34.0(2) 33.4(2) 36.69(8) 36.8(1) 28.6(7) 20.2(2) 
20.7(2) 

[22.3(2)] 
2.4(3) 42.2(3) 42.8(4) 

36.2(2) 
[40.3(2)] 

[a] Splay angle = sum of the bay region angles – 360 (see Figure S12 in supporting information. [b]Ref. 18. [c] Values in square parentheses are for the 2nd ligand molecule, where P1 is equivalent to P31, P9 to P39 and so forth. 
[d] Values in square parentheses are for the 2nd molecule in the asymmetric unit. [e] Displacement from the acenaphthene mean plane. 
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Computational Studies 

In order to obtain further insight into the nature of the observed JPP couplings, we have 

performed Coupling Deformation Density (CDD) calculations.44  Calculations of this nature have proven 

very useful for visualising the pathways through which J couplings connect the nuclei involved, and are 

particularly useful to distinguish between through-space and through-bond couplings, with the relative 

importance of different pathways judged by the intensities and volumes of the isosurfaces.45-46 The notion 

that JPP coupling is occurring through-space in free L, but through-bond in its metal complexes is 

confirmed as shown in the CDD plots in Figure 14. For free L, the path linking the two P atoms directly 

(rather than via the P–C and C–C bonds that make a formal 4J coupling) is clearly seen (Figure 14, left). In 

the zinc and nickel complexes, as representative examples, this coupling path clearly traverses along the 

bonds through the metal (Figure 14, middle and right). 

 The computed JPP coupling constants of free ligand L and selected metal complexes are collected 

in Table 4. While the observed coupling in [(LCuCl)2] appears to be significantly underestimated at our 

level and not all trends are reproduced correctly, the general finding that substantial coupling between 

the P atoms exist both in free ligand L and its metal complexes is well captured. Interestingly, upon going 

from the d10 systems (Zn and Cu complexes) to the d8 complex [LNiCl2], the JPP value is predicted to change 

sign. It is well known that the sign of 2JPP in transition-metal diphosphines can be positive or negative, 

depending on the mutual orientation of the P nuclei as well as on the nature of the metal and the other 

ligands present.47-48  

 

 

Figure 14: Plots of the coupling deformation density of free L, [LZnCl2] and [LNiCl2]. Hydrogen atoms and 
parts of the acenaphthyl moieties omitted, isosurfaces plotted at the PP86 level for CDD = 0.2 a.u. 
 

Table 4 Computed (B3LYP/Wachters/IGLO-II" level) and experimental JPP coupling constants for L and 
selected metal complexes (in Hz). 

Compound JPP calculateda |JPP| experimental 
L 210 180 
[LNiCl2] -140 117 
[(LCuCl)2] 160 215 
[LZnCl2] 184 193 
aDominated by the Fermi contact contributions (all other terms 
contribute less than 2 Hz). 
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Conclusion 

We report a series of d-block metal complexes with a geometrically restrained heteroleptic 

bis(phosphine) ligand L, a system with potential for significant through-space coupling. We conclude that 

in our peri-substituted system (and likely in other ones with similar potential for through-space coupling) 

the general notion that bridging the two phosphine donor atoms by a metal should lead to a significant 

increase of JPP, has limited validity. For example, coordination of zinc (in [LZnCl2], tetrahedral geometry) 

leads to JPP comparable to that found in the free ligand L (193.0 Hz in [LZnCl2] vs. 180.0 Hz in L). More 

counterintuitively, on coordination to a square planar d8 metal centre (PdII, PtII), the JPP decreases 

significantly to 16.0 and 26.1 Hz, respectively. This is despite the fact that the P···P separation in these 

complexes is comparable (3.100 Å in L vs. 3.213(6) in [LPtCl2]. In the same fashion, coordination to an 

octahedral metal centre in [LMo(CO)4] results in small magnitude of the JPP coupling (33.5 Hz).18  

Coupling Deformation Density calculations confirm the dominance of through-space contribution 

to the coupling in L, which is highly dependent on oxidation state of phosphorus centres, diminishing with 

monoxidation or dioxidation. 

In addition, an interesting cobalt-mediated highly selective aerobic monoxidation of the ligand 

has been observed, whilst nickel complex displayed interesting variable temperature solution NMR 

behaviour, presumably because of its paramagnetism at ambient temperatures. 
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TOC Graphics and Synopsis 

 

 

 

Magnitudes of J(PP) coupling in a non-symmetrical bis(phosphine) ligand with large through space 

interaction (180 Hz) are correlated with those in a series of its representative late d-block metal 

complexes. For some metals, the J(PP) magnitude decreases significantly on complexation (i.e. formation 

of P-M-P bridge), with the smallest one observed for Pd complex (2J(PP) = 16 Hz).  

 

 


