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Abstract 

We report the first application of a rigid P2N3 pincer ligand in p-block chemistry by preparing its 

bismuth complex. We also report the first example of bismuth complexes featuring a flexible 

PNP pincer ligand, which shows phase-dependent structural dynamics. Highly electrophilic, 

albeit thermally unstable, Bi(III) complexes of the PNP ligand were also prepared.
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The ability of tethered multi-dentate ligands to dictate structural outcomes is a powerful design 

strategy in coordination chemistry across the periodic table. Due to the relationship between 

frontier molecular orbitals and molecular symmetry, geometric distortion at main group element 

centres using multi-dentate ligands can elicit new reactivity, with applications in small molecule 

activation and catalysis.1-10 A vast array of monoanionic tridentate ligands (L2X, where L denotes 

a neutral donor and X an anionic substituent) – known as pincer ligands – have now been 

developed in the context of transition metal catalysis and, in principle, are all amenable to 

translation into p-block chemistry, enabling exquisite geometric tuning. 

 

Figure 1. Monoanionic tridentate (L2X, pincer) complexes of bismuth. 

  

 We are interested in rational frontier orbital engineering at heavy main group centres through 

such geometric perturbations.11-14 Considering the L2X pincer ligand coordination chemistry of 

bismuth (Figure 1), we noted that this area is dominated by the use of the NCN motif based on 

2,5-substituted aryl groups.15-26 Planar NCN-Bi complexes have been shown to activate 

challenging small molecules19, 20, 27 and, more recently, found applications in hydrogen transfer 

catalysis.28, 29 Rare example of ONO-Bi and OCO-Bi pincer complexes have also been isolated.30, 

31 The use of monoanionic NNN pincer ligands at Bi has been minimally explored by 

comparison.32 In this context, we recently reported complex NNN-Bi, where a trianionic 

substituent undergoes intramolecular oxidation to become monoanionic, concomitant with 

reduction of the chelated Bi(III) centre to a formal Bi(I) oxidation state, as deduced from 

spectroscopic analysis and reactivity studies.11, 13 In seeking to further evolve the pincer ligand 



chemistry of bismuth, we have now explored the use of two new frameworks that are little-studied 

in p-block chemistry and unknown in bismuth chemistry. 

 The first is the amido-diphosphorane framework (P2N3),33 that is a monoanionic analogue of 

the formally trianionic ligand in NNN-Bi. While this rigidly planar P2N3 ligand has been installed 

at a variety of d-block and f-block metals,34-41 no p-block complex has to-date been reported. We 

hypothesized that the planarity evidenced in its d/f-block complexes would translate smoothly to 

bismuth. The second is a PNP ligand42 whose application in p-block chemistry is also limited.43-50 

This ligand is more flexible than its P2N3 counterpart, as demonstrated by the different 

coordination modes observed in PNP-M complexes: planar for M = Al, Ga, In or Sn;44, 45, 47 bent  

when M = Li or P;43, 50 and bidentate when M = B.49 Given the metal size dependence of these 

coordination outcomes, we hypothesized that PNP-Bi complexes would also be planar due to 

the large size of the metal. Besides their geometric features, this pair of ligands is further 

appealing due to the presence of an NMR-responsive 31P nuclei, which should facilitate analysis. 

 Here we debut these ligands in the coordination chemistry of bismuth by making the first 

complexes featuring the P2N3-Bi and PNP-Bi environments and show the varying degrees of 

planarity engendered through usage of the respective ligand. In the PNP case we further 

demonstrate the ability to support highly electrophilic Bi(III) centres that show the potential for 

Lewis acid catalysis.  

 Reaction of P2N3-H or PNP-H with BiCl3 as per Scheme 1a gave compounds 1 and 2a, 

respectively, as dark red solids in 64% and 65% yield. Compound 1 exhibits good solubility in a 

range of organic solvents and has therefore been fully characterized in solution and the solid 

state. The 31P NMR spectrum of 1 shows a sharp singlet at 23.3 ppm and the 1H and 13C NMR 

spectra suggest a C2 ligand symmetry with equivalent phosphinimine environments. Single 

crystals of 1 were obtained from a saturated DCM solution at -30 oC and confirmed the meridional 

arrangement inferred from solution NMR data (Figure 2a, Table 1). The coordination environment 

around Bi is best-described as a square-based pyramid with a stereochemically-active lone pair 

trans to the Bi-N1 bond. The N2-Bi-N3 angle of 146.6(2)o is significantly more compressed than 

the Cl-Bi-Cl angle of 175.75(5)o, due to the tethered nature of the P2N3 ligand framework. The 

pnictogen core of 1 is almost perfectly planar confirming the very rigid nature of this ligand. The 

considerable steric bulk of the phosphinimine sidearms is evident in a space-filling view (Figure 

2b), which presumably also explains why a bent orientation placing the sidearms cis to one 

another is not feasible. Consistently, several attempts to optimize a bent isomer through density 

functional theory (DFT) computations also failed to yield a stable minimum, converging instead 

to the planar structure. 



 

 

 

Scheme 1 Syntheses of 1, 2a-c, and considered mode of structural dynamism in 2a. 

 

 In contrast to 1, the PNP-ligated compound 2a proved to be very poorly soluble, limiting 

solution phase characterization to 1H NMR and 31P NMR spectroscopy. At ambient temperature, 

2a shows a single broad peak at 41.3 ppm in the 31P NMR spectrum and the 1H NMR spectrum 

shows two very broad but distinct resonances for inequivalent isopropyl methine groups (Figure 

3), indicating loss of planarity. We hypothesize that the signal broadening is the result of a 

dynamic process that involves an asymmetry in the strength of the two Bi-P interactions (Scheme 

1c), as reported already in some PNP-B and PNP-P complexes.49, 50 A variable temperature NMR 

study of 2a was conducted, revealing partial resolution of the broad room temperature 31P NMR 

resonance into multiple overlapping signals at 193 K (Figure S13, ESI). The low temperature 1H 

NMR spectrum also shows two distinct environments for the isopropyl methine protons (Figure 

S14, ESI). An activation barrier of 58.8 kJ mol-1 (14.0 kcal mol-1) was estimated from the 

coalescence temperature, but due to the small peak separation even at the lowest temperature 



(solubility limited), multiplet analysis cannot be performed. Therefore, detailed discussion of the 

nature of the solution-phase dynamism is not possible at present, particularly because 

dimerization equilibria may also be operative in the low temperature regime.51, 52 Nevertheless, 

taking the detection of two iPr environment into account, we propose that the bent isomer is 

dominant in solution. Several attempts to characterize 2a in the solid state were foiled by the 

low-quality of the crystals obtained.  

 

Figure 2 a) Solid state structure of 1(CH2Cl2)2. Ellipsoids are drawn at the 50% probability level. 

Hydrogen atoms and solvent molecules have been omitted. b) Space-filling model (vdW radii used) of 

1. c) Solid state structure of 2b. Ellipsoids are drawn at the 50% probability level. Hydrogen atoms and 

non-essential portions of the triflate anions have been omitted. d) Truncated view of the coordination 

environment around Bi in 2b. 

 We therefore prepared a related derivative, 2c, by performing an anion exchange using 

AgOSO2CF3 (AgOTf) as a triflate source.53, 54 Compound 2b, isolated in 58% yield, proved to be 

thermally unstable, with DCM solutions decomposing to a mixture of products that include 2a 

(by solvent activation) within hours (Figure S9, ESI). The 1H NMR spectrum of this compound 

shows a single environment and relatively sharp resonances for the isopropyl groups, consistent 

with a high-symmetry time-averaged planar ligand configuration. Notably, the 31P NMR 

resonance for 2b is also sharper and shifted dramatically downfield to 95.1 ppm compared to 2a 

(41.5 ppm). The 19F NMR spectrum of 2b shows a resonance at -78.05 ppm, which is close to 

the value for [NBu4][OTf] (-78.50 ppm).55 Collectively, these spectral features imply weak 



interactions between the bismuth centre and the triflate groups in solution. The resulting increase 

in the electrophilicity at the metal presumably engenders more robust P-Bi interactions, 

explaining the sharper resonances observed for 2b compared to 2a.  

 

 

 

Figure 3 Top: Portion of the 1H NMR spectra of 2a and 2b in CDCl3. Asterisk denotes trace 

contamination from pentane (low solubility of 2a accentuates NMR solvent impurities). Bottom: 31P 

NMR spectra of 2a, 2b and 2c. 

 Cooling a concentrated DCM solution of 2b to -30 oC allowed isolation of single-crystals 

amenable to X-ray diffraction. In contrast to the structure of previously reported PNP-M 

complexes (M = Al, Ga, In, Sn),45, 47 and the preceding discussion about solution-phase structure, 

2b shows a distinctly bent ligand in the solid state with a P1-Bi-P2 angle of 105.76(3)o (Figure 

2c, d). These phase-dependent structural outcomes point to facile interconversion between the 

two geometries, such that solvent and lattice effects can easily favour one or the other outcome, 

which is in line with the reportedly small inversion barriers at hypervalent bismuth centres.56, 57 

Notably, the P1-Bi bond length in 2b [2.6549(8) Å] is nearly 0.1 Å shorter than the P2-Bi bond 

length [2.7306(8) Å], supporting the aforementioned possibility of asymmetry in the strength of 

P-Bi interactions (Scheme 1c). Two long Bi-O interactions are also located cis to one another 

[O-Bi-O = 119.99(8)o] and opposite the Bi-N1 and Bi-P1 bonds, with the deviation from 90o being 



a result of a stereochemically active lone pair. The average Bi-O distances in 2b (ca. 2.72 Å) are 

within the sum of the van der Waals radii (3.59 Å) but significantly longer than the sum of the 

covalent radii for the two elements (2.14 Å), suggesting at least partial ionic character. Indeed, 

the crystallographically determined structural features of 2b are well-reproduced (Table 1) by 

DFT calculations performed on the hypothetical triflate-free dication [PNP-Bi]2+.  

 

Table 1 Selected bond lengths (Å) and angles (o) in the solid state structures of 1 and 2b, and 

the calculated (B3LYP-D3BJ/aug-cc-pVDZ-PP) structure of triflate-free [PNP-Bi]2+. 

Parameter 1•(CH2Cl2)2  2b [PNP-Bi]2+ 

Bi-N 2.165(5) N1 

2.358(5) N2 

2.371(5) N3 

2.215(3) 2.194 

Bi-P - 2.6549(8) P1 

2.7306(8) P2 

2.652 

2.715 

Bi-Cl 2.703(1) Cl1 

2.721(1) Cl2 

- - 

Bi-O - 2.739(2) O1 

2.693(3) O2 

- 

N-Bi-N 74.0(2) N1, N2 

73.1(2) N1, N3 

146.6(2) N2, N3 

- - 

P-Bi-P - 105.76(3) P1, P2 108.0 

N-Bi-P - 73.12(7) N1, P1 

76.82(7)  N1, P2 

79.3 

76.9 

Cl-Bi-Cl 175.75(5) Cl1, Cl2 - - 

O-Bi-O - 119.99(8) O1, O2 - 

 

 In light of the above, we hypothesized that the Bi centre in 2b is considerably more 

electrophilic than in 2a, making the triflate derivative thermally more reactive and therefore quite 

unstable towards decomposition via solvent activation or adventitious impurities. To explore this 

possibility, we converted 2a to 2c using [Et3Si(PhMe)][B(C6F5)4] as a metathesis reagent (Scheme 

1b). The 31P NMR resonance of the resulting compound is not only the sharpest, but also the 

most downfield of all derivatives at 109.5 ppm (Figure 3, bottom) due to the very weakly-

coordinating nature of the perfluoroarylborate anion, which minimally quenches the 

electrophilicity at bismuth. Compound 2c also proved to be very thermally unstable even in 

solutions of 1,2-difluorobenzene or as a solid, precluding isolation and complete characterization. 

Its dissolution in DCM or CDCl3 resulted in reformation of 2a over time, evidencing solvent 

activation. High reactivity for analogous bismuth electrophiles has been reported previously, 

including CH and CO activation and polymerization via activation of π systems and ethers.58-62 In 

line with these reports, solution of 2c in THF rapidly turn into insoluble purple gels via catalytic 

ring-opening polymerization of the cyclic ether (Figure S15, ESI). 



 In summary, we have reported the first example of a p-block complex featuring the rigid P2N3 

framework in 1, which enforces a planar ligand environment at the bismuth centre in both the 

solution and solid phases. We also report the first PNP-Bi complexes (2a-c), which show 

remarkable structural dynamism as a function of phase and substitution at the metal. For 

example, in solution, 2a appears to have a low-symmetry, bent ligand arrangement and 2b a 

high-symmetry planar arrangement, and potentially dissociated anions. However, in the solid 

phase 2b clearly shows an asymmetric bent ligand environment. Preliminary studies show that 

2b and 2c are potent electrophiles, which renders them thermally unstable. We are now 

exploring the reactivity of these compounds as convenient precursors to sterically shielded Bi(I) 

centres (e.g. derived from 1 and 2a) and Lewis acid catalysts (e.g. derived from 2b and 2c). 
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