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7.1 Introduction 

The ability of transition metals to change oxidation state is one of the cornerstones of organometallic 

catalysis.1 The redox potential (as well as other types of reactivity) of a complex may be altered by the 

coordination of different spectator ligands, although this tuning is typically limited. The strategy of 

employing redox-active ligands in the coordination sphere of transition metals continues to attract 

much interest.2 These systems generally span a much wider redox-potential range compared to 

complexes with spectator ligands and thus offer more versatile and modular reactivity with a specific 

transition metal complex, thereby creating new opportunities for electron transfer to or from 

coordinated substrates. Redox-active ligands have initially been utilized primarily to induce two-

electron transformations upon metals that are disposed to undergo one-electron reactivity or that are 

redox-inert.3 In contrast, in Chapters 2 and 6 we describe radical reactivity with square planar PdII 

complexes mediated by redox-active ligand-to-substrate single electron transfer.4  

Synthetic systems featuring metal-metal interactions have successfully been exploited to facilitate 

(multi-electron) chemical transformations.5 In the case of heterobimetallic architectures, the difference 

in electronegativity of the metal centers can lead to polarized M1
δ-M2

δ+ bonding, enabling the 

generation of reactive intermediates by charge transfer between the two metal centers.6 Alternatively, 

electron repulsion between two electron-rich elements can destabilize a reduced state, thereby 

inducing reactivity.7 Combining redox-active ligand chemistry with heterodinuclear metal-metal 

interactions could enable new modes of electronic communication that may enable new pathways for 

substrate conversion. Homoleptic complexes M(LISQ-)2 of square planar d8-metals with 

iminosemiquinone (ISQ-) forms of redox-active amidophenolate type ligands are well-known and 

their electrochemical and spectroscopic properties have been studied in great detail.8 However, 

heterobimetallic architectures bearing a homoleptic M(LISQ-)2 core structure are unknown, to the best 

of our knowledge. Introduction of a secondary metal in close proximity to the metal bearing the 

redox-active ligands may allow a tunable metal-metal interaction, ligand-through-metal-to-metal 

electronic communication (Figure 1) or  unique types of reactivity through a ligand-based redox 

stimulus. 

 

Figure 1. Schematic representation of ligand-through-metal-to-metal communication induced by a ligand-based redox 
process. 

M1
n

[red/ox]
Ln

Ligand-through-Metal-to-Metal communication

M2
n M1

nLn M2
n



Metal-Metal Interactions in Heterobimetallic Complexes with Dinucleating Redox-Active Ligands 
 

151 
 

To address this challenge, we envisioned that the PNOH2 ligand described in Chapter 64 could be used 

for the targeted synthesis of well-defined (hetero)bimetallic complexes. Selective initial monodentate 

coordination of the ‘soft’ phosphine donor to M1 would create a metalloligand that could incorporate a 

second metal M2 in the ‘hard’ NO pocket. Anticipating the preferred formation of a homoleptic 

coordination around M2, this could provide well-defined M1-M2-M1 architectures with the potential 

for intramolecular metal-metal interactions. Herein we report on the synthesis, characterization and 

initial reactivity of a unique trinuclear Au2Ni complex, featuring two intramolecular d8-d10 

interactions, held together by the presence of two redox-active ligands. We also describe a cationic 

dinuclear AuNi derivative that exhibits an even more pronounced d8-d10 interaction. Both complexes 

display several ligand-based redox-events in cyclic voltammetry. DFT calculations have provided 

insight in the electronic interaction between Ni and Au in both cases. Upon ligand-centered two-

electron reduction only the trinuclear Au2Ni is able to act as an electrocatalyst for C-X bond activation 

of alkyl halides with subsequent C-C bond formation. The presence of all three components (gold, 

nickel and redox-active ligand) appears to be essential for the observed reactivity, as confirmed by 

control experiments. This discovery opens the way to novel multimetallic design principles based on 

redox-active ligand-through-metal-to-metal electronic communication and could allow for non-

traditional reactivity for transition metals.  

 

7.2 Results and Discussion 

Treatment of PNOH2 (31P NMR: δ -20.25 ppm) with AuCl(SMe2) afforded diamagnetic AuI complex 

1 (31P NMR: δ 19.97 ppm) in near-quantitative yield (Scheme 1). Layering a solution of 1 in 

chloroform with pentane afforded colorless single crystals suitable for X-ray structure determination 

(Figure 1). In the solid state, complex 1 shows a slightly distorted linear coordination geometry with a 

∠P1-Au1-Cl1 angle of 176.84(6)° and an intact non-coordinated aminophenol fragment, in agreement 

with NMR and IR spectroscopic data for 1. The unit cell contains a CHCl3 molecule with the 

hydrogen atom showing a CH-π interaction with the redox-active aminophenol ring (Figure 1, right). 

This AuI-containing building block was then applied as metalloligand for coordination of the available 

aminophenol fragment with NiII. Because of the tendency to form homoleptic species, a ratio 1:Ni of 

2:1 was chosen. Reacting 1 in the presence of half an equivalent Ni(NO3)26H2O and NEt3 in 

acetonitrile at reflux under aerobic conditions afforded complex 2 as a dark-green solid in 73% yield 

(31P NMR: δ 32.92 ppm; CSI-MS: m/z 1482.2332). Multinuclear NMR spectroscopic data are in 

agreement with a diamagnetic9 species in solution, showing symmetry even at low temperatures (220 

K).  
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Scheme 1. Synthesis of complexes 1 and 2 using ligand PNOH2. Reagents and conditions: i) AuClSMe2, CH2Cl2, rt; ii) 

Ni(NO3)2×6H2O, NEt3, air, MeCN, reflux. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Left: Displacement ellipsoid plots (50% probability level) of 1 at 110(2) K. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): P1-Au1 2.2288(7); Au1-Cl 2.2812(8); P1-Au1-

Cl1 176.84(6). Right: Stick model of the solid state structure showing the CH-π interaction between CHCl3 and the 

aminophenol ring.  

Complex 2 exhibits an intense UV-Vis absorption at 943 nm (ɛ = 17.6  103 M-1 cm-1), characteristic 

for antiferromagnetic coupling of two iminosemiquinonato (ISQ-) ligand radicals.10 Dark-green single 

crystals suitable for X-ray structure determination were obtained by diffusion of pentane into a 

CH2Cl2 solution of 2 (see Figure 2). Most remarkably, the centrosymmetric structure shows the 

presence of an uncommon double d8-d10 interaction11 in the solid state, as the Ni-Au distance of 

3.15857(17) Å is significantly shorter than the sum of the van der Waals radii (3.29 Å). The ∠P1-

Au1-Cl1 angle of 171.61(3)° (approx. 5° smaller than in 1) indicates electronic communication 

between the central Ni and the peripheral Au atoms. To the best of our knowledge, this is the first 

complex with a double d8-d10 interaction between Ni and two Au atoms12 and only the second 

example of a d8-d10 interaction between Ni and Au.13 The structure shows characteristic metric 

parameters for the ISQ- ligand oxidation state for both NO-fragments (metrical oxidation state (MOS) 

= -1.13 ± 0.09), confirming the singlet diradical spin state.9,14 
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Bond  XRD   DFTa 

C1-C2 1.419(5) 1.407 
C2-C3 1.369(4) 1.376 
C3-C4 1.434(5) 1.418 
C4-C5 1.364(5) 1.371 
C5-C6 1.417(4) 1.415 
C6-C1  1.420(4) 1.442 
C6-N1 1.352(5) 1.342 
C1-O1 1.310(5) 1.296 

Ni1-Au1 3.15862(17) 3.303 
Ni1-O1 1.829(2) 1.883 
Ni1-N1 1.852(2) 1.881 

MOS -1.13 ± 0.09 -1.01 ± 0.08 

Figure 2. Displacement ellipsoid plots (50% probability level) of 2 at 110(2) K. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Selected angles (°): P1-Au1-Cl1 171.61(3); O1-Ni1-N1 94.40(11). a OSS, b3-lyp-d3, def2-

TZVP. 

The metric parameters for 2 are well-reproduced by the DFT (b3-lyp-d3, def2-TZVP) optimized 

geometries, with slightly elongated O-Ni, N-Ni and Au-Ni distances found in silico (Figure 2, left). 

Dispersion corrections were required to accurately describe the intramolecular d8-d10 interaction 

between Au-Ni, similar to our findings for the intramolecular d8-d8 interactions described in Chapter 

3.15 The open-shell singlet (OSS) solution for 2 is lower in energy than the corresponding closed-shell 

singlet (CSS) and triplet states by 36.1 and 10.2 kcal mol-1, respectively. The large energy difference 

between the OSS and CSS solution shows that 2 is poorly described by a closed-shell description. The 

spin density plot of the OSS solution of 2 (Figure 3, left) illustrates the presence of two ligand-

centered radicals. Analysis of the molecular orbitals shows weak bonding interactions between a Ni 

dz
2 orbital and a re-hybridized dx

2
-z

2 orbital on both Au atoms (Figure 3, center). The filled antibonding 

orbital, which is characteristic for d8/10-d8/10 interactions, is also found at higher energy (Figure 3, 

right).    

 

 

 

 

Figure 3. Left: Spin density plot of 2 (OSS). Center: Filled bonding orbital of the double d8-d10 interaction in 2 (HOMO-23). 

Right: Filled antibonding orbital of the d8-d10 interaction in 2 (HOMO-2) (b3-lyp-d3, def2-TZVP). 
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Cyclic voltammetry of complex 2 in CH2Cl2 shows two reduction and two oxidation events in CH2Cl2 

(Figure 4, black). The oxidation events appear to happen with potential inversion, meaning that the 

complex is oxidized by two electrons simultaneously (Eox = +0.3 V vs Fc/Fc+), whereas the 

corresponding reduction occurs in two single electron events (Ered = +0.3 and -0.4 V vs Fc/Fc+). The 

first one-electron reduction is fully reversible (E½
red = -0.8 V vs Fc/Fc+) but a rapid (catalytic) increase 

in current is observed for the second reduction event at -1.5 V vs Fc/Fc+ in CH2Cl2.
  In contrast, cyclic 

voltammetry of 2 in THF shows two reversible one-electron reduction events E½
red = -0.68 V and E½

red 

= -1.50 V vs Fc/Fc+ (Figure 4, red). The oxidation events are less defined and irreversible in THF.  

 

 

 

 

 

 

 

 

Figure 4. Cyclic voltammograms of 2 (10-3 M) recorded in THF (red) and CH2Cl2 (black); scan rate: 100 mV s-1; Pt working 

electrode; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  

The reversibility of both reduction events in THF was confirmed by UV-vis spectroelectrochemistry 

using an optically transparent thin layer electrochemical (OTTLE) cell, which showed complete loss 

of the characteristic inter-ligand charge transfer band at 943 nm upon one-electron reduction to 2- 

(Figure 5, left). This observation is in agreement with loss of the diradical ground state upon one-

electron reduction of one of the redox-active ligands. A new band at 361 nm is observed which 

increases upon one-electron reduction to 22- (Figure 5, right). This band may be attributed to an LMCT 

band characteristic for the PNOAP fragment, as it is also observed upon one-electron reduction of the 

PdCl(PNOISQ) complex described in Chapter 6.  
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 Figure 5 Stacked UV-Vis spectra of electrochemical reduction of 2 to 2- (left) and 2- to 22- (right) in THF solution using an 

OTTLE cell (2 mM in the presence of 0.1 mM [N(n-Bu)4]PF6). 

The rapid (catalytic) increase in current, observed at the second reduction event in CH2Cl2 at -1.4 V 

vs. Fc/Fc+, is indicative of a follow-up reaction with the halogenated solvent, attributed to C-Cl bond 

activation. Interestingly, several analogous homoleptic Ni(NOISQ)2 complexes8 exhibit fully reversible 

electrochemistry and do not show any (catalytic) C-Cl bond activation under identical conditions. The 

absence of catalytic C-Cl activation of these complexes indicates a potential role for the AuCl 

fragment in 2 to induce turnover. To test the hypothesis of potential redox-active ligand-through-

metal-to-metal electronic communication and follow-up C-X activation chemistry, we chose benzyl 

bromide (BnBr) as benchmark substrate. The presence of BnBr has a pronounced effect on the 

intensity of the wave for the second one-electron reduction in the voltammogram of 2 in THF (Figure 

6).16 Notably, the addition of varying amounts of BnBr does not result in a change in intensity or 

position of the first one-electron reduction wave. Cyclic voltammetry of a benzyl bromide solution in 

THF with the same Pt working electrode in the absence of 2 only shows the onset of a catalytic 

current at -2.2 V vs. Fc/Fc+, which is 0.8 V more negative than with 2. Similar behavior was observed 

when a glassy carbon electrode was used.  

 

 

 

 

 

 

Figure 6. Cyclic voltammograms of 2 recorded in THF (1 x 10-3 M) with increasing [BnBr]. Scan speed: 10 mV s-1; Pt 

working electrode; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  
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A linear correlation between icat/ip and [BnBr]½ is observed at low concentrations, whereas saturation 

behaviour is observed at higher [BnBr] (Figure 7, top). Recording cyclic voltammograms with 

varying [2] and constant [BnBr] (Figure 7 bottom, left) revealed similar behavior. The plot of icat/ip 

versus [2] (Figure 7, bottom right) is also linear. Cyclic voltammetry in the presence of different para-

subsituted benzyl bromides revealed that electron-withdrawing substituents had a positive effect on 

the catalytic current, in agreement with a radical mechanism (Figure 8).17 We observed that at lower 

scan speeds a bigger catalytic wave was observed and found a linear correlation between icat/ip and the 

square root of the scan speed, indicative of slow electron transfer to the substrate. Plotting the 

logarithm of icat/ip against the Hammett σ constants provides a reasonably linear correlation. The 

positive slope obtained from linear regression is consistent with a nucleophilic species abstracting a 

bromine atom.17 

 

Figure 7 Top left: Plot of  icat/ip vs [BnBr]. Top right: Plot of  icat/ip vs [BnBr]½. Bottom left: Cyclic voltammograms with 

increasing [2] and constant [BnBr] (0.6 M) using a Pt working electrode. Bottom right: Plot of  icat/ip vs [cat]. Conditions: 

Scan speed: 100 mV s-1; electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+.  
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Figure 8 Hammett plot for the reduction of benzyl bromides. Conditions: catalyst concentration of 1 x 10-3 M and substrate 

concentration of 0.17 M at room temperature. Scan speed: 10 mV s-1; Glassy carbon working electrode; electrolyte: N(n-

Bu)4PF6 (0.1 M). 

 

Controlled potential coulometry at -1.5 V vs. Fc/Fc+ in the presence of 100 equivalents of BnBr 

produced 1,2-diphenylethane (Scheme 2) with a TON of ~14 and a faradaic efficiency of 44%. After 

bulk electrolysis, the dibromide analogue of 2 (2Br) was characterized by X-ray structure 

determination of dark-colored single crystals that formed upon slow evaporation of the reaction 

mixture in air. This supports the generation of bromide ions in solution or bromine atom abstraction 

by the doubly reduced species 22-. Cold-spray ionization mass spectrometry (CSI-MS) of the reaction 

mixture shows fragments derived from 2Br with one or two added benzyl groups (m/z + 90 and m/z + 

180), suggestive of the presence of benzyl radicals. Using an equimolar mixture of BnBr and 4-

methylbenzylbromide (4-MeBnBr) resulted in a statistical mixture of 1,2-diphenylethane, 1-methyl-4-

phenethylbenzene and 1,2-di-p-tolylethane. In situ synthesis of the doubly reduced complex by 

anaerobic deprotonation of 1 in the presence of Ni(NO3)26H2O followed by addition of solid 4-

methylbenzylbromide results in the formation of the homocoupled product 1,2-di-p-tolylethane, as 

detected by GC-MS. Performing the same reaction in the presence of ten equivalents of 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO•) as a radical trap, inhibited formation of homocoupled 

product and produced the O-alkylated TEMPO adduct, as detected by GC-MS.18 Attempts to isolate 

or characterize the doubly reduced species 22- have been unsuccessful due to its highly reactive nature.  

It is well-established that benzyl halides can undergo one and two-electron reductions at an electrode 

to generate benzyl radical B and carbanion C (Scheme 2, left).19 Homocoupling of two molecules of B 

or a reaction of C with BnBr (A) produces 1,2-diphenylethane (D). The proposed mechanism in the 

presence of 2 (Scheme 2, right) starts with an overall two-electron reduction to form 22-. Loss of 

halide (initially Cl-) produces 2’-, which abstracts a bromide atom from BnBr to form the benzyl 
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radical B and 2-. The benzyl radical either undergoes homocoupling or is reduced at the electrode 

surface to form C, which subsequently reacts with A to produce D. One-electron reduction of 2- to 22- 

completes the cycle with concominant (partial) substitution of the initial chloride ligands form 

bromide analogues.  

 
 

Scheme 2 Left: Established reduction of benzyl bromides to produce 1,2-diphenylethane on electrode surfaces. Right: 

Proposed mechanism for electrocatalytic homocoupling of benzyl bromide using 2. 

 

Various analogous homoleptic Ni(NOISQ)2 complexes (not containing gold)8 show reversible 

electrochemistry, even in halogenated solvents, with no indication of catalytic C-X activation upon 

two-electron reduction under identical conditions. Therefore, we prepared ligand 4 and the 

corresponding homoleptic Ni complex 5 (Scheme 3) to investigate whether the electrocatalytic C-X 

activation is due to an electronic effect or due to the presence of the two P-Au-Cl fragments. Ligand 4 

was prepared by a condensation reaction between amine 3 and 3,5-di-tert-butylcatechol. A subsequent 

reaction with NiCl2×6H2O under aerobic conditions in the presence of base generated the 

corresponding homoleptic Ni complex 5. In contrast to 3, complex 5 showed significant line 

broadening in the NMR spectra, which may be caused by hemilabile coordination of the P=O groups8a 

or an accessible triplet state at room temperature. Similar to 2, species 5 displays an intense UV-Vis 

absorption at 929 nm (ɛ = 12.6  103 M-1 cm-1), characteristic for antiferromagnetic coupling of two 

iminosemiquinonato (ISQ-) ligand radicals.10 Interestingly, in agreement with previously reported 

homoleptic Ni(NOISQ)2 complexes, complex 5 shows similar electrochemistry as 2 but with a 

reversible second one-electron reduction in CH2Cl2 with no sign of catalytic C-X activation at various 

scan speeds (Figure 9). In the presence of BnBr a small increase in intensity of the second wave is 

observed. However, as the second one-electron reduction of 5 occurs at significant more negative 

potentials (ΔE = 0.4 V) compared to 2, the background reaction at the electrode is responsible for this 
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observation. Another difference is the shift of all redox events to more negative potentials, reflecting 

the more electron rich nature of the complex. Moreover, the oxidation does not occur with potential 

inversion, as two well separated one-electron oxidations are observed at E½
ox = -0.55 V and -0.06 V vs 

Fc/Fc+. 
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Scheme 3. Synthesis of ligand 4 and the corresponding homoleptic nickel complex 5. Reagents and conditions: (i) 3,5-di-

tert-butylcatechol, AcOH, n-hexane/CH2Cl2, rt; (ii) NiCl2×6H2O, NEt3, air, MeCN, 90 oC.  

 

 

Figure 9. Cyclic voltammograms of complex 5 (10-3 M) recorded in CH2Cl2 at various scan speeds. Pt working electrode; 

electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+. 

 

Chloride abstraction resulting in chloro-deauration  

Attempts to abstract a chlorido ligand in 2 using TlPF6 or Ag-salts (in MeCN) resulted in the almost 

instantaneous formation of a new dark-green diamagnetic species, which could be characterized as the 

cationic dinuclear AuNi complex 6 (CSI-MS: m/z 1213.3820, Scheme 4). Similar to 2 and 5, species 6 

displays an intense UV-Vis absorption at 933 nm (ɛ = 24.6  103 M-1 cm-1), characteristic for 

antiferromagnetic coupling of two iminosemiquinonato (ISQ-) ligand radicals.10 Slow evaporation of 

a diethyl ether – acetonitrile mixture afforded single crystals suitable for X-ray structure 

determination. The molecular structure of dinuclear species 4 (Figure 10, right) also shows 

characteristic metric parameters for the ISQ- ligand oxidation states for both NO-fragments (MOS = -
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1.13 ± 0.05). A noteworthy observation is the significantly shorter Au-Ni distance (2.7429(6) Å) in 6 

compared to complex 2 (d = -0.4126 Å). Complex 6 is readily formed under a variety of conditions, 

but the mechanism (probably involving partial dissociation of a PNO ligand) for, and the driving 

force behind, formation of this unexpected dinuclear species, with concomitant loss of an unidentified 

Au-species, remain unclear. 

 

 

Scheme 4. Synthesis of complex 6 induced by chloride abstraction from 2. Reagents and conditions: i) TlPF6, MeCN, rt. 

 Bond XRDa   DFTb 

C11-C21 1.423(4) 1.408 
C21-C31 1.379(5) 1.377 
C31-C41 1.428(5) 1.419 
C41-C51 1.374(5) 1.372 
C51-C61 1.417(4) 1.416 
C61-C11 1.424(4) 1.444 
C61-N1 1.355(4) 1.343 

C11-O11 1.319(4) 1.297 
Ni1--Au1 2.7429(6) 2.901 
Ni1-O1 1.835(2) 1.861 
Ni1-N11 1.837(3) 1.878 

MOS -1.13 ± 0.05 -1.02 ± 0.08 

Figure 10. Displacement ellipsoid plots (50% probability level) of 6 at 110(2) K. Hydrogen atoms, counterion and lattice 

solvent molecules are omitted for clarity. Selected angles (°): P1-Au1-P2 173.66(3); O11-Ni1-N11 85.39(11). a As a result of 

packing effects the metric parameters of the other redox-active ring differ slightly. b OSS, b3-lyp-d3, def2-TZVP. 

Similar to 2, the metric parameters for 6 are well-reproduced by the DFT (b3-lyp-d3, def2-TZVP) 

calculated optimized geometries, dispersion corrections are required to accurately describe the 

intramolecular d8-d10 interaction and a slight overestimation of the O-Ni, N-Ni and Au-Ni distances is 

observed in silico (Figure 10, left). The OSS solution for 6 is lower in energy than the corresponding 

CSS and triplet states by 12.6 and 20.2 kcal mol-1, respectively. Notably, the calculated difference in 

energy between the OSS and triplet state is almost twice as large as for 2 (for 6: EOSS – ET = -20.2 kcal 

mol-1; for 2: EOSS – ET = -10.2 kcal mol-1). This is indicative of stronger antiferromagnetic coupling of 
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the two ligand radicals in 6, which is also reflected in the smaller energy difference between the OSS 

and CSS solutions (for 6: EOSS – ECSS = -12.6 kcal mol-1; for 2: EOSS – ECSS = -36.1 kcal mol-1). The 

spin density plot of the OSS solution (Figure 11, left) illustrates the presence of two ligand-centered 

radicals similar to 2. Analysis of the molecular orbitals also revealed a filled bonding and antibonding 

combination between a Ni dz
2 orbital and a dx

2/dz
2 orbital on Au (Figure 11, center and right, 

respectively). In agreement with the shorter Au-Ni distance observed for 6, a bigger orbital overlap is 

found for the bonding orbital compared to 2.  

 

Figure 11. Spin density plot of 6 (left), bonding orbital of the d8-d10 interaction in 6 (center, HOMO-17) and antibonding 

orbital of the d8-d10 interaction in 6 (right, HOMO-2) (OSS, b3-lyp-d3, def2-TZVP). 

Cyclic voltammetry of complex 6 shows two fully reversible one-electron reductions (E½
red = -0.80 V 

and E½
red = -1.55 V vs. Fc/Fc+) in CH2Cl2 with no sign of catalytic C-X activation upon two-electron 

reduction at several scan speeds (Figure 12). Another notable difference is that the oxidation wave 

(E½
ox = +0.40 V vs. Fc/Fc+) is a fully reversible two-electron process without potential inversion, as 

observed for 2. The difference in how the redox processes occur in CH2Cl2 for the three Ni(NOISQ)2 

complexes 2, 5 and 6, shows the significant influence of an electronic interaction between the metals 

upon their redox behavior. 

Intrigued by the different behavior of 2 and 6 upon two sequential one-electron reductions, we 

performed geometry optimizations of the mono- and bis-reduced states of both 2 and 6 (Figure 13). 

The most notable observation is the elongation of the Au-Ni distances upon one- and two-electron 

reduction for 2. Analysis of the structures show increasing pyramidalization of the nitrogen atoms in 

the redox-active fragments upon reduction in both systems. This is likely due to the increasing sp3 

character at nitrogen, similar to what is observed for the PdCl(NNO) system described in Chapter 2. 

A clear change in the MOS values is observed for each reduction step, although the change from the 

second step (mono-to doubly reduced species) is smaller than for the first step. In contrast to 2, the 

Au-Ni distance actually decreases upon reduction of 6 to 6- and 62-, regardless of the observed 

increase in pyramidalization of the nitrogen atom of the redox-active ligand. A similar trend in the 

MOS values as for 2 is observed but the amidophenolate rings bend away from the P-Au-P plane upon 

reduction.  
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Figure 12. Cyclic voltammograms of complex 6 (10-3 M) recorded in CH2Cl2 at various scan speeds. Pt working electrode; 

electrolyte: N(n-Bu)4PF6 (0.1 M); referenced to Fc/Fc+. 

 

 

 

Figure 13. Bending of the framework and the Au-Ni distances dependence on the ligand oxidation state. Values depicted for 

the lowest energy spin states. a: Open-Shell Singlet b: doublet (b3-lyp-d3, def2-TZVP). 
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An interesting observation is the relatively small singlet-triplet gap for the doubly-reduced species 

compared to the parent species for both 2 and 6. For 22-, the OSS solution was found to be only 

slightly more stable than the CSS solution. The low S2 value of 0.23 and the small energy difference 

indicate that the diradical character of this solution is limited. More interestingly, the triplet state is 

only 3.7 kcal mol-1 higher in energy indicating weak antiferromagnetic coupling and an easily 

accessible diradical state. A very similar situation is observed for 62-
 with an S

2 value of 0.16 for the 

OSS solution and a singlet-triplet gap of 3.0 kcal mol-1. Although the geometry change between the 

OSS and triplet states in 22- is minor, an out-of-plane rotation of one of the amidophenolates is 

observed, upon going from the OSS to the triplet state in 62-, approaching a highly distorted trigonal 

bipyramidal geometry for Ni. The spin density plots of the OSS and triplet solutions of both doubly 

reduced species show predominant localization on Ni with partial delocalization on the N and O 

atoms of the redox-active ligands (Figure 14). The inaccessible Ni an Au centers in 62- compared to 22-  

(upon rotation of a P-Au-Cl fragment) could be an explanation of the absence of catalytic C-X 

activation. However, this does not explain the inactivity of previously reported Ni(NOISQ)2 complexes 

as well as species 5. Optimized structures of 22- where both chloride ligands have been removed (to 

yield a neutral complex) do show spin density on the Au atoms but give unreasonable structures and 

are therefore not discussed. Replacement of the chloride ligands for neutral (OMe2) donors in silico 

yielded reasonable uncharged structures. However, no significant changes in spin density distribution 

compared to those depicted in Figure 14 were observed.  

 

 

 

 

 

 

 

Figure 14. Top: Spin density plots of the OSS solution (left) and triplet solution (right) of 22-. Bottom: Spin density plots of 

the OSS solution (left) and triplet solution (right) of 62- (b3-lyp-d3, def2-TZVP). 
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7.3 Conclusion & Outlook 

 

In conclusion, we have prepared unique diamagnetic trinuclear AuI-NiII-AuI and dinuclear AuI-NiII 

complexes featuring two antiferromagnetically coupled ligand-centered radicals, as supported by 

spectroscopic, X-ray diffraction and computational data. Moreover, the complexes feature 

intramolecular d8-d10 interactions between the NiII and AuI atoms. Both complexes show rich 

electrochemistry, but only the trinuclear complex is able to electrocatalytically activate C-X bonds 

with subsequent C-C bond formation. It appears that the nature of the nickel-gold interaction in these 

heterobimetallic species plays an important role in facilitating the electrocatalytic activity. A 

computational study shows that the di- and trinuclear complex behave differently upon two-electron 

reduction but no clear indications why only the trinuclear complex is an active electrocatalyst have 

been found. Future research is required to elucidate and understand this phenomenon. Trapping the 

highly reactive doubly reduced species with a small and strongly σ-donating and/or π-accepting donor 

ligand, such as PMe3, isocyanides or CO, might allow for characterization of a resulting neutral 

doubly reduced species.  

 

7.4 Experimental section 

 

General methods 

All reactions were carried out under an atmosphere of dry dinitrogen or argon using standard Schlenk 

techniques unless noted otherwise. With exception of the compounds given below, all reagents were 

purchased from commercial suppliers and used without further purification. THF, pentane, hexane, 

and diethyl ether were distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled 

from CaH2, and toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) 

were measured on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 

300 spectrometer at r.t. unless noted otherwise. GC-MS measurements were performed on a 

HPAgilent GC-MS or JEOL AccuTOF GCv4G GC- HRMS. EPR spectra were recorded on a Bruker 

EMP Plus. High resolution mass spectra were recorded on a JEOL AccuTOFC-plus JMS-T100LP or 

JEOL JMS SX/SX102A four-sector mass spectrometer. Cyclic voltammetry measurements were 

performed with [N(n-Bu)4]PF6 as the electrolyte at room temperature under an inert atmosphere using 

a platinum counter electrode. All redox potentials are referenced to Fc/Fc+. Ligand PNOH2 (1) was 

prepared following the procedure reported in the Chapter 6.4a 
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Synthesis of new compounds 

 

Complex 1 (AuCl(PNOH2)) 

A solution of PNOH2 (375 mg, 0.78 mmol, 1.05 eq) in CH2Cl2 (30 mL) was added 

to a stirred solution of AuCl(SMe2) (218 mg, 0.74 mmol, 1.0 eq) in CH2Cl2 (20 

mL). The clear solution was stirred at r.t. for 3.5 h and concentrated to a thick, 

white sludge. Pentane (15 mL) was added and the mixture was sonicated for 15 

minutes. The resulting white solid was collected by filtration in air, washed with 

pentane (5 mL) and was dried in vacuo, affording complex 1 as a white solid (525 mg, 99%). 31P 

NMR (162 MHz, CDCl3, ppm): δ 19.97 (s). 1H NMR (300 MHz, CDCl3, ppm): δ 7.73 – 7.51 (m, 10H, 

Ar-H), 7.34 (t, J = 7.8 Hz, 1H, Ar-H), 7.21 (d, J = 2.3 Hz, 1H, ap-H), 6.86 (d, J = 2.3 Hz, 1H, ap-H)  

6.76 – 6.67 (m, 1H, Ar-H), 6.53 (dd, J = 8.3, 5.9 Hz, 1H, Ar-H), 5.90 (d, J = 3.0 Hz, 1H, NH), 5.54 (s, 

1H, OH), 1.37 (s, 9H, tBu), 1.24 (s, 9H, tBu). 13C-NMR (126 MHz, CDCl3, ppm): δ 149.41 (CAr), 

149.33 (CAr), 143.05 (CAr), 136.02 (CAr), 134.66z (CArH, d, J = 14.1 Hz), 133.74 (CArH), 133.63 

(CArH, d, J = 7.11 Hz), 132.74 (CArH), 129.85 (CArH, d, J = 12.3 Hz), 127.13 (CAr, d, J = 64.24 Hz), 

126.20 (CAr), 123.08 (CArH), 122.23 (CArH), 119.97 (CArH, d, J = 10.4 Hz), 115.61 (CArH, d, J = 5.4 

Hz), 112.08 (CAr, d, J = 62.5 Hz), 35.18 (C(CH3)3), 34.55 (C(CH3)3), 31.71 (C(CH3)3), 29.69 

(C(CH3)3). IR (ATR mode,  cm-1): ν 3478.70 (w N-H), 3271.50 (w O-H), 2951.52 (m CAr-H), 2864.73 

(w CAl-H), 713.68 (s CAr-H). FD-MS (m/z) calcd for C32H36AuClNOP: 713.18885, found 713.18811 

[M]+. El. Anal. Calcd for C32H36AuClNOP: C, 53.83 ; H, 5.08; N, 1.96. Found: C, 53.72; H, 5.12; N, 

1.95. 

 

Complex 2 ((AuCl)2(PNOISQ)2Ni) 

Ni(NO3)26H2O (17.0 mg, 0.06 mmol, 0.6 eq) was added to a 

stirred white suspension of 1 (71.4 mg, 0.10 mmol, 1.0 eq) in 

MeCN (3 mL) in an 10 mL round-bottom flask. After 10 minutes, 

NEt3 (50 µL, 0.36 mmol, 3.6 eq) was added to the light-green 

suspension, resulting in a colour-change of the suspension to 

slightly more brownish. The mixture was heated under reflux at 90 

C for 3 hours and was allowed to cool to room temperature, after which it was placed at 4 C 

overnight. Volatiles were evaporated by rotary evaporation leaving a dark green solid. The solid was 

dissolved in CH2Cl2 (25 mL), washed with water (15 mL) and brine (15 mL), dried over Na2SO4 and 

all volatiles were evaporated affording a dark-green solid. Vapour diffusion of pentane into a 

concentrated solution in CHCl3 (~2 mL) afforded complex 2 as dark-green crystals (88 mg, 60%). 

NOTE: When the reaction was scaled up, issues with reproducibility and the formation of side 

products were encountered. Therefore we prefer to do multiple small scale reactions and combine 

them after rotary evaporation of the reaction mixture. 31P NMR (162 MHz, CDCl3, ppm): δ 32.92 (s). 
31P NMR (162 MHz, CD3CN, ppm): δ 33.18 (broad). 1H NMR (400 MHz, CDCl3, ppm): δ 7.85-7.80 

(m, 2H, Ar-H), 7.78 (t, J = 7.4 Hz, 2H, Ar-H), 7.68 (t, J = 7.6 Hz, 2H, Ar-H), 7.61 (t, J = 7.5 Hz, 2H, 
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Ar-H), 7.52 (t, J = 7.6 Hz, 4H, Ar-H), 7.46 (m, 2H, Ar-H), 7.38 – 7.27 (m, 12H, Ar-H), 7.11 (dd, J = 

6.7, 6.0 Hz, 2H, Ar-H), 6.78 (s, 2H, ap-H) 5.70 (s, 2H, ap-H), 0.92 (s, 18H, tBu), 0.88 (s, 18H, tBu). 
1H NMR (400 MHz, CD3CN, ppm): δ 8.2 – 7.1 (broad m, 32H, Ar-H), 0.98 (s, 18H, t-Bu), 0.93 (s, 

18H, t-Bu). 13C-NMR (75 MHz, CDCl3, ppm): δ 171.41 (CAr), 154.79 (CAr), 151.88 (CAr, t, J = 4.8 

Hz), 148.94 (CAr), 134.78 (CArH, t, J = 3.5 Hz), 134.45 (CArH, t, J = 7.94 Hz), 133.30 (CArH), 133.11 

(CArH, t, J = 7.8 Hz), 132.46 (CArH), 129.99 – 129.67 (CArH, m), 128.43 – 128.32 (CArH, m), 127.85 

(CAr, t, J = 27.9 Hz), 126.85 (CAr, t, J = 29.7 Hz), 126.37 (CArH), 111.29 (CArH), 35.01 (C(CH3) 3), 

34.38 (C(CH3) 3), 30.12 (C(CH3)3), 29.18 (C(CH3)3). IR (ATR mode, cm-1): ν 2952 (w Car-H), 2902 (w 

Car-H) 2865 (w Calk-H). CSI-MS (pos. mode, m/z) calcd for C64H68Au2
35Cl37ClN2NiO2P2: 1482.27881, 

found 1482.23322 [M]+. El. Anal. Calcd for C64H68Au2Cl2N2NiO2P2: C, 51.84 ; H, 4.62; N, 1.89. 

Found: C, 51.72; H, 4.59; N, 1.88. 

 

Ligand 4 ((P=O)NOH2) 

Acetic acid (1 mL) was added to a solution of (2-aminophenyl)-

diphenylphosphine oxide (207 mg, 0.705 mmol, 1.0 eq) and 3,5-di-tert-

butylcatechol (157 mg, 0.705 mmol, 1.0 eq) in a mixture of CH2Cl2 (9 ml) and 

hexane (6.5 mL). After 4 days, all volatiles were evaporated and the residue was 

dissolved in CH2Cl2 (50 mL). The mixture was washed with an aqeous saturated 

Na2CO3 solution (25 mL), brine (25 mL) and was then dried over Na2SO4. The mixture was 

concentrated and purified by column chromatography (SiO2, 98:2; CH2Cl2:MeOH), affording 4 as an 

off-white foam (238 mg, 68%). 31P NMR (162 MHz, CDCl3, ppm): δ 35.91. 1H NMR (400 MHz, 

CDCl3, ppm): δ 7.79 – 7.67 (m, 4H, Ar-H), 7.66 – 7.58 (m, 2H, Ar-H), 7.58 – 7.45 (m, 4H, Ar-H), 

7.33 – 7.24 (m, 2H, Ar-H), 7.18 (d, J = 2.4 Hz, 1H, ap-H), 6.92 (d, J = 2.4 Hz, 1H, ap-H), 6.91 – 6.81 

(m, 2H, Ar-H), 6.76 – 6.66 (m, 1H, Ar-H), 6.53 (dd, J = 8.4, 4.9 Hz, 1H, Ar-H), 5.95 (bs, 1H, 

OH/NH), 1.37 (s, 9H, tBu), 1.23 (s, 9H, tBu). 13C NMR (75 MHz, CDCl3, ppm): δ 152.52 (Cq, d, J = 

4.2 Hz), 149.33 (Cq) , 142.20 (Cq) , 135.43 (Cq), 133.85 (CArH) d, J = 2.2 Hz), 133.31 (CArH, d, J = 

11.1 Hz), 132.44 (CArH, d, J = 3.0 Hz), 132.14 (CArH, d, J = 10.0 Hz), 131.04 (Cq), 128.85 (CArH, d, J 

= 12.2 Hz), 126.76 (Cq) , 122.66 (CArH), 122.24 (CArH), 118.06 (CArH, d, J = 12.8 Hz), 114.96 (CArH, 

d, J = 7.6 Hz), 113.70 (Cq), 35.06 (C(CH3)3), 34.41 (C(CH3)3), 31.69 (C(CH3)3), 29.59 (C(CH3)3). 

FD-MS (m/z) calcd for C32H36NO2P: 497.2484, found 497.2503 [M]+. IR (ATR mode, cm-1): ν 3422 

(m, N-H), 3290 (m, O-H), 3058, m (CAr-H stretch), 2905, 2867 (m, Calk-H), 1591, 1573 (m). 

 

Complex 5 ((O=PNOISQ)2Ni) 

Triethylamine (42 µl, 0.3 mmol, 3.0 eq) was added to a stirred 

suspension of 4 (51 mg, 0.1 mmol, 1 eq) and NiCl26H2O (12 mg, 

0.05 mmol, 0.5 eq) in MeCN (1 mL) under an argon atmosphere. 

The mixture was heated at 90 °C for 2 hours, allowed to cool to 

ambient temperature, opened to air and stirred for 20 hours. MeCN 

(1 mL) was added and a light green solid was collected via 
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centrifugation. The crude product was washed with MeCN (3 mL), which was subsequently removed 

by centrifugation. CHCl3 (5 mL) was added to the crude product and the mixture was stirred in air for 

2 hours after which it was filtered and evaporated by a stream of air. Slow diffusion of pentane into a 

concentrated CHCl3 solution afforded 5 as a green solid (42 mg, 40%). 31P NMR (162 MHz, CDCl3, 

ppm): δ 23.73 (broad). 1H NMR (400 MHz, CDCl3, ppm): δ 7.71 (broad), 7.53 (broad), 7.21 (broad), 

1.07 (broad). IR (ATR mode, cm-1): ν 2949 (w Car-H), 2901, 2864 (w Calk-H), 1574 (w) 1467 (m), 

1440 (m), 1145 (m) 1120 (m). CSI-MS (pos. mode, m/z) calcd for C64H68N2NiO4P2N2: 1048.4008, 

found 1048.4053 [M]+. El. Anal. Calcd for C64H68N2NiO4P2 + [1/7 CHCl3]: C, 72.21 ; H, 6.48; N, 2.62. 

Found: C, 72.19; H, 6.44; N, 2.69. 

 

Complex 6 ([(Au)(PNOISQ)2Ni]PF6) 

Acetonitrile (4 mL) was added to a Schlenk flask containing 2 (37.4 mg, 

0.025 mmol) and TlPF6 (10.8 mg, 0.027 mmol). The green suspension 

was stirred overnight, after which the solution phase was collected and 

filtered through a Teflon syringe filter. The mixture was concentrated to 

~1 mL and 10 mL Et2O was added. The green precipitate was collected 

and volatiles were evaporated in vacuo affording 6 as a dark-green solid (16.2 mg, 47%). 31P NMR 

(162 MHz, CD3CN, ppm): δ 32.8 (s), -144.63 (sept, JP-F = 706 Hz). 1H NMR (400 MHz, CD3CN, 

ppm) δ 7.89 (d, J = 7.7 Hz, 1H, Ar-H), 7.81 (t, J = 7.6 Hz, 1H, Ar-H), 7.69 (t, J = 7.6 Hz, 1H, Ar-H), 

7.63 – 7.53 (m, 3H, Ar-H), 7.51 – 7.42 (m, 1H, Ar-H), 7.43 – 7.31 (m, 6H, Ar-H), 7.18 (d, J = 7.8 Hz, 

1H, Ar-H), 6.84 (s, 1H, ap-H), 5.75 (s, 1H, ap-H), 0.95 (s, 9H, tBu), 0.89 (s, 9H, tBu). 13C-NMR (75 

MHz, CD3CN, ppm): δ 172.06 (CAr), 155.61 (CAr), 152.56 (CAr, t, J = 4.8 Hz), 149.44 (CAr), 142.19 

(CAr), 135.77 (CArH, t, J = 8.4 Hz), 135.29 (CArH, t, J = 3.5 Hz), 134.16 (CArH, t, J = 7.2 Hz), 133.96 

(CArH), 133.88 (CArH), 133.08 (CArH), 130.84 – 130.57 (CArH, m), 129.46 (CArH), 129.20 (CArH, t, J 

= 4.6 Hz), 128.85 (CAr, t, J = 29.1 Hz), 127.84 (CAr, t, J = 29.9 Hz), 128.45 (CAr), 112.49 (CArH), 

35.52 (C(CH3)3), 34.97 (C(CH3)3), 30.14 (C(CH3)3), 29.49 (C(CH3)3). IR (ATR mode, cm-1): ν 2952 

(w Car-H), 2923 (w Car-H), 2865 (w Calk-H), 838 (s PF6
-). MS-CSI+ (m/z) calcd for C64H68AuN2NiO2P2 

1213.3775; found 1213.3820 [M]+. Anal. Calcd for C64H68AuF6N2NiO2P3: C, 56.53 ; H, 5.04; N, 2.06. 

Found: C, 55.85; H, 4.95; N, 2.17. 

 

Cyclic voltammetry with varying catalyst and substrate concentration 

In the absence of substrate, the peak current of the second one-electron reduction (E1/2 = -1.5 V vs 

Fc/Fc+) is very similar to the first one-electron reduction E1/2 = -0.7 V vs Fc/Fc+). Hence, icat and ip 

were determined as depicted in Figure 15. 
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Figure 15. Determination of icat and ip.  

 

Rate constants from the DuBois formula 

Attempts were made to determine kobs and TOF values using Savéant’s foot of the wave analysis20 and 

by the method developed by Parker.21 However, because of the slow electron transfer rates and 

absence of scan speed independent catalytic waves these methods were not suitable to accurately 

determine these values. For comparative reasons we determined kobs using the Dubois formula for H2 

production.22  Here, the ratio for icat/ip is given by equation 1 where n is the number of electrons in the 

reaction, R is the gas constant, T is the temperature, kobs is the observed rate constant (turnover 

frequency), F is Faraday’s constant and ν is the scan speed. Assuming two electrons are passed for 

each PhCH2CH2Ph molecule that is formed (n = 2) and [BnBr] does not change significantly during 

the course of the measurement, the catalytic turnover frequency can be calculated using equation 2 

where ν is the scan speed in V s-1 and icat and ip are the currents for catalytic wave and first (one-

electron) reduction as depicted in Figure 15.16 

  

.
     Eq. 1 

 

.
    Eq. 2 

As icat/ip is scan speed dependent so is kobs. The kobs values obtained using equation 2 for several scan 

speeds are depicted in Table 1.  
 

Table 1 kobs values obtained using equation 2 for several scan speeds 

ν (V s-1) 0.03 0.1 0.3 1 3 

kobs (s
-1) 2.3 1.8 1.9 2.7 6.0 
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Controlled potential coulometry  

Controlled potential coulometry was performed in a custom-made set-up (Figure 16) that contains 

three different compartments: Working compartment (12-15 mL), buffer compartment (3 mL) and a 

compartment for the counter-electrode (8 mL). The working compartment contains a lugging capillary 

that leads to the reference electrode, a platinum gauze working electrode and a separate small 

platinum electrode. The small platinum working electrode was employed for cyclic voltammetry 

(using the Pt gauze as the counter-electrode) prior to controlled potential coulometry. The counter-

electrode compartment contains a platinum flag counter-electrode and is separated from the working 

electrode compartment by a buffer compartment. The set-up did not prove to be ideal for our purpose, 

as some diffusion between the compartments was observed. Moreover, due to the high resistance of 

the solution, high currents were required, resulting in polymerization at the counter electrode. This 

was solved by adding ferrocene as a sacrificial oxidant, which prevented polymerization by formation 

of Fc+.  

 

Figure 16 Experimental setup for controlled potential coulometry.  

 

Experimental conditions 

A stock-solution of N(n-Bu)4PF6 (0.2 M) in THF (25 mL) was prepared. From this stock-solution, 20 

mL was introduced via the working electrode compartment to the cell and was equilibrated through 

the compartments. Ferrocene (260 mg) was introduced into the counter-electrode compartment using 

1 mL stock solution. The catalyst (20.8 mg) was introduced into the working electrode compartment 

using 2 mL stock solution (total volume in working electrode compartment ~14 mL; effective catalyst 

concentration 1 x 10-3 M). The set potential was based on the E1/2 of the second one-electron reduction 
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(-1.2 V vs Fc/Fc+) in the cyclic voltammogram recorded prior to the experiment and this was 

maintained for 4 hours. The solution from the working electrode compartment was collected and 

added to 80 mL of pentane. The resulting suspension was filtered and analyzed by GC. All volatiles 

were evaporated and the product could be isolated by filtration through a silica plug eluting with 

pentane followed by evaporation of all volatiles.  

 

Single crystal X-ray crystallography 

For complex 2: All reflection intensities were measured on a Bruker D8 Quest Eco diffractometer 

equipped with a Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a 

temperature of 150(2) K. Intensity data were integrated with the Bruker APEX2 software.23 

Absorption correction and scaling was performed with SADABS.24 The structures were solved with 

the program SHELXTL.23 Least-squares refinement was performed with SHELXL-201325 against F2 

of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. The H 

atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with 

isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C atoms. For 

complexes 3, 3Br and 4: All reflection intensities were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) with Mo (λ = 0.71073 Å) (for 3) or Cu Kα radiation (λ = 

1.54178 Å) (for 3Br and 4), under the program CrysAlisPro (Versions 1.171.36.32 or 1.171.37.35 

Agilent Technologies, 2013-2014). The same program was used to refine the cell dimensions and for 

data reduction. The structures were solved with the program SHELXS-201326 (Sheldrick, 2008) and 

were refined on F2 with SHELXL-201327 (Sheldrick, 2008). Analytical numerical absorption 

correction based on a multifaceted crystal model was applied using CrysAlisPro. The temperature of 

the data collection was controlled using the system Cryojet (manufactured by Oxford Instruments). 

The H or D (only for 4) atoms were placed at calculated positions using the instructions AFIX 23, 

AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the 

attached C atoms. 

 

Crystallographic details for 2: 

Fw = 833.37, small black block, 0.154  0.112  0.105 mm3, triclinic, P-1 (no. 2), a = 9.6157(4), b = 

9.7984(4), c = 20.5321(9),  = 85.875(2),  = 79.286(2),  = 63.286(2),  V = 1703.95(13) Å3, Z = 2, 

Dx = 1.624 g cm−3,  = 4.704 mm−1, TminTmax: 0.460.64. 56941 Reflections were measured up to a 

resolution of (sin /)max = 0.73 Å−1. 9249 Reflections were unique (Rint = 0.0437), of which 8463 

were observed [I > 2(I)]. 380 Parameters were refined using 1 restraint. R1/wR2 [I > 2(I)]: 

0.0249/0.0637. R1/wR2 [all refl.]: 0.0304/0.0758. S = 1.119. Residual electron density found between 

-1.583 and 1.588 e Å−3. CCDC: 1429820. 
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Crystallographic details for 3: 

The Au-Ni-Au complex is found at sites of inversion symmetry, and only one half of the molecule is 

crystallographically independent. The structure is partly disordered as the lattice DCM solvent 

molecule is disordered over two orientations, and the occupancy factor of the major component of the 

disorder refines to 0.872(10). A small randomly-oriented crystal was found attached to the main 

crystal and the data were treated as twinned using the HKLF 5 format. The relationship between the 

main and minor components corresponds to a rotation of 4.31 along the following vector: -0.0037a* 

- 0.0278b* - 0.9996c*. The BASF scale factor refines to 0.0916(10). Fw = 1652.53, small black 

block, 0.26  0.13  0.08 mm3, triclinic, P-1 (no. 2), a = 9.4197(3), b = 13.4681(3), c = 13.5232(3),  

= 89.3981(19),  = 88.130(2),  = 71.941(2), V = 1630.24(8) Å3, Z = 1, Dx = 1.683 g cm−3,  = 5.114 

mm−1, TminTmax: 0.3600.727. 25112 Reflections were measured up to a resolution of (sin /)max = 

0.65 Å−1. 8813 Reflections were unique (Rint = 0.0336), of which 7117 were observed [I > 2(I)]. 396 

Parameters were refined using 63 restraints. R1/wR2 [I > 2(I)]: 0.0259/0.0436. R1/wR2 [all refl.]: 

0.0354/0.0447. S = 0.783. Residual electron density found between -0.98 and 1.21 e Å−3. CCDC: 

1429112. 

 

Crystallographic details for 3Br: 

The Ni-Au complex is found at sites of inversion symmetry, and only one half is crystallographically 

independent. The crystal lattice contains some amount of very disordered lattice THF solvent 

molecules (one THF molecule in the asymmetric unit), and their contribution has been taken out in the 

final refinement (SQUEEZE details are provided in the CIF file). Fw = 1571.60, small black block, 

0.25  0.23  0.12 mm3, monoclinic, P21/c (no. 14), a = 13.4429(4), b = 14.7209 (5), c = 18.3728 (5), 

 = 106.793(3), V = 3480.77(19) Å3, Z = 2, Dx = 1.500 g cm−3,  = 5.70 mm−1, TminTmax: 

0.3440.555. 27146 Reflections were measured up to a resolution of (sin /)max = 0.65 Å−1. 7993 

Reflections were unique (Rint = 0.034), of which 6820 were observed [I > 2(I)]. 346 Parameters were 

refined using 0 restraints. R1/wR2 [I > 2(I)]: 0.0294/0.0598. R1/wR2 [all refl.]: 0.0379/0.0627. S = 

1.02. Residual electron density found between -1.75 and 2.02 e Å−3. CCDC: 1429113. 

 

Crystallographic details for 4: 

The structure is partly disordered. The PF6
 counterion is found to be disordered over three 

orientations, and the occupancy factors of the three components refine to 0.302(3), 0.215(2) and 

0.483(3). The crystal lattice contains some amount of disordered solvent molecules (deuterated 

MeCN), and the ratio solvent:AuNi complex in the asymmetric unit refines to ca. 0.58:1. Because 

the solvent molecule is disordered, and is only partially occupied (about 58 % of the time), the 

location of the D atoms cannot be determined reliably. Fw = 1385.26, black lath, 0.25  0.06  0.03 

mm3, orthorhombic, Pbca (no. 61), a = 15.6769(3), b = 25.6953(6), c = 31.0221(6) Å, V = 12496.4(4) 

Å3, Z = 8, Dx = 1.473 g cm−3,  = 5.969 mm−1, TminTmax: 0.4800.837. 43391 Reflections were 

measured up to a resolution of (sin /)max = 0.62 Å−1. 12248 Reflections were unique (Rint = 0.0425), 
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of which 9895 were observed [I > 2(I)]. 911 Parameters were refined using 667 restraints. R1/wR2 [I 

> 2(I)]: 0.0310/0.0693. R1/wR2 [all refl.]: 0.0444/0.0761. S = 1.007. Residual electron density found 

between -0.87 and 0.60 e Å−3. CCDC: 1429114. 

Computational details 

Geometry optimizations were carried out using TURBOMOLE28 coupled with the PQS Baker 

optimizer29 via the BOpt package30 at the DFT level using the BP86-d3 or b3-lyp-d3 functional and 

the def2-TZVP basis set.  

The corrected broken symmetry energies εBS of the open-shell singlets (S = 0) was estimated from the 

energy from the energy εS of the optimized single-determinant broken symmetry solution and the 

energy εS+1 from a separate unrestricted triplet calculation at the same level, using the approximate 

correction formula:31 

ε
ε 	–	 ε

	–	
 

The tert-butyl groups on the aminophenolate moiety were replaced by protons and the phenyl groups 

on the phosphine were replaced by methyl groups to decrease computational-time.  
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