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Abstract 

Main-group metals as supporting ligands for transition metals offer potential for bimetallic 

synergistic effects. We investigated a bismuth-palladium system utilizing a PBiP pincer ligand 

(BiPdCl) as precatalysts for electrocatalytic proton reduction with thiophenol. Rinse tests revealed 

the formation of a surface-bound active species, likely comprised of Pd-based heterogenous 

materials.  NMR and UV-visible spectroscopic studies unveiled that in diluted solutions of polar 

coordinating solvents, the chloride trans to the bismuthane readily dissociates, affording the 

solvent-coordinated species (BiPdsolvent) as the predominant solution species. Following thiol–

solvent ligand exchange, an equilibrium mixture of the solvent-bound species and the thiolate 

complex (BiPdS) forms. The crystal structures of BiPdS and an acetonitrile-coordinated model 

complex (BiPdAcN) shows the thermodynamic trans influence of the bismuthane ligand. Structural 

analysis, corroborated by computational investigations, suggests that the reduction of BiPdsolvent is 

primarily ligand-based than Pd-centered, hinting at a Bi(III)–Pd(0) oxidation states rather than the 

Bi(I)–Pd(II) model suggested by the Lewis structure of BiPdsolvent. The electron-rich Pd and 

electron-poor Bi centers explain its electrochemical decomposition similar to other Pd(0) species. 

Our findings shed light on the electronic properties and reactivities of the studied Bi–Pd 

compounds, offering an example of ambiguous oxidation states within this system. 
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Synopsis 

This study investigated a bismuth-palladium system as precatalysts for electrocatalytic 

proton reduction of thiophenol. Rinse tests indicate surface-bound active species formation. NMR 

and UV-visible studies reveal a predominant solvent-coordinated species in solution, with 

subsequent thiol–solvent ligand exchange leading to an equilibrium mixture with the thiolate 

complex. Structural analysis, backed by computational investigations, suggests that the reduction 

is more PBiP ligand-based rather than Pd-centered, suggesting a Bi(III)–Pd(0) oxidation-state 

assignment for the species in solution. 

 

Introduction 

Electrocatalysis has emerged as a powerful tool for addressing issues in energy sciences1–

3 and chemical synthesis.4–7 Heterogeneous electrocatalysts offer greater potential for large-scale 

applications due to their long-term stability, while molecular electrocatalysts enable new 

reactivities through structural control and provide valuable insights into the underlying 

mechanisms.8,9 Transition metal complexes with a single catalytic center remain mainstream in 

catalyst development. However, bimetallic systems are becoming increasingly attractive because 

of their potential synergistic effects, presenting advantages that cannot be readily achieved with 

individual metals.10,11    

Compared to transition metals, main-group metals have received less attention in catalysis 

owing to their limited accessible redox transitions.10–12 Nonetheless, a growing trend towards 

utilizing main-group metals in redox catalysis has become evident in the literature over the past 

decade. Two prominent research directions in this field include: (1) using a main-group metal as a 

supporting ligand for transition metals,13–15 and (2) employing a main-group metal as the catalytic 
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center.16–19 Both pathways have yielded promising results and provided valuable knowledge into 

harnessing main-group elements as catalysts. Investigations of metals in Group 13,20 14,21 and 

1518,22 have revealed both similarities and differences between groups and periods. 

Bismuth, the heaviest non-radioactive pnictogen, is notable for its low toxicity compared 

to other neighboring main-group metals. Recent studies by Cornella,19,23,24 Dostál,25–27 Gabbaï,28 

Gilliard,29,30 Lichtenberg,31–33 Limberg,34–37 and many other research groups38–42 have highlighted 

advancements in the synthesis, structural analysis, and catalytic properties of bismuth-containing 

species. The most stable oxidation state of Bi is +III, although crystal structures containing Bi(I) 

and Bi(II) have also been studied.25,43,44 The presence of these accessible oxidation states resulting 

from single-electron transfers prompts us to consider the potential application of bismuth-based 

systems in electrocatalysis, where interfacial single-electron transfers to radical species are often 

involved. 

When bismuth serves as a supporting ligand, determining its formal oxidation states 

becomes less straightforward and may depend on the geometry and the formal oxidation state of 

the transition metal center.  In cases where crystal structures are unavailable or solution structures 

differ from those in the solid state, predicting the oxidation states of Bi and its associated transition 

metal can be challenging. In this study, we experimentally and computationally investigate a 

bimetallic palladium species with a PBiP pincer ligand, BiPdCl (Chart 1), originally prepared by 

Limberg and colleagues.36 This compound yields solution species that electronically resemble a 

Bi(III)–Pd(0) motif rather than a Bi(I)–Pd(II) state. The compound functions as a precatalyst and 

decomposes into Pd-based heterogeneous materials, which are active for electrocatalytic proton 

reduction from thiophenol. Examinations of the transformation mechanism revealed ligand 

exchange reactions and a strong thermodynamic trans influence of the bismuthane ligand, as 
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evidenced by crystal structures and spectroscopic experiments in solution. The study highlights 

that probing the catalyst decomposition mechanism, although challenging due to the lack of well-

defined structures, can contribute understanding into the divergent properties of solution and solid-

state structures. This aspect remains underexplored for bimetallic main group–transition metal 

systems with strong intermetallic interactions. 

 

Chart 1. The bimetallic bismuth-palladium complex studied here. 

 

Results and Discussion 

Electrochemical properties of BiPdCl. BiPdCl was synthesized based on Limberg’s 

report.36 The cyclic voltammogram of BiPdCl in N,N-dimethylformamide (DMF) exhibited an 

irreversible reduction feature at –1.85 V vs. the ferrocenium/ferrocene couple (Fc+/0, Figure 1A). 

The Faradaic peak current (ip, corrected for capacitive current) was measured at varying scan rates 

(n) and showed a linear relationship with n1/2, indicating that the reduction is under diffusion 

control. The diffusion coefficient was determined using the Randles–Ševčik equation (eq 1, see 

Supporting Information for the definition of symbols) to be 1.7 ´ 10–7 cm2/s. This value is slightly 

larger than the values determined for Pd complexes using NMR spectroscopy.45–47 The 

heterogeneous electron-transfer rate constant could not be determined by the Nicholson method48 

or Trumpet plot49 due to the irreversibility of the reduction peak. 
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Figure 1. (A) Cyclic voltammograms of 0.5 mM BiPdCl in N,N-dimethylformamide (DMF) 
without acid (dashed line) and with the addition of 0.5 mM thiophenol (PhSH, solid). The dotted 
trace represents the voltammogram of 0.5 mM PhSH without BiPdCl.  A new peak emerges at –
2.06 V upon the addition of PhSH. (B) Cyclic voltammogram of 0.5 mM BiPdCl in DMF without 
acid (dashed) and with the addition of 50 mM PhSH (solid). The dotted trace represents the 
voltammogram of 50 mM PhSH without BiPdCl. The grey line indicates the position of Ecat/2, 
defined as the point at which the catalytic wave reaches half of its maximum current. The oxidation 
event around –0.5 V may arise from catalyst degradation and nanoparticle formation50 (see text 
for details). All voltammograms were recorded under argon at 0.1 V/s in the presence of 0.1 M 
[Bu4N]+[PF6]– as the supporting electrolyte. The experiments were conducted using a glassy 
carbon (3 mm diameter) working electrode, a Pt wire counter electrode, and a Ag/AgCl 
nonaqueous reference electrode. Applied voltage was corrected for ohmic drop determined 
through positive feedback experiments. All voltammograms were referenced to Fc+/0 using a 
ferrocene internal reference at the end of each set of experiments. The black arrows below the 
curves indicate the starting point and the direction of scan.  
 

We assigned this peak to a one-electron reduction event based on the internal-resistance-

corrected peak width in the CV (Ep – Ep/2 = 55 mV at 295 K, where Ep = is the peak potential, and 

Ep/2 is the potential where the current reaches half of the peak current) compared to that of the 
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equimolar ferrocene/ferrocenium couple (50 mV).49 However, the current integration is much less 

than that of the equimolar ferrocene standard, indicating that only part of BiPdCl near the electrode 

surface is involved in this reduction. Titration using tetrabutylammonium chloride ([Bu4N]+Cl–) 

had no impact on the reversibility of this peak, implying that the peak did not originate from 

reduction-induced chloride dissociation (Figure S1, Supporting Information). The wave did not 

gain reversibility with an increasing in the scan rate to 5 V/s (Figure S2). These results are 

consistent with an ErCi mechanism,51 for which the rate constant of this ligand reorganization (kd) 

can be estimated using the scan rate-dependent peak shift of the cathodic peak potential Epc (eq 2). 

Since Eredox cannot be measured directly, we estimated it to be –1.86 V by assuming that at a low 

scan rate (0.1 V/s), the separation between Epc and Eredox is 28.5 mV.49 Using this assumption, the 

rate constant kd is estimated to be 2.1 ´ 106 s–1, which is consistent with a rapid ligand 

reorganization (Figure S3). Further studies indicated that at the concentration for electrochemical 

studies, the chloride has already departed from the coordination sphere upon dissolving BiPdCl in 

DMF, and this redox feature stems from the DMF-coordinated component, BiPdDMF. As reduction-

induced DMF dissociation in a DMF solution would result in a reversible peak, the irreversibility 

of the peak indicates possible reorganization of the bismuthane ligand. 
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)  (eq. 2) 

Stoichiometric Reactions of BiPdCl with Thiophenol in DMF. Upon the addition of one 

equivalent of thiophenol (PhSH), the BiPdCl solution changed color from yellow to orange. In the 

cyclic voltammogram, a new irreversible reduction peak appeared at –2.06 V with a peak width of 

60 mV (Figure 1A). UV-visible spectroscopy (UV-vis) also presented a peak shift from lmax = 404 

to 434 nm (Figure S4). These results revealed the transformation of BiPdCl to a new species upon 

reaction of thiophenol. Similar data analysis to the ones above gave estimated values for the 
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diffusion coefficient and the ligand-dissociation rate constant for this newly formed species to be 

2.4 ́  10–7 cm2/s and 1.25 ´ 106 s–1, respectively (Figure S5). Randles–Ševčik analysis also implies 

this new species freely diffused in solution. UV-vis titration using PhSH featured two isosbestic 

points (Figure 2A), indicating a reversible reaction between the solution form of BiPdCl and the 

newly formed species, without any intermediate exhibiting distinct absorption characteristics. 

Crystal structure showed this new species to be a thiolate complex and will be referred to as BiPdS 

henceforth (vide infra). Titrating a BiPdCl solution containing three equivalents of PhSH using 

[Bu4N]+Cl– up to 100 equivalents showed no shift in the peak at 434 nm (Figure 2B). The reverse 

reaction from BiPdS to BiPdCl can be accessed by titrating with HBF4, which would form 

[DMFH]+[BF4]– in DMF.52 Titration experiments reflect the fact that the equilibrium involves 

protons but not Cl–, suggesting rapid chloride dissociation upon the initial dissolution of BiPdCl. 
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Figure 2. (A) UV-visible absorption spectra of a BiPdCl solution (0.15 mM) in anhydrous DMF 
titrated with 0 to 10 equiv of PhSH. Arrows indicate changes in the absorption profile, with lmax 
shifted from 404 to 434 nm and showing two isosbestic points. (B) Titration of the solution of 
BiPdCl (0.15 mM) and PhSH (0.45 mM) with a [Bu4N]+Cl– solution up to 100 equiv relative to 
BiPdCl. No peak shift was observed; the decrease in absorbance resulted from sample dilution 
upon [Bu4N]+Cl– addition. The dotted line represents the absorption profile of BiPdCl at the same 
concentration for comparison. (C) Titration of a solution of BiPdCl (0.15 mM) and PhSH (0.45 
mM) using a solution of [DMFH]+[BF4]– from 0 to 3.5 equiv, showing a shift in the peak from 434 
nm back to 404 nm. The dotted line indicates the absorption profile of a BiPdCl solution at the 
same concentration for comparison. These spectra suggest that protons, rather than chloride, are 
involved in the equilibrium formation of BiPdS.  
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Electrocatalytic Hydrogen-Evolution Reactions of BiPdCl with Thiophenol. We also 

discovered that continuous addition of thiophenol to a concentration of 50 mM (100 equiv) resulted 

in a catalytic current increase, with the onset potential at –1.75 V and Ecat/2 = –2.05 V (Figure 1B). 

Here, Ecat/2 represents the potential at which half of the maximum current is achieved. As Ecat/2 

aligns with the peak potential of BiPdS, the catalysis is presumed to arise from the reduction of 

BiPdS. An oxidation event was observed at –0.5 V during the returning scan (Figure 1B), which 

may indicate decomposition of the precatalyst to heterogeneous species.50 Although a current 

plateau was observed with 50 mM of PhSH, achieving the S-shaped curve under the pure kinetic 

condition (zone KS)53,51 proved elusive, even with an increased scan rate up to 10 V/s or a higher 

amount of PhSH to 500 mM (1000 equiv, Figure S6). Controlled-potential electrolysis was 

conducted, followed by product analysis using gas chromatography. The only gas product detected 

in the headspace was H2, produced with a Faradaic efficiency ~90% (Figure S7 and S8). 

Additionally, 1H NMR spectra revealed the loss of the thiol proton (Figure S9), with no other 

sulfur-containing species detected. 

The less-than-unity Faradaic efficiency and the oxidation peak observed in the anodic scan 

in Figure 1B suggest the decomposition of BiPdCl into heterogeneous species, likely Pd 

nanoparticles, under this condition. The decomposition is further confirmed through a rinse test: 

the working electrode was electrolyzed in a solution of BiPdCl and 50 mM thiophenol at –2.1 V 

for 15 min, rinsed with DMF, and transferred to a catalyst-free solution of 50 mM thiophenol. In 

this acid-only solution, similar catalytic response was observed, confirming that a catalytically 

active, electrode-bound material was generated (Figure 3C). This decomposition of precatalyst 

accounts for the sub-unity of Faradaic efficiency, as some charges are consumed during 

decomposition. Further control experiments using Pd(PPh3)4 instead of BiPdCl under the same 
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conditions also produced a surface-bound active species, evidencing that Pd nanoparticles likely 

play a role in the electrocatalysis (Figure S10). Electrocatalysis using sulfur-free proton sources, 

such as aniline hydrochloride and triethylamine hydrochloride, showed catalytic activity but also 

resulted in the decomposition of molecular species based on rinse tests. Changing the proton source 

to a mixture 3 equiv of thiophenol and excess ammonium salts, phenol, or water showed similar 

outcomes, with catalytic current increase and the formation of heterogeneous surface-bound 

species.  

Reactions of BiPdCl Prior to Electroreduction. The decomposition of molecular 

precatalysts to heterogeneous active species has gained attention in recent years through rigorous 

electrochemical studies.50,54–58 While the mechanism can be complex due to the lack of well-

defined products, identifying potential intermediates can shed light on the reactivity of molecular 

systems. This understanding may inspire the design and exploration of future applications for the 

studied systems. 

To understand the degradation pathways, it is essential to determine the reaction products 

formed from BiPdCl with PhSH. UV-vis titration unveiled no chloride involvement in the 

equilibrium formation of BiPdS (Figure 2B). Therefore, it is likely that the Pd–Cl bond dissociates 

to form either the Pd–DMF complex BiPdDMF or the solvent-free species BiPd+ before reacting 

with thiol. The calculated redox potentials for BiPdDMF and BiPdS are consistent with experimental 

values by showing the same trend with a similar potential difference (Table S2). In contrast, BiPdCl 

displays a calculated redox potential similar to that of BiPdS, which fails to explain the observed 

peak shift in CV (Figure 1A). This evidence supports that the solution structure differs from the 

solid-state structure of BiPdCl.  
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The reaction between BiPdCl and PhSH was monitored using 31P NMR and UV-vis 

spectroscopy. Treating a 5 mM solution of BiPdCl in DMSO-d6 (dP = 4.28 ppm) with an equimolar 

amount of PhSH produces a new peak (9.58 ppm), assigned to BiPdS, consistent with observations 

from UV-vis studies (Figure S11). Increasing the PhSH concentration to 50 mM (10 equiv) 

accelerated the conversion (Figure S12). However, a third species at –6.90 ppm emerged after 

three hours, corresponding well with the chemical shift of free PPh3 in DMSO-d6. After 46 hours, 

the spectrum was dominated by a peak at 25.49 ppm, in line with the peak obtained from Pd(PPh3)4 

in DMSO-d6. These spectral changes illustrate that BiPdS further reacts with excess PhSH to yield 

PPh3 and possibly Pd(PPh3)x, species from Pd(PPh3)4 in solution.59 Heating a sample containing 

BiPdCl and 10 equivalents of PhSH at 80 °C for one hour also formed a bismuth mirror, supporting 

the idea that Bi leaves the molecular motif in the presence of excess thiols (Figure S13). The 

thermal instability of BiPdCl and derivatives prevented us from determining rate constants using 

increased-temperature NMR experiments. The equilibrium constant for the formation of BiPdS, 

determined using 31P NMR spectroscopy in DMF, is 0.22 ± 0.07 (Figure S14 and Table S1).  

Protons are necessary for the decomposition of BiPdCl into Pd(PPh3)x. We thus considered 

whether replacing PhSH with sodium thiophenolate (PhSNa) would afford BiPdS while potentially 

slowing down any unwanted transformations, thereby facilitating the crystallization of BiPdS on a 

larger scale. CV scans of BiPdCl with either equimolar thiophenol or sodium thiophenolate 

exhibited the same peak shift (Figure S16). 31P NMR comparisons also affirm that protons are not 

necessary for the formation of BiPdS (Figure S17). Chemical synthesis using BiPdCl and 5 

equivalents of PhSNa in CH2Cl2 followed by crystallization afforded orange crystals of BiPdS 

(Scheme 1), whose structure revealed a thiolate ligand binding to the Pd.  
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Scheme 1. Formation and the crystal structure of BiPdS. The crystal structure is shown with 50% 
thermal ellipsoids. All hydrogen atoms are omitted for clarity. The absence of an anion in the 
crystal packing indicates the presence of a thiolate ligand rather than a thiol ligand binding to the 
Pd. Legend: carbon (gray), phosphorus (orange), bismuth (purple), palladium (blue green), and 
sulfur (yellow). Key structure parameters: dBi–Pd = 2.6767(4) Å, dPd–S = 2.3930(9) Å, dPd–P4 = 
2.2787(8) Å, dPd–P5 = 2.2976(7) Å, ÐBi–Pd–S = 172.52(2)°, ÐP4–Pd–P5 = 161.55(3)°, ÐPd–Bi–
C = 88.64(8)°, ÐBi–Pd–P5 = 81.96(5)°. The geometry of Pd is approximately square planar, with 
the Houser’s60 t4 = 0.18. For BiPdCl, t4 = 0.16.36 
 

The crystal structure of BiPdS shows a slightly twisted square planar Pd geometry, 

indicative of a +II oxidation state in the solid form. The Pd–S bond length is 2.3930(9) Å, longer 

than many reported Pd(II)–SPh complexes found  (2.30–2.36 Å)61–64 in the Cambridge Crystal 

Data Center (CCDC), making it one of the longest Pd–thiolate bonds with an unbridged thiolate 

ligand. This Pd–S bond length aligns more closely with values measured for Pd(II)–thioether or 

µ-thiolatopalladium (II) complexes,65–67 reflecting a weak Pd–S interaction and a strong 

thermodynamic trans influence of the bismuthane ligand. In contrast, the Bi–Pd interaction in 

BiPdS is much shorter than in other reported systems, with a bond length at 2.6767(4) Å, slightly 

longer than the one reported for BiPdCl (2.646 Å).36 For comparison, another Bi–Pd structure 
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prepared by the Limberg group containing a tetrahedral Pd(0) exhibits a Bi–Pd bond at 2.7342(11) 

Å and 2.7845(11) Å.37 A PBiP–Pd(II) complex prepared by the Gabbaï group shows a Bi–Pd bond 

length at 2.9233(9) Å, with the Bi considered to be a s-accepting, Z-type ligand.28 Natural Bonding 

Orbital (NBO) analysis68 can also shed light on the thermodynamic and kinetic trans effects of the 

bismuthane ligand. The PBiP ligand and the Pd–SPh motif were treated as separated units, and the 

dominant donor-acceptor interaction is Bi(6p) ® s*(Pd–S), stabilizing the Lewis structure with a 

deletion energy of 436.59 kcal/mol (Table S3). Chemical reduction of BiPdS using potassium 

graphite resulted in no significant color change, and the resulting mixture of products did not form 

crystals or could be characterized by spectroscopy in our hands.  

Investigations on the Species in Solution. The strong thermodynamic and kinetic trans 

effects of the bismuthane ligand are evidenced by (1) the crystal structure featuring a long Pd–S 

bond; (2) chloride dissociation upon the dissolution of BiPdCl at a low concentration; and (3) the 

formation of an equilibrium mixture between BiPdS and BiPdDMF or BiPd+ in the absence of 

excess thiolate. These results highlight that the Pd center showed a weak affinity for anionic 

ligands such as chloride or thiolate. This behavior is unexpected for a relatively electron-poor, 

cationic Pd(II) center but can be better explained by considering a more electron-rich Pd center. 

To determine whether the complex exists as a solvent-coordinated species in solution, acetonitrile-

coordinated BiPd derivatives were synthesized and crystallized (Scheme 2). Attempts to 

synthesize DMF-coordinated species in several ways afforded no crystals suitable for structural 

characterization (see Supporting Information). We used the acetonitrile complex BiPdAcN as a 

model compound given the similar polarity of acetonitrile and DMF. 
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Scheme 2. Reaction of BiPd with AgPF6 in acetonitrile and the structure of BiPdAcN. The crystal 
structure is shown with 50% thermal ellipsoids. All hydrogen atoms are omitted for clarity. The 
asymmetric unit contains one non-coordinated CH3CN molecule, which are also omitted for clarity. 
Legend: carbon (gray), phosphorus (orange), bismuth (purple), palladium (blue green), and 
nitrogen (light blue). Key structure parameters: dBi–Pd = 2.6486(4) Å, dPd–N = 2.142(3) Å, dPd–P3 = 
2.3006(9) Å, dPd–P4 = 2.3200(9) Å, dN–C = 1.133(5) Å, ÐBi–Pd–N = 177.84(9)°, ÐP3–Pd–P4 = 
159.94(4)°, ÐPd–Bi–C = 92.8(1)°, ÐBi–Pd–P4 = 80.55(3)°. The geometry of Pd is approximately 
square planar, with the Houser’s60 t4 = 0.16. 

 

The crystal structure of BiPdAcN uncovers a weak bond between the Pd and the acetonitrile 

nitrogen (2.142(3) Å), a bond length significantly longer than 75% of crystal structures found in 

the CCDC database (1.886–2.094 Å). This bond length is comparable to those observed in 

structures with an aryl or vinyl ligand trans to the acetonitrile ligand.69–73 The strong Bi–Pd 

interaction is showcased by the short Bi–Pd bond (2.6486(4) Å). These findings further underscore 

the strong thermodynamic trans influence of the bismuthane ligand. The 1H NMR spectrum of the 

solution of BiPdAcN in CD2Cl2 exhibited a peak corresponding to exclusively coordinated 

acetonitrile at 1.44 ppm (Figure S18 and Table S4). Upon addition of free CH3CN to this solution, 

over 90% of the coordinated acetonitrile peak diminished, showcased by the new peak at 1.92 ppm 

corresponding to free acetonitrile. We therefore concluded that the coordinated acetonitrile of 
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BiPdAcN rapidly exchange with the non-coordinated ones. One would expect the same rapid 

solvent ligand exchange in the case of BiPdDMF in DMF.  

Corroborative information was obtained from 31P NMR analysis of BiPd species in various 

solvents. The 31P chemical shifts of BiPdCl in different solvents at the same concentration (11 mM) 

and at room temperature are summarized in Table 1. Our measurement in C6D6 (6.04 ppm) and 

that reported by Limberg36 (6.7 ppm) are more downfield compared to values from other solvents. 

In CD2Cl2, CD3CN, and DMF, the BiPdCl solution exhibited 31P signals at approximately the same 

position (~5.4 ppm). In DMSO-d6, this peak shifts upfield to 4.68 ppm. These solvent-dependence 

shifts likely reflect composition changes influenced by varying solvent polarities. The 31P peak for 

the BiPdAcN was observed around 3.9 ppm. Based on the NMR comparison, we propose that in 

less coordinating and less polar solvents such as benzene, BiPdCl is the dominant species. As the 

solvent polarity increases, the proportion of BiPdCl also decreases, leading to the formation of 

BiPdsolvent. This mixture displays signals in the 4–6 ppm region. When chloride is completely 

removed chemically, the resulting solvent-bound species BiPdsolvent, affords signals around 3.9 

ppm.  

Table 1. 31P NMR comparison of solutions of BiPdCl in various solvents ([BiPdCl]= 11 mM).  
Solvent dP (ppm) 
C6D6 6.04 

CD2Cl2 5.45 
CD3CN 5.45 
DMF 5.41 

DMSO-d6 4.68 
BiPdAcN in CD3CN 3.83 
BiPdAcN in CD2Cl2 3.87 

BiPdAcN in CD2Cl2 with CH3CN 3.96 
 

The chloride dissociation from BiPdCl is also concentration dependent, which suggests a 

dissociative mechanism. At lower concentrations used for UV-visible spectroscopy (0.15 mM) and 
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electrochemistry (0.5 mM), which are 20 to 100 times more diluted than the NMR samples, 

chloride dissociation becomes more pronounced, making BiPdsolvent the predominant species. This 

model aligns with the chloride-independent equilibrium between BiPdDMF and BiPdS from UV-

vis titration (Figure 2) and the absence of redox features for BiPdCl in CV experiments.  

A working hypothesis, depicted in Scheme 3, is proposed based on the experimental and 

computational findings. Additionally, a free energy landscape was constructed using density-

functional theory (DFT) calculations at the level of wB97X-D/Def2-SVP//wB97X-D/Def2-

QZVPP74,75 (details provided in the Supporting Information). Structures of BiPdCl, BiPdS, and 

BiPdDMF optimized in solution (DMF) all exhibit an ion pair between Pd and the ligand trans to 

the bismuthane. Based on the dissociative ligand-exchange mechanism, a tricoordinated Pd species, 

BiPd+, was proposed as the intermediate for this ligand exchange. Free-energy changes were 

calculated at various concentrations, revealing that the dissociation of the ligand trans to the 

bismuthane becomes more thermodynamically favorable as the concentration decreases. This 

observation aligns with equilibrium mixtures found in NMR samples (~10 mM), electrochemical 

samples (~1 mM), and the UV-vis titration samples (~0.1 mM). However, it remains unclear 

whether the conversion from BiPd+ to BiPdS is stepwise or concerted. UV-vis titration 

experiments suggest no intermediate buildup (Figure 2A), hinting at the fact that the coordination 

of thiol and proton transfer to DMF could be concerted if the S–H···O hydrogen bond was involved 

in facilitating the process. UV-vis titration BiPdCl in CH2Cl2 using PhSH indeed showed no 

formation of BiPdS, as the solvent cannot serve as a proton acceptor (Figure S19).  
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Scheme 3. Proposed solution transformations of BiPd complexes. The calculated structure of 
BiPd+ is depicted in the left box. In the right box, the calculated reaction-free-energy changes (in 
kcal/mol) at various concentrations are plotted. As concentration decreases from the standard 
condition (1 M) to the concentrations of NMR samples (10 mM), electrochemistry samples (1 
mM), and the UV-visible spectroscopic samples (0.1 mM), the dissociation of the ligand trans to 
the bismuthane becomes increasingly exergonic. Calculations utilized the wB97X-D functional,74 
with the structure optimized with the Def2SVP basis and the single-point energies calculated with 
the Def2QZVPP basis.76,77 All calculations were conducted using the SMD solvent correction in 
DMF.78 Legend: carbon (gray), phosphorus (orange), bismuth (purple), palladium (blue green), 
and hydrogen (white). 
 

Oxidation States of Bi and Pd. Efforts to obtain a crystal structure of BiPd+ using AgPF6 

or NaBArF (BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) in less coordinating solvents 

such as CH2Cl2 or chloroform were unsuccessful in our hands, leading to gradual darkening of the 

resulting species. We suspect that the BiPd+ aggregates to form Pd black over time. DFT 

calculations provide insights into the electronic properties and the oxidation states of the Pd and 

Bi in BiPd+. The optimized structure exhibited a tricoordinated Pd with a T-shaped geometry, with 

a Bi–Pd bond length of 2.680 Å (Scheme 3). NBO analysis uncovered a highly delocalized 

electronic configuration, with the Bi–Pd motif treated as a single unit. The Bi–Pd s-bond formed 
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between the Bi 6p orbital (38%) and a Pd sd-hybridized68 orbital (68%), more polarized toward 

Pd. Primary donor-acceptor interactions identified from deletion analysis included Bi(6s) ® Pd(5p) 

and s(Pd–P) ® s*(Bi–Pd), with deletion energy at 853.77 and 761.11 kcal/mol, respectively 

(Table S5). Significant contributions from the two interactions to the delocalization stability of the 

molecule indicate that its Lewis structure does not reflect the accurate electronic features (2.36% 

total non-Lewis contribution). The partially polarized Bi–Pd bond combined with the 

delocalization of the Bi 6s lone pair result in a +1.20 natural charge placed on Bi, while Pd bears 

a –0.015 charge. This Bi natural charge is close to that of BiPh3 using the same method (+1.31). 

When coordinated with DMF or thiophenolate, the charges on Bi reduce to +1.06 and +0.92, 

respectively (Table S5). The more electrophilic nature of the Bi center and the more nucleophilic 

character of the Pd center support the formal oxidation state of Bi higher than +I in BiPd+. One-

electron reduction of BiPd+ results in a neutral structure featuring a Bi–Pd bond at 2.802 Å, closer 

to the one found in Limberg’s tetrahedral Pd(0)–Bi compound.37 This reduced species could lead 

to decomposition, as observed in electrocatalytic studies, resembling other Pd(0) species.  

Orbital analysis further shed light on the electronic properties of BiPdDMF and its associated 

BiPd+. As shown in Figure 3, the lowest-unoccupied molecular orbitals (LUMOs) of both 

compounds exhibit antibonding s*(Bi–Pd) character, arising from interaction between the Bi 6p 

orbital and the Pd 5𝑑-"01"  orbital. s*(Pd–P) also contributes significantly to these LUMOs, 

making them contain a greater component from the PBiP ligand. These results indicate that the 

reduction of BiPdDMF or BiPd+ is primarily ligand-based rather than Pd-centered, which would be 

expected from a Bi(III)–Pd(0) model but less so for a Bi(I)–Pd(II) motif. The highest occupied 

molecular orbitals (HOMOs) feature contributions from Bi, Pd, and the phosphine units, 

suggesting a highly delocalized electronic structure in these bimetallic complexes with strong 
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metal-metal interaction. Integrating observed reactivities with theoretical analysis, we suggest that 

BiPdsolvent and BiPd+ are better described as a Bi(III)–Pd(0) motif, differing from Lewis structure-

based assignments. Some tricoordinated Pd(0) structures have been studied experimentally 

before.64,79 This ambiguity in oxidation-state assignment highlights that further investigation into 

associated structures and reactivity is essential for a comprehensive understanding of these Bi–Pd 

bimetallic systems. 

 

Figure 3. Highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular 
orbitals (LUMOs) of BiPdDMF and BiPd+. Both structures exhibit LUMOs composed of Bi 6p, Pd 
5𝑑-"01", and P 3p characters, with greater contribution from the PBiP ligand. Consequently, the 
one-electron reduction of the compounds are ligand-based events. The higher Bi component in the 
s*(Bi–Pd) and the involvement of Pd 5𝑑-"01"  in bonding suggest an electron-rich Pd and an 
electron-poor Bi, supporting an oxidation model of Bi(III)–Pd(0) rather than the Bi(I)–Pd(II) 
model suggested by the Lewis structure.  

 

Conclusions 

 In this investigation, we examined PBiP-pincer Pd complexes as precatalysts for the 

electrocatalytic reduction of protons from thiophenol and their transformations in solution. It was 

observed that under electrocatalytic conditions, the precatalyst decomposes into heterogeneous 
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materials active for hydrogen evolution reactions. In addition, crystal structure characterization of 

intermediates and spectroscopic studies revealed a strong thermodynamic and kinetic trans effects 

of the bismuthane ligand. In a diluted solution using a polar solvent such as DMF and acetonitrile, 

BiPdCl undergoes rapid ligand exchange, and the solvent-bound species BiPdsolvent is likely the 

dominant species, which will further react with thiol or thiolate to form BiPdS. NBO and molecular 

orbital analysis suggested that in this solvent-coordinated structure, Bi is more electrophilic than 

Pd, with the oxidation states of Bi and Pd better described as +III and 0 instead of +I and +II, 

respectively. These findings help elucidate the reductive decomposition of the precatalyst, which 

is similar to other molecular Pd(0) species such as Pd(PPh3)4, and highlight the unique function of 

PBiP pincer ligand compared to other pnictogen based pincer ligands. The role of Bi as a 

supporting ligand for transition metals warrants further investigations and may lead to 

unconventional reactivity and catalytic applications.  

 

Supporting Information 

Experimental procedures and data are fully provided in the Supporting Information, including 

synthetic procedures, spectroscopic data, electrochemical experiments, crystallography data, and 

computational data (PDF). These files are available free of charge. Detailed crystallographic 

information is included in the CIF files published here or from the Cambridge Structure Database 

using CSD numbers 2352947 and 2352948. They are available free for charge at 

www.ccdc.cam.ac.uk/data_request/cif. All optimized structures for DFT calculations are available 

as .XYZ files provided along with this manuscript. 
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