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Abstract 

The mercury drop test is a widely used method for distinguishing between homogeneous and 
heterogeneous catalysis in organometallic systems. However, recent research has highlighted 
the limitations of this test due to the intrinsic reactivity of some organometallic compounds 
towards elemental mercury. In this study, we used real-time mass spectrometry with charge-
tagged substrates to investigate the effect of elemental mercury on LnPd0 and PdIIArX 
intermediates common in palladium-catalysed cross-coupling reactions. Our findings 
demonstrate that mercury can interact with both species through redox-transmetallation and 
amalgamation processes, leading to a decrease in catalytic activity. This result further calls 
into question the fundamental assumption of mercury selectivity towards heterogeneous 
catalytic species. These results highlight the importance of careful consideration of the results 
the mercury drop test provides and encourages further research to gain a more 
comprehensive understanding of catalyst poisoning mechanisms.  

 

Keywords 

mercury drop test, homogeneous catalysis, heterogeneous catalysis, catalyst poisoning 
reaction mechanisms, Pd complexes, real-time mass spectrometry.  

https://web.uvic.ca/%7Emcindoe/


   
 

2 
 

Introduction 

Palladium-catalysed cross-coupling (PdCC) is a powerful tool in modern synthetic chemistry.1 
This class of reactions has had a huge impact on the way in which chemists think about 
building fine chemicals, with innovative applications of palladium cross-coupling garnering 
new synthetic approaches to natural products,2,3 pharmaceuticals,4–6 and organic materials.7,8 
These reactions can be classified as either homogeneous or heterogeneous, depending on 
the nature of the palladium catalyst.  

Recent research has challenged the traditional classification of catalysts into homogeneous 
and heterogeneous domains, as a more complex picture of complementary catalysis from 
multiple types of catalytic sites has emerged.9–12 Homogeneous catalysts are defined to have 
a single type of active site, existing in the same phase as the reactants. These catalysts' 
reactivity and selectivity are highly dependent on their auxiliary ligands.13–15 In contrast, a 
heterogeneous catalyst can have multiple types of active sites on metallic surfaces. The nature 
of the active site can be ambiguous as illustrated by literature supporting both soluble 
molecular and nanoparticle catalysts, as well as truly heterogeneous insoluble palladium 
catalysts.16–18 

Since most significant catalytic properties including activity, selectivity, stability, and lifetime 
are affected differently for these two classes of catalysts, it is crucial to differentiate between 
true homogeneous catalysis and heterogeneous catalysis. Notably, a variety of industrial 
processes, such as efficient catalyst recovery, rely on the knowledge of the catalyst’s identity. 
19,20 However, accurately identifying whether a system involves metal-complex homogeneous 
catalysis or metal-particle heterogeneous catalysis is a difficult issue that has generated a lot 
of debate in the literature.21–23  

Various tests have been used to determine the nature of active catalysts, but they are subject 
to limitations that can affect their accuracy and usefulness. These include physical separation 
methods such as filtration and centrifugation, where a comparison of reactivity of the filtrate 
and residue is used to discern the nature of active catalytic species.20,21,24 Such tests are 
subject to errors due to difficulty in quantitative separation, and heterogeneous species 
continuing to grow in the filtrate.20 Light scattering experiments are also used to detect metal 
particles, though this provides limited information about their catalytic relevance,21 and while 
transmission electron microscopy (TEM) allows nanocluster visualization, it is still in its infancy 
for kinetic analysis due to limited instrument resources and high costs.25  

Tests with high selectivity for homogeneous or heterogeneous species have been developed 
to modify and monitor catalytic kinetics, but their practical limitations make them challenging 
to use. Poisoning experiments, such as quantitative ligand poisoning using CS2 or 
triphenylphosphine (PPh3), can distinguish between heterogeneous and homogeneous 
catalysis by calculating the stoichiometry of ligand required to halt catalytic activity.26–28 
Similarly, Crabtree's test uses dibenzo[a,e]cyclooctatetraene (DCT) to selectively inhibit 
catalytic activity in homogeneous species.29 However, due to challenging reaction conditions 
such as the necessity to be carried out at low temperatures for CS2 (and hence extended 
reaction times), and in the case of the DCT synthetic technique, their poor yields, these tests 
are not widely utilized.30  

The mercury drop test is the most widely used poisoning test for distinguishing between 
homogeneous and heterogeneous catalysis.31–34 This test is based on the simple assumption 
that elemental mercury, Hg0, will amalgamate with metal heterogeneous catalysts, M0, 
considerably reducing or eliminating their catalytic activity, while homogeneous metals of 
higher oxidation states bearing protective ligands, LnMX, will be left unaffected (Scheme 1). If 
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a sufficient amount of mercury is added to a catalytic reaction, a decrease in catalytic activity 
is evidence of a heterogeneous catalyst, while a negative mercury test implies that the reaction 
is homogenous.35 A review of over 400 papers published between 2015 and 2018 found that 
in 68% of the cases, the mercury test was the only technique used for distinguishing between 
homogeneous and heterogeneous catalysis mechanisms.36  

 

The accuracy of this test has been called into question due to limitations in reaction conditions 
and the reactivity of some organometallic compounds towards mercury. Whitesides and co-
authors warned about the these drawbacks in the 1980s, pointing to the possibility of 
interactions between mercury and some organometallic compounds.37 Subsequent 
investigations have since confirmed susceptibility of the test to inaccuracies due to the intrinsic 
reactivity of a number of organometallic compounds of Pd, Pt, Rh, and other metals toward 
elemental mercury.22,38–42 Furthermore, reaction conditions such as stoichiometry, stir rate, 
and temperature can significantly impact the test's sensitivity, further casting doubt on the 
validity of some results.36 Given these limitations, the effectiveness of the mercury drop test in 
accurately distinguishing between homogeneous and heterogeneous catalysis remains 
contentious. 

We applied electrospray mass spectrometry (ESI-MS) to monitor the effects of the mercury 
drop test on a simple palladium-catalysed cross-coupling reaction, which revealed important 
insights into reaction intermediates. Specifically, we aimed to interrogate how mercury 
interacts with the first two intermediates in the reaction cycle, namely the Pd0 species formed 
after catalyst activation of precatalyst with a ligand, and the PdII species formed after oxidative 
addition of ArX. The intermediates further along in the cycle cannot be as unambiguously 
examined, as upon addition of the cross-coupling partner the cycle can turn over and the 
resulting system is complicated by the simultaneous presence of multiple intermediates. 
Nonetheless, real-time monitoring of these reactions enabled us to identify significant catalytic 
and mercuric species, shedding light on the reactivity of these entities.  

 

 

Results and Discussion 

ESI-MS is a powerful and sensitive technique for analyzing organometallic reactions,43–49 and 
has previously been combined with pressurized sample infusion (PSI) to elucidate 
mechanisms and identify catalytically relevant species.50–53 By using charge-tagged ligands 
and substrates, neutral catalytic species can be detected that would typically go undetected 
by MS. This method has been widely used for kinetic analysis,54 with similar methodology 
applied herein to study a palladium cross-coupling reaction.  

 

Scheme 1: General principle of the mercury drop test for organometallic catalysis.  
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Effects of mercury on catalyst activation Pd0 species 

Recent research has provided evidence of interactions between mercury and palladium 
precatalysts in catalyzed reactions. While many have used the inhibition of catalysis upon the 
addition of mercury prior to catalyst activation as evidence for the involvement of 
heterogeneous species,55,56 Gorunova and co-authors suggested that this could indicate 
reactivity with the homogeneous precatalyst.39 Work by Chernychev and co-authors provided 
evidence for such interactions, demonstrating how the precatalyst 
tris(dibenzylideneacetone)dipalladium(0), Pd2(dba)3, reacted with Hg0 to form free dba and 
other organomercuric species, leading to the near-complete disappearance of dissolved 
palladium within 30 minutes.36 In light of these findings, our investigations began with 
monitoring the in-situ activation of Pd precatalyst, and the effects of mercury thereupon. 

We employed Pd2(dba)3, a commonly used source of Pd0, along with a charge-tagged 
triphenylphosphine derivative [PPN]+[PPh2(m-C6H4SO3)]–, [PPN][1] (PPN = 
bis(triphenylphosphino)iminium cation), to investigate the effects of elemental mercury on 
catalyst activation.57,58 As shown in Figure 1, we used PSI-ESI-MS techniques to monitor a 
solution of [PPN][1] in negative ion mode on a Waters Synapt G2-Si mass spectrometer until 
a steady signal was obtained. Subsequent syringe addition of Pd2(dba)3 to the solution of 
[PPN][1] at 5 minutes resulted in catalyst activation, with rapid formation of mono- and 
bisligated Pd0 species [Pd(1)n(dba)m]n−, where n = 1-2, and m = 0-1. The speciation is similar 
to what has been previously reported (see Figure S4 for detailed MS characterisation).59  
These activated catalyst resting states remained stable in solution for at least 25 minutes. The 
formation of [Pd(1)n(dba)m]n− occurred in a time frame faster than solution could move from 
reaction flask to MS, which has an delay of approximately 25 s.54 We are therefore limited to 
stating that t1/2 < ~10 s.  

 

Figure 1: PSI-ESI(–)-MS reaction monitoring showing the effects of Hg addition on catalyst 
activation. A drop in relative abundance of catalyst resting state [Pd(1)n(dba)m]n− (dark blue) 

and [1]– (green) is observed upon Hg addition (10 min). Control experiment with no Hg 
addition shown in light blue. Inset: Solution colour change observed upon mercury addition. 
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Upon adding Hg0 into the reaction (Figure 1 at 10 minutes), a drop in the relative abundance 
of the catalyst resting state [Pd(1)n(dba)m]n− was initiated. After a 40-minute examination of the 
reaction solution, a colour change from light purple to yellow was observed, indicating the 
release of free dba into solution (Figure 1, inset). No species with characteristic mercury 
isotope patterns were detected during this reaction in MS negative mode, suggesting that Pd0 
nanoparticles and/or HgxPdy amalgamation as the likely destination of the Pd. The favourable 
thermodynamics of amalgamation with Pd0 species further supports this observation (PdHg4 
ΔG298 = –84.0 kJ mol–1).60 Scheme 2 depicts a proposed route for this catalyst deactivation. 
Although the precise mechanism for this catalyst deactivation is unclear, it may involve the 
initial adsorption of Pd0 intermediates onto the mercury surface, resulting in the formation of 
unstable LnPdy-Hgx intermediates. In the case of [Pd(1)n(dba)m]n− where n = 2, a ligand 
dissociation may first occur resulting in an electron-deficient Pd centre that is more readily 
adsorbed. Subsequent ligand dissociation would form solvated ligands and HgxPdy amalgam. 

 

Contrary to our initial hypothesis, the addition of mercury to [Pd(1)n(dba)m]n– resulted in a 
decrease in the relative abundance of both [Pd(1)n(dba)m]n– and [1]–. This was accompanied 
by an increase in the relative abundance of the oxide of 1 due to phosphine oxidation. 
Phosphine ligand oxidation is a known palladium catalysis phenomenon that can lead to 
catalyst deactivation and termination of the reaction.61,62 We have previously shown how the 
presence of dioxygen in solution results in the palladium-catalyzed oxidation of 
triphenylphosphine.63 We suspected that introduction of uncontrolled amounts of air at the 
addition of mercury likely accelerated the phosphine oxidation in [Pd(1)n(dba)m]n–, leading to 
the observed decrease in the relative abundance of [1]–. Our investigation revealed that the 
summed intensities of the two species remained unchanged after the addition of mercury, 
indicating an increase in the abundance of the oxide of 1 and a decrease in the relative 
abundance of [1]– due to phosphine oxidation. Refer to Figure S5 for more details.  

To test the impact of the presence of air, we repeated the catalyst activation experiment 
detailed in Figure 1, but with 1 mL of air injected into the reaction flask headspace at 20 
minutes, instead of mercury. We observed only a minimal increase in phosphine oxide 
formation in these experiments. Notably, the colour change observed with mercury addition 
was not observed in these control experiments; the purple colour remaining even after 24 
hours of stirring the sealed flask. These results suggest that while some of the phosphine 
oxidation seen in Figure 1 could be attributed to air contamination during mercury addition, 
the extensive catalyst decomposition is the result of the interaction of metallic mercury with 
Pd0 intermediates. These findings demonstrate the limitations of monodentate phosphine 
ligands, which are commonly thought to be effective protectors.35 Despite their reputation and 
wide use, our results show that triphenylphosphine and similar monodentate phosphine 

Scheme 2: Proposed pathway for the formation of HgxPdy 
amalgam from Pd0 catalyst activation intermediates. 
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ligands are not effective at protecting homogeneous Pd0 intermediates in mercury testing 
under these conditions. After observing decomposition of Pd0 catalyst activation 
intermediates, we shifted our attention towards the product of the oxidative addition step to 
investigate the reactivity of mercury with palladium in the +2 oxidation state.  

 

Effects of mercury on oxidative addition PdII species. 

We monitored the reactivity of mercury with the PdII intermediates produced by oxidative 
addition and protected by monodentate phosphine ligands. After catalyst activation had 
reached a steady state, an excess of iodobenzene, PhI, was added, causing [Pd(1)n(dba)m]n– 
to be consumed and primarily replaced by the PdII species [Pd(1)(Ph)(I)]– (Figure 2, 10-30 
min). Oxidative addition occurred at a significantly slower rate than catalyst activation, likely 
due to the requirement of dba decoordination prior to the reaction occurring.58 For the first 10 
minutes until equilibrium was reached, the disappearance of [Pd(1)n(dba)m]n– produced a linear 
plot of the natural log of its intensity vs. time, with t1/2 = 3.3 minutes, indicating first order 
kinetics. We observed the appearance of I–, likely resulting from a dissociative equilibrium 
between [Pd(1)(Ph)(I)]– and unobserved Pd(1)(Ph). In polar solvents, LnPd(Ar)(X) complexes 
feature cationic [LnPd(Ar)]+ species,64 making the halide dissociation product Pd(1)(Ph) 
zwitterionic. Additionally, we observed the anionic bisligated [Pd(1)2(Ph)]– in much lower 
abundance following a similar kinetic profile, indicating its involvement in halide dissociation 
equilibria. 

 

Elemental mercury was added to the reaction after the abundance of the oxidation addition 
product had stabilized (Figure 3, 20 min), resulting in significant changes in the reaction 
profiles of multiple species. Firstly, the consumption of the catalyst resting state 
[Pd(1)n(dba)m]n− was accelerated as seen in Figure 1. There was no recovery in the abundance 

Figure 2: PSI-ESI(–)-MS reaction monitoring of the oxidative addition of iodobenzene to 
[Pd(1)n(dba)m]n– , where n = 1-2, m = 0-1 over 30 minutes. Inset: natural log of intensity of 

[Pd(1)n(dba)m]n– over time showing pseudo-first-order kinetics up to 3 half-lives. 
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of [Pd(1)n(dba)m]n–, suggesting that the principal destination of the palladium is to Pd0 
nanoparticles and amalgamation. Additionally, we observed that mercury increases the 
amount of ligand [1]– in solution. The reappearance of [1]– closely tracks with the 
disappearance of [Pd(1)Ph(I)]–, suggesting that the phosphine is decoordinated from the PdII 
intermediate during the reaction with Hg0. We also observed an increase in the amount of 
[Pd(1)2Ph]–, which accounts for about two-thirds of the Ph-containing ions present after 
mercury addition. Furthermore, trace quantities of the organomercuric species [Hg(I)2Ph]– 
(Figure 3 inset), as well as [Pd(1)Ph2(dba)]– were also detected, accounting for some of the 
“missing” Ph-containing ions. It is important to note that the mass balance obtained by ESI-
MS is not reliable due to differences in surface activities of the various ions in solution,65 and 
these activities are not measurable due to the impracticalities of isolating the individual 
components. 

 

Studies have shown that both dissolved Hg0 species and liquid mercury readily oxidize in 
aqueous media in the presence of halides.66–68 We observed evidence of this oxidation 
occurring in methanol with the detection of [HgI3]– 10 minutes after adding mercury. A 
proposed mechanism (see Scheme 3) involves the PdII intermediate adsorbing on metallic 
mercury, followed by reduction of PdII via electron transfer to Hg0, and iodide transfer to form 
[HgI]+ and [Pd(1)(Ph)]2–. The resulting Pd0 species follow similar pathways as outlined in 
Scheme 2, forming HgxPdy amalgams. The increase in abundance of [Pd(1)2(Ph)]– is likely 
due to iodide abstraction from [Pd(1)(Ph)(I)]– by [HgI]+, with free phosphine 1 filling the vacant 
coordination site. These findings suggest that the oxidation of mercury by halides is a complex 
process with multiple steps. 

 

Figure 3: PSI-ESI(–)-MS reaction monitoring  of the effects of Hg on the oxidative addition of 
iodobenzene to [Pd(1)n(dba)m]n–, where n = 1-2, m = 0-1. Inset displays low abundance species 

with relative intensities multiplied by a factor of ten. 
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We expected the abundance of iodide to decrease after the introduction of mercury due to the 
formation of the iodomercuric species. Surprisingly, we instead observed a steady increase in 
abundance of I– before reaching steady state after several minutes. To better understand this 
phenomenon, we conducted tandem MS experiments on [HgI3]–, which revealed that iodide 
dissociation occurred at collision energies less than 2 V; ligand dissociation more typically 
occurs at >10 V (see Table S1). It is possible that this dissociation is occurring in the mass 
spectrometer under standard source conditions, leading to the observed increase in I– 
abundance. According to the literature, the stability constants of [HgI3]– and [HgI4]2– are 
similar.69 However  [HgI4]2– was absent in our experiments, likely due to the limited stability of 
polyanionic gas phase species, which when not stabilized by solvation are prone to loss of X– 
or evaporation of an electron.70 The flattening of the rate of iodide dissociation indicates 
equilibria being reached between [HgI]+, HgI2, [HgI3]–, and [HgI4]2–. 

This formation of [HgI3]– is likely due to redox iodide abstraction as shown in Scheme 3. In 
addition, we observed the formation of [Hg(I)2Ph]– and trace amounts of [Pd(1)(Ph)2(dba)]–, 
suggesting transmetallation occurred between Hg0 and PdII. Transmetallation involving 
organomercury compounds has been studied previously for its use in palladium-catalyzed 
cross-coupling reactions.71–75 More recently, bis(ferrocenyl)mercury was used as a 
transmetallation partner to produce a range of ferrocene-containing molecules via palladium-
catalyzed cross-coupling reactions with aryl, heteroaryl, acid halides, and alkynes.76,77 All of 
these examples involve organomercuric reagents (R2Hg or RHgX) in the HgII oxidation state. 
Given these findings, our next step was to investigate transmetallation with HgII species 
generated via in-situ oxidation of elemental mercury. 

 

Investigation of Pd/Hg redox-transmetallation 

A sulfonated analogue of iodobenzene [PPN]+[IC6H4CH2SO3]–, [PPN][2], was used to enable 
MS monitoring of possible transmetallation intermediates. When 
tetrakis(triphenylphosphine)palladium(0), Pd(PPh3)4, is added to a solution of [PPN][2], the 
expected PdII oxidative addition products [(PPh3)mPd(I)(C6H4CH2SO3)]– (m = 1-2) quickly 
formed. After the signal stabilized, liquid mercury was added, which resulted in the formation 
of the organomercuric species [Hg(I)(C6H4CH2SO3)]– via transmetallation (following pseudo-

Scheme 3: Proposed pathways for the mercury redox decomposition 
of PdII oxidative addition intermediate forming mercuric iodide, 

[Pd(1)2Ph]– and HgxPdy amalgam. 
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zero order kinetics due to the excess of Hg present, see Figure 4). [Hg(I)2X]– (X = I or Cl) was 
also detected approximately 5 minutes after mercury addition, an induction period presumably 
due to the requirement for preceding formation of [HgI]+ and HgI2 (see Figure S8 for detailed 
MS species characterisation). 

 

Scheme 4 proposes a pathway for the transmetallation between organopalladium 
intermediates and elemental mercury. The reaction likely occurs via an inner-sphere 
mechanism mediated by activated iodide or aryl ligands forming bridged intermediates.78 
Following this, a ligand transfer to mercury occurs, with ligand coordination being 
thermodynamically favourable for less electronegative mercury. The exact nature of the ligand 
and electron transfer remains unresolved; it is unclear whether it is a concerted process 
involving both bridged ligands (as shown in Scheme 4.a) or if a more complex stepwise 
mechanism is involved. Other studies have discussed the formation of Pd-Hg-X intermediates, 
involving an initial insertion of mercury into a weakened Pd-X bond,79–81 followed by an aryl 
ligand cis-migration to mercury (as shown in Scheme 4.b). Similar compounds with Pt-Hg 
bonds have been reported, suggesting that such a mechanism could be at play in this system.  

Figure 4: PSI-ESI(–)-MS reaction monitoring of the effects of Hg on the PdII oxidative addition 
intermediate [(PPh3)mPd(I)(C6H4CH2SO3)]–, where m = 1-2.  Pd/Hg transmetallation of substrate 
occurs with the immediate formation of [Hg(I)(C6H4CH2SO3)]–, as well as [Hg(I)2X]– (X = I or Cl). 
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Control experiments were conducted to investigate the transmetallation product.  Charge-
tagged analogues of iodobenzene were used with liquid mercury added but no palladium. 
None of these analogues reacted, suggesting that the [Hg(I)(C6H4CH2SO3)]– ion is a redox-
transmetallation product, rather than a simple a C–I bond insertion. To test for a possible 
cross-coupling product [Ph(C6H4CH2SO3)]–, equimolar amounts of PhI and the charge-tagged 
analogue [2]– were added to the same reaction flask, but neither the expected reductive 
elimination product [Ph(C6H4CH2SO3)]– (m/z 247) nor the transmetallation intermediate 
[(PPh3)Pd(Ph)(C6H4CH2SO3)]– (m/z 615) were observed.  

Several factors may be responsible for preventing the reaction from occurring. Previous 
research has shown that electron-donating substituents on aryl iodides can hinder the 
reaction,76 in addition to the presence of the anionic sulfonate group that may disfavor 
coordination to palladium due to electrostatic repulsion. Additionally, the bulky nature of the 
counterion, [PPN]+, may also hinder the entry of organomercurials into the coordination sphere 
of palladium. 

To gain a deeper understanding of the PdII and HgII transmetallation intermediates, 
fragmentation via collision-induced dissociation (CID) was used to generate product ions. We 
optimised the collision energies such that the abundance of precursor ions was reduced to 
10% of their initial intensity, with the PdII precursor ion [(PPh3)Pd(I)(C6H4CH2SO3)]–, requiring 
18 V and HgII requiring 15 V (Figure 5). At a collision energy of 10 V for the PdII ion, we 
detected a neutral loss of m/z 262.1 (PPh3). PPh3 readily dissociates from palladium as an L-
type ligand through a simple ligand dissociation, hence the lower voltage. In contrast, X-type 
ligands require more energy for homolytic dissociation due to the necessity of radical 
formation.82 This low energy PPh3 dissociation was also observed for the bisligated 
[(PPh3)2Pd(I)(C6H4CH2SO3)]– ion at collision energies of 1 V (see Table S1). Moreover, we 
observed a product ion at m/z 296.9, which was assigned to the reductive elimination of the 
charge-tagged aryl halide [IC6H4CH2SO3]– (Figure 5.a). 

Scheme 4: Proposed pathway for Pd/Hg redox transmetallation forming 
[Hg(I)(C6H4CH2SO3)]–, via a) iodide- and aryl-bridged intermediate, and 

b) insertion of Hg into a weakened Pd-I bond. 
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The HgII transmetallation intermediate showed different unimolecular decomposition 
pathways, with the charge-tagged aryl fragment [C6H4CH2SO3]– (m/z 170.0) having the 
greatest relative abundance (Figure 5.b). This product ion, as well as I– (m/z 126.9), results 
from homolytic cleavage of the X-type ligands. This CID reaction pathway was not observed 
for the PdII precursor ion, which has a square planar geometry that makes reductive 
elimination a more favorable pathway. The linear geometry of the HgII intermediate, on the 
other hand, disfavors reductive elimination, and hence the homolytic cleavage product ions 
are most abundant for HgII.  

 

Detection of the PdII product ion [Ph2P(C6H4CH2SO3)]– (m/z 355.1), indicates the occurrence 
of intramolecular aryl-phosphine scrambling (see Figure 5.a, green). This phenomenon, in 
which aryl groups bound to palladium and phosphorus exchange positions, is a known side 
reaction in palladium-catalyzed cross-coupling reactions, often leading to undesired 
scrambled side products and catalyst deactivation.83–86 Our results suggest that the scrambling 
process is facile,51,87 and can be easily initiated under energetic CID conditions. We also 
observed evidence for aryl-phosphine scrambling in full scan ESI(–)-MS experiments, 
indicating that it occurs even in the absence of high energy CID conditions (see Figure S9).  

A proposed mechanism for the solution-phase aryl-phosphine scrambling pathway is shown 
in Scheme 5. This involves the reductive elimination of a phosphonium salt intermediate, a 
known by-product in cross-coupling reactions.88,89 This intermediate undergoes an oxidative 
addition to produce the aryl-phosphine scrambling Pd species with a new P-C bond,86,90 which 

Figure 5: a; ESI(–)-MS/MS (CE = 18 V) of [(PPh3)Pd(I)(C6H4CH2SO3)]– at m/z 664.9, showing product 
ions [Pd(I)(C6H4CH2SO3)]– (m/z 402.8), [IC6H4CH2SO3]– (m/z 296.9), and phosphine scrambling 

product ion [Ph2P(C6H4CH2SO3)]– (m/z 355.1). b; ESI(–)-MS/MS (CE = 15 V) of [Hg(I)(C6H4CH2SO3)]– 
at m/z 498.9, showing product ions [IC6H4CH2SO3]– (m/z 296.9), [C6H4CH2SO3]– (m/z 170.0), and I– 

(m/z 126.9). Insets; the predicted isotope pattern (bars) overlaid on the experimental mass spectrum 
(lines) of [Hg(I)(C6H4CH2SO3)]– and [(PPh3)Pd(I)(C6H4CH2SO3)]–. 
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further fragments by CID to produce the detected product ion [Ph2P(C6H4CH2SO3)]–. These 
findings provide insight into the characteristics of PdII and HgII transmetallation intermediates 
and can be used to diagnose substrate binding strength and composition.91–94 

 

 

Conclusions 

Real-time mass spectrometric analysis of the effects of mercury on a model palladium 
catalysed cross-coupling reaction has revealed the limitations of the mercury drop test. Our 
findings indicate that elemental mercury can interact with both LnPd0

 and PdIIArX 
intermediates, leading to the formation of inactive complexes and inhibition of catalytic activity. 
Elemental mercury accelerated the consumption of Pd0/II homogeneous catalyst resting states, 
resulting in the formation of organomercuric ions, mercuric halides, and catalyst deactivation 
through Pd nanoparticles and amalgamation. Additionally, we observed transmetallation 
between organopalladium intermediates and elemental mercury. We postulate that the ligand 
transfer occurs through a thermodynamically favorable inner-sphere redox-transmetallation 
process, although the exact nature of ligand and electron transfer remains unresolved.  

Our results show that the assumption that protective ligands, such as triphenylphosphine, 
prevent elemental mercury from interacting with palladium complexes of elevated oxidation 
states, is questionable. The minimal protective properties of monodentate phosphines are 
likely due to their easy dissociation from the metal complex. Although the palladium-catalysed 
cross-coupling discussed herein is a good representation of a common organometallic 
catalysis system, further investigations of other systems is crucial to understand the reactivity 
of elemental mercury and its catalyst poisoning mechanisms more comprehensively. 
Therefore, we intend to use our methodology in subsequent publications to further explore 
interactions of mercury with different metal catalysts and ligand systems.  

Despite its shortcomings, the mercury drop test has long been used as a quick and easy 
method for determining whether a catalytic reaction is homogeneous or heterogeneous. 

Scheme 5: Proposed mechanism of aryl-phosphine scrambling showing 
reductive elimination (RE) and oxidative addition (OA) resulting in new P-C bond 
formation and product ion [Ph2P(C6H4CH2SO3)]– (m/z 355.1) following collision 

induced dissociation (CID).  
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However, this test has limitations that have recently been highlighted by other researchers. 
For example, the reactivity of mercury with palladium in other ligand systems, such as N-
heterocyclic carbenes (NHCs), and in C,N- and C,P-palladacycle systems, has raised 
concerns about the accuracy of the test.36,38–40 These studies underscore the need for more 
rigorous testing methods that take into account the complex nature of organometallic catalysis. 
It is therefore crucial to raise awareness about the limitations of the mercury drop test and 
promote the use of alternative methods. Our study contributes to this effort and highlights real-
time mass spectrometric monitoring techniques as a foundation for further research on catalyst 
poisoning mechanisms. We hope that our contributions will encourage wider recognition of 
the limitations of the mercury drop test and stimulate the development of alternative methods 
for the analysis of organometallic catalytic systems. 
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