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Abstract 
This dissertation explores the application of mass spectrometry (MS) as a tool for 

investigating the mechanisms of palladium-catalyzed cross-coupling (PdCC) reactions. By 

integrating advanced MS techniques with reaction monitoring methodologies, this work 

provides insights into catalytic activation processes, the role of intermediates, and the 

limitations of MS in analyzing complex chemical systems. The research is presented across 

five chapters, each examining specific aspects of MS in the context of organometallic 

catalysis. 

The first chapter establishes the foundational context, detailing the principles of MS 

and its role in studying PdCC reactions. A particular focus is placed on electrospray 

ionization mass spectrometry (ESI-MS) and pressurized sample infusion (PSI), highlighting 

their advantages and challenges in capturing transient catalytic species. Chapter 2 

discusses the inherent limitations of MS in characterizing high molecular weight polymers, 

a common product of PdCC reactions. Factors such as diminishing signal-to-noise (S/N) 

ratios, isotope pattern broadening, and ionization inefficiencies are examined, and 

strategies for improving polymer analysis via MS are proposed. 

Chapter 3 evaluates the performance of ESI-MS across different instruments, 

particularly in detecting fragile organometallic complexes. A multi-instrument comparative 

study reveals significant variability in instrument performance, emphasizing the necessity 

for optimizing instrument parameters to preserve weakly bound catalytic species. Chapter 

4 critically re-examines the mercury drop test, a widely used method for distinguishing 

between homogeneous and heterogeneous catalysis. This analysis demonstrates that 

mercury interacts with Pd intermediates through redox-transmetallation and 

amalgamation processes, leading to potential misinterpretations of catalytic activity. 

Finally, Chapter 5 investigates a new-generation palladium precatalyst, 

(DMPDAB)Pd(CH2SiMe3)2, providing mechanistic insights into ligand substitution, catalyst 

activation,  and oxidative addition processes. The combination of PSI-ESI-MS and real-time 

monitoring enabled the identification of key catalytic intermediates, contributing to the 

development of more efficient and selective Pd-based catalysts. Collectively, this 
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dissertation advances the understanding of MS as a tool for elucidating catalytic processes, 

offering methodological improvements and new perspectives on PdCC reaction 

mechanisms. The findings have broad implications for catalyst design, sustainability, and 

the continued evolution of mass spectrometric techniques in organometallic chemistry. 
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Chapter 1 – Introduction 
 

This chapter provides a general introduction to the essential concepts on mass 

spectrometry and palladium-catalyzed cross-coupling reactions relevant for this 

dissertation. Portions of this chapter (Section 1.1.5.3) have been reproduced from “Gilian 

T. Thomas, Sofia Donnecke, Ian C. Chagunda, and J. Scott McIndoe, Chemistry—Methods, 

2022, 2, e202100068” and adapted with permission from Wiley-VCH GmbH. This work was 

conceptualized by GTT and JSM. ICC contributed investigations into filtration techniques 

relevant to PSI-ESI-MS and writing discussions pertaining to that section. As Chapter 1 is 

not a comprehensive review of the fields, each subsequent chapter begins with an 

introduction specific to the research discussed therein. 

 

1.1  Mass Spectrometry 

Mass spectrometry (MS) is an indispensable analytical tool in chemistry and the natural 

sciences, widely used for applications such as environmental analysis, molecule discovery, 

structure elucidation, sequencing of biomolecules, and reaction monitoring.1 At its core, MS 

measures the molecular masses of ions and analysing them with a mass analyzer.2 It 

operates on the principle of separating ions based on their mass-to-charge (m/z) ratio and 

detecting them in either positive or negative ion modes to provide structural and 

quantitative information.1 

This section of this chapter introduces the fundamental principles of MS. It begins 

with a brief history of the development of MS, followed by an overview of the key ionization 

sources and mass analyzers used in this work. The section also explores the use of off-line 

and on-line MS techniques for studying catalytic reactions, with a specific emphasis on its 

role in mechanistic studies of organometallic catalytic reactions. Special focus will be placed 

on the Pressurized Sample Infusion (PSI) technique for real-time reaction monitoring, 

which serves as a foundational method for the experiments described in subsequent 
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chapters. Through these discussions, the chapter aims to establish the central role of MS as 

both an analytical and mechanistic tool in modern catalysis research.  

 

1.1.1 A Brief History 

The origins of MS can be traced back to Sir J. J. Thomson, who developed the parabola mass 

spectrograph through his work on negatively and positively charged cathode rays in the 

late 19th century.3,4 This early instrument, credited as the first to separate ions by their 

m/z, is considered the precursor to modern mass spectrometry. In the following decades, 

pioneering mass spectrometrists working with “home-built” instruments drove the field 

forward, with physicists such as Dempster,5 Aston,6 Bainbridge and Jordan,7 and Nier,8 

making significant contributions to its development during the early 20th century. 

In the 1940s, MS gained broader recognition, particularly in petroleum refining, 

with the first commercial mass spectrometer introduced in 1943.9 The 1950s and 1960s 

saw further advancements, including time-of-flight (TOF),10 ion cyclotron resonance 

(ICR),11 quadrupole, and ion trap mass analyzers,12 and the introduction of the gas 

chromatography (GC) MS systems,13,14 all of which contributed to the analysis of complex 

mixtures. By the 1960s, MS had became a standard tool in organic chemistry, though its use 

in the biosciences was limited by challenges associated with ionizing complex non-volatile 

biological compounds.1,2 

The 1980s marked a significant expansion in the applications of MS with the 

development of softer ionization techniques, including fast atom bombardment (FAB),15 

electrospray ionization (ESI),16,17 and matrix-assisted laser desorption/ionization 

(MALDI),18,19 and the coupling of High Performance Liquid Chromatography (HPLC) 

systems.20  These breakthroughs extended the mass range beyond 100 kDa, revolutionizing 

research in biology and life sciences. The impact of these advancements was further 

recognized in 2002 when John Fenn and Koichi Tanaka won the Nobel Prize in Chemistry 

for their contributions to ESI and MALDI.2 
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With these many developments, the core components of a mass spectrometer have 

remained largely unchanged. A typical mass spectrometer consists of three key elements; 

an ionization source, a mass analyzer, and a detector, all operating under high vacuum 

conditions, in addition to a control and data management system found on modern 

instruments (Figure 1.1).1 The sample is first introduced to the ionization source through 

an inlet for ionization into the gas-phase, with the resulting ions then accelerated through 

electric or magnetic fields to the mass analyzer, where they are separated based on their 

m/z ratios. The ions are then detected, and their abundance converted into readable signals. 

  
Figure 1.1: General layout of mass spectrometers, with key components of  an ionization source, a mass 

analyzer, and a detector. 

 

Various ionization methods and mass analyzers are used depending on the sample 

type and specific research objectives. These methods can include thermal ionization, 

ionization by electric fields, or ionization through interactions with energetic electrons, 

ions, or photons.1 Similarly, mass analyzers come in various types: quadrupole, ion trap, 

orbitrap, Fourier transform (FT) ICR, and TOF analyzers. Each method has distinct design 

and performance characteristics, offering different advantages and limitations.21 While a 

comprehensive discussion of all ionization techniques and mass analyzers and their 

underlying mechanisms is beyond the scope of this chapter, a more detailed overview of 

the electrospray ionization, and quadrupole and TOF mass analyzers, which are primarily 

used in these studies, will be provided below.  
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1.1.2 Electrospray Ionization  

Electrospray ionization (ESI) is a prominent ionization technique for transferring ions from 

the liquid phase into the gas phase. ESI belongs to the group of atmospheric ionization (API) 

methods, where ionization starts at atmospheric pressure and incrementally proceeds into 

the high vacuum of the mass analyzer.22 The technique is considered "soft" as it generates 

ions without causing significant fragmentation, making it particularly useful for analyzing 

non-volatile intact biomolecules, and weakly-coordinating organometallic species.1,23,24 

The conceptual development of ESI was introduced by the Dole group,25 with the first 

successful ESI-MS systems then developed by Yamashita and Fenn in the mid-1980s.16,17 By 

incorporating a quadrupole mass analyzer to an improved ESI source, Yamashita and 

Fenn’s design allowed the detection of analytes with molecular weights of 100–2000 Da. 

ESI involves transferring a dilute solution containing the analyte, typically at low 

concentrations (10–9 to 10–4 M depending on analyte type), through the source inlet into a 

spray capillary. A high voltage (3–5 kV relative to a surrounding cylindrical electrode) is 

applied to the capillary, which, when the instrument is operating in positive ion mode, 

serves as the anode in a specialized type of electrolytic cell. Electrochemical oxidation 

reactions generate an excess of cations at the capillary surface, influenced by the 

experimental conditions.1 For instance, metallic capillaries introduce metal ions into 

solution through anodic erosion (Eq. 1), while solvent oxidation for example in methanol 

(Eq. 2), or discharge of anions (Eq. 3), can further enrich the surface charge.26,27 Each case 

is illustrated with a net charge of 2+ for convenience, with analogous reduction reactions 

generating excess anions in negative ion mode.  

𝑀𝑀 → 𝑀𝑀2+ + 2𝑒𝑒− Eq. 1 

𝐶𝐶𝐶𝐶3𝑂𝑂𝑂𝑂 → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 +  2𝐻𝐻+  + 2𝑒𝑒− Eq. 2 

2𝐴𝐴+ + 2𝐵𝐵− → 2𝐴𝐴+ + 𝐵𝐵2  + 2𝑒𝑒− Eq. 3 

 

Charge enrichment destabilizes the solvent meniscus, forming a Taylor cone at the 

capillary tip and leading to the emission of a jet of charged droplets.28,29 The droplets are 
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then carried through a heated gas stream, where solvent evaporation and Coulombic 

repulsion drive successive disintegration into smaller droplets, until highly charged, tiny 

droplets capable of producing gas-phase ions remain as illustrated in Figure 1.2. This 

transition of ions from the solution phase to the gas phase involves mechanisms such as the 

ion evaporation model (IEM), where ions are ejected directly from the droplet surface due 

to electrostatic forces, and the charged residue model (CRM), where complete solvent 

evaporation leaves behind desolvated ions.26,30 For macromolecules such as proteins, the 

chain ejection model (CEM), in which largely unfolded chains are transferred into the gas 

phase due to electrostatic forces that destabilize the protein's native folded structure, can 

be dominant.31 

 
Figure 1.2: A) Taylor cone and droplet disintegration in ESI leading to formation of gas-phase ions for MS 

analysis. B) Detail of ion excess in the Taylor cone and transition of spray jet to droplets. C) Droplet 
shrinking and ejection of ions by ion evaporation mechanism (IEM). Figure shows positive mode mechanism 

for simplicity. 

 

Following desolvation, gas-phase ions are then directed into the mass analyzer 

through differentially pumped interfaces. Modern ESI sources, such as the Z-spray interface 

developed by Waters Corporation, refine this process by introducing the spray at a 90° 

deflection angle, selectively diverting smaller, highly charged droplets towards the mass 

analyzer, reducing contamination and clogging issues.38 The choice of solvent also plays a 

critical role in ensuring optimal ESI operation, as the solvent must be sufficiently polar to 

facilitate the electrochemical reactions that generate excess charge.35,36 While non-polar 

solvents are generally incompatible due to low conductivity, their performance can be 



 
6 

improved with the addition of a ionic liquid, through care must be taken not to introduce 

unwanted reactivity with the analytes.36 

 

1.1.3 Triple Quadrupole Mass Analyzer  

Triple quadrupole mass spectrometers are among the most widely used instruments for 

ESI-MS, valued for their high sensitivity and robust capabilities in structure elucidation and 

mixture analysis. The instruments consists of three quadrupoles arranged sequentially: Q1, 

q2, and Q3.37 Each quadrupole features four cylindrical or hyperbolic rods extending along 

the z-axis, as illustrated in Figure 1.3. Opposite rod pairs are electrically connected and 

subjected to a combination of radiofrequency (RF) and direct current (DC) potentials, 

which generate electric fields to control ion trajectories based on their m/z.1,38 The 

resulting electric field stabilizes ions of specific m/z range, guiding them along the z-axis 

while inducing oscillating motion in the xy-plane.39 By carefully tuning the RF and DC 

voltages, ions with stable trajectories are passed through the quadrupole to the detector, 

while ions outside the selected m/z range become destabilized, resulting in collisions with 

the rods and neutralization. 

 
Figure 1.3: Schematic of a simple quadrupole mass analyzer, showing stable (orange line) and unstable 

(pink, grey lines) ion trajectories along z-axis. Inset shows potential on the electrode surfaces and ion 
trajectories. 
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Assuming a perfect quadrupole electric field, the stability of an ion's motion, 

determined by its m/z, is described mathematically by the Mathieu stability equations (Eq. 

4 and Eq. 5).39 These equations describe the ion's behavior under the combined influence 

of a static DC voltage (U) and oscillating RF voltage (V), with the total potential (Φ) and 

angular frequency (𝜔𝜔) in a set flight time (t) influencing the electric field dynamics. 

𝛷𝛷𝑥𝑥 = 𝑈𝑈 + 𝑉𝑉0cos(𝜔𝜔𝜔𝜔) Eq. 4 

𝛷𝛷𝑦𝑦 = −�𝑈𝑈 + 𝑉𝑉0cos(𝜔𝜔𝜔𝜔)� Eq. 5 

 

In the triple quadrupole arrangement, the second quadrupole (q2) functions as a 

collision cell that only experiences RF potentials. Here, ions can simply pass through with 

q2 operating as an ion guide. Alternatively, q2 can also be operated as a collision cell, where 

ions can undergo collision-induced dissociation (CID) through collisions with neutral 

collision gas molecules, typically argon. This dissociation process is integral to tandem mass 

spectrometry (MS/MS) experiments where detailed structural information may be 

discerned from the fragmentation patterns of product ions. The RF-only quadrupole field is 

used to refocus fragment ions, maintaining a reasonable instrument sensitivity. Though 

termed “triple quadrupole”, some modern instruments feature a hexapole or octapole, with 

six or eight rods instead of four, providing improved mass filtration efficacy.21 

The Waters Tandem Quadrupole Detector (TQD), one of the primary instruments 

used in this dissertation, showcases the advanced functionality of modern triple 

quadrupole systems. It supports multiple MS and MS/MS operating modes, as illustrated in 

Figure 1.4. In MS full scan mode, the first quadrupole (Q1( acts as a mass filter, scanning 

across an m/z range while q2 and Q3 pass all ions through. This mode offers high sensitivity 

akin to single-quadrupole operation. Selected ion recording (SIR) fixes Q1 at a specific m/z 

ratio, enabling quantitation when fragment ions are unavailable or unsuitable for more 

targeted analysis.  

In the product ion mode, a precursor ion is selected in Q1 at a fixed m/z ratio, 

fragmented in q2, and the resulting product ions are scanned in Q3. Conversely, precursor 
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ion mode fixes Q3 at a specific product ion m/z and scans Q1 for all precursors yielding the 

selected fragment. Neutral loss mode identifies precursors that lose a specific neutral 

fragment from unspecified precursors by scanning Q1 and Q3 simultaneously. This mode is 

particularly ideal for screening compounds that share common functional groups and 

exhibit characteristic fragmentation pathways.  Finally, multiple reaction monitoring 

(MRM) is a highly selective mode that monitors multiple precursor-product ion pairs by 

fixing Q1 and Q3 at specified ion m/z values, while fragmenting ions in q2. MRM minimizes 

chemical noise and enhances sensitivity, making it a preferred methods for precise 

compound isolation. The TQD’s operational flexibility, with its diverse scanning modes, 

makes it an essential tool for both qualitative and quantitative mass analysis. 

 
Figure 1.4: Scan modes on the TQD mass spectrometer: (A) full scan mode, (B) selected ion recording C) 

product ion scan, (D) precursor ion recording, (E) neutral loss mode, and (F) multiple reaction monitoring. 
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1.1.4 Quadrupole Time-of-Flight Mass Analyzer 

Time-of-flight (TOF) mass analyzers are widely used in ESI-MS due to their simplicity, 

sensitivity, and rapid acquisition rates. Initially conceptualized by Wolff and Stephens in 

1946, the TOF analyzer operates on the principle of separating ions based on their m/z 

ratios by measuring their flight times through a drift tube.10,40,41 A key assumption is that 

ions with different mass-to-charge ratios, starting their journey simultaneously, will exhibit 

different velocities when accelerated by the same electric potential, leading to temporal 

separation at the detector, as shown in Figure 1.5.1  

 
Figure 1.5: An illustration of the TOF mass analyzer. 

 

The working principle of a TOF analyzer relies on the conversion of potential energy 

from an electric field into kinetic energy during ion acceleration. When an ion of mass mi  

and charge q (where q is equal to an integer number z of elementary charges e) is 

accelerated through an electric field of voltage U, the potential energy Eel imparted to the 

ion is converted into kinetic energy Ekin with ion velocity v by Eq. 6.1 Solving for v, the ion’s 

velocity found is inversely proportional to the square root of its mass by Eq. 7. 

𝐸𝐸𝑒𝑒𝑒𝑒 = 𝑞𝑞𝑞𝑞 = 𝑒𝑒𝑒𝑒𝑒𝑒 = 1
2
𝑚𝑚𝑖𝑖𝑣𝑣2 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 Eq. 6 

𝑣𝑣 = �2𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑖𝑖

  Eq. 7 
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𝑡𝑡 = 𝑠𝑠
√2𝑒𝑒𝑒𝑒

�𝑚𝑚𝑖𝑖
𝑧𝑧

  Eq. 8 

 

Given the mathematical relationship between velocity, distance, and time, v=s/t, the 

time t taken for the ion to traverse a drift tube of length s in a field-free region is determined 

upon substitution of v by Eq. 7 and rearranging, giving an experimental value of t that is 

proportional to the square root of mi/z by Eq. 8. Thus, small differences in flight time of ions 

of different mass mi operating under otherwise identical field acceleration will be 

registered at the detector, with the known instrument parameters s and U used to calculate 

the ion’s m/z. To ensure high accuracy in TOF measurements, the drift tube is maintained 

under high vacuum to eliminate collisions with background gas molecules, which could 

disrupt ion velocities.40 Orthogonal acceleration, in which ions are introduced into the drift 

tube at right angles to the ion beam, also enhances resolution by minimizing initial spatial 

and energy dispersion.  

The TOF analyzer is often sequentially combined with a quadrupole mass analyzer 

to form a hybrid Q-TOF instrument, as in the Waters Synapt G2-Si used in this dissertaion.34 

This hybrid setup combines the adaptability of a quadrupole with the high resolution, 

sensitivity, and mass accuracy of TOF analysis. A typical Q-TOF system consists of a series 

of quadrupoles, Q1 and q2, with the replacement of Q3 in a triple quadrupole by a TOF mass 

analyzer. This setup gives the bene�its of high sensitivity, mass resolution and mass 

accuracy in both MS and MS/MS modes.42 

In single MS mode, Q1 operates in RF-only mode, serving as a transmission element. 

The TOF analyzer records spectra by detecting all ions in parallel, avoiding the need for 

scanning. For MS/MS experiments, Q1 functions as a mass filter, isolating a specific 

precursor ion. The selected ion is then accelerated into the collision cell q2 where it 

undergoes CID. The resulting fragment ions, along with any remaining parent ions are then 

passed through ion guides for ion trapping, accumulation, release, and transfer to the TOF 

analyzer.34 In the Synapt G2-Si, the ion guide can additionally function as an ion mobility 
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separator, where ions of nominal m/z can be separated based on their collisional cross 

section.43 

Resolution and mass accuracy are critical parameters in evaluating the performance 

of mass analyzers like the triple quadrupole and Q-TOF systems used in this work. Mass 

accuracy measures the difference of the calculated, 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, and experimental, 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒, m/z as 

expressed by Eq. 9. Resolution, typically defined as the ability to distinguish two peaks of 

different m/z, is in this work expressed using the full width at half maximum (FWHM) of a 

peak, defined by Eq. 10, where 𝑚𝑚 is the m/z value of a single peak, and ∆𝑚𝑚50% is the width 

of the peak at 50% of the peak’s height.1 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑝𝑝𝑝𝑝𝑝𝑝) =  𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
× 106 Eq. 9 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) = 𝑚𝑚
∆𝑚𝑚50%

 Eq. 10 

 

For example, the quadrupole instrument typically achieves a resolution of 2000 

FWHM,44 while TOF analyzers can achieve significantly higher resolution, up to 20,000–

100,000 FWHM depending on the system.34 Mass accuracy, which refers to the difference 

between the measured m/z and the true m/z of an ion, is particularly critical in Q-TOF 

systems. These instruments provide exceptional mass accuracy, within 1–5 ppm, compared 

to 100 ppm in the triple quadrupole system, allowing for highly precise molecular formula 

assignments. Together, these parameters ensure the reliable identification and 

characterization of analytes in complex reaction mixtures, as described in subsequent 

chapters.  
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1.1.5 Mass Spectrometric Reaction Monitoring of Catalytic Reactions 

 

“I feel sure that there are many problems in Chemistry which could be solved with far 

greater ease by this than by any other method. The method is surprisingly sensitive—more 

so even than that of spectrum analysis—requires an infinitesimal amount of material and 

does not require this to be specially purified.”45 

– Sir J.J. Thomson, 1913. 

 

Mass spectrometry has a storied history in chemistry, with its potential first articulated 

over a century ago by Sir J.J. Thomson. Thomson’s foresight was remarkable, yet the 

applications of MS today far exceed what could have been envisioned in his era. While 

initially focused on determining the m/z ratio of organic compounds, modern MS has 

become an indispensable tool across numerous domains. It is now used to determine 

molecular structures, determine thermochemical and physical properties such as 

ionization energy, reaction enthalpies, proton and ion affinities, and gas-phase acidities, 

monitor and investigate reaction dynamics and kinetics, to name a few use-cases.2  

This dissertation specifically focuses on the use of MS in monitoring catalytic 

reactions. Reaction monitoring can be broadly categorized based on the timing, location, 

and method of data acquisition. The two primary categorization discussed here are on-line 

monitoring, which involves continuous sampling directly from the reaction system to a 

connected external device for immediate analysis, and off-line monitoring, which requires 

discrete sample collection and external analysis, often introducing delays.47 Each approach 

has trade-offs in terms of speed, accuracy, and practicality, depending on the reaction's 

complexity and requirements. For the work described in this dissertation, continuous on-

line reaction monitoring is employed using ESI-MS and the Pressurized Sample Infusion 

methodology to be discussed in Section 1.1.5.3. Throughout this dissertation, the term real-

time monitoring will refer specifically to continuous on-line methods that provide timely 

data, enabling immediate user feedback and reaction control. 
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1.1.5.1 Off-line Reaction Monitoring  

Mass spectrometry has demonstrated success in monitoring reactions both off-line and on-

line. In off-line reaction monitoring the solution composition and progression of a reaction 

is typically determined by drawing aliquots of the reaction mixture at specific time 

intervals.  These aliquots are then quenched and/or diluted to stop the reaction at a 

particular point along the progression of the reaction, before being injected into the mass 

spectrometer for analysis.46 HPLC is one of the most frequently used complementary 

technique in conjunction with MS,  as it separates reaction components through a column, 

enables small-volume injections, and provides simpler or better-quantified spectra, 

enhancing characterization.47 

Early examples of off-line reaction monitoring include work by Canary, who 

investigated Suzuki-Miyaura (SM) cross-coupling intermediates.48 The groundbreaking 

study introduced the concept of using substrates specifically amenable to the ESI-MS 

process. In this case, a brominated pyridine substrate was chosen, which had a peripheral 

basic site that was uninvolved in the reaction’s reactivity but was easily protonated to 

produce [M+H]+ ions. This approach illuminated not only the substrate but also the 

intermediates, resting states, and decomposition products associated with it, capturing 

snapshots of the reaction’s speciation as it progressed. Follow-up examinations by Frech 

and coworkers further examined the reaction kinetics using ESI-MS.49 Similarly, Moreno-

Mañas and coworkers performed off-line ESI-MS mechanistic investigations of the 

palladium-catalyzed oxidative self-coupling of arylboronic acids,50 with Hinderling and 

Chen using off-line monitoring to develop a mass spectrometric assay of palladium-based 

polymerization catalysts for combinational screening.51  

These examples demonstrated ESI-MS as a promising tool for catalytic reaction 

analysis. Its utility was particularly pronounced in cases where the reaction intermediates 

are stable enough to be observed after quenching and dilution, providing a detailed view of 

the reaction’s progression. However, although real-time off-line monitoring is possible for 

slow reactions,46 off-line reaction monitoring can encounter limitations in situations where 

there are short-lived intermediates or when the reaction kinetics are very fast.52 
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1.1.5.2 On-line Reaction Monitoring 

On-line ESI-MS presents an alternative to off-line monitoring by directly coupling the 

reaction vessel to the ESI inlet. This approach enables observation of kinetic behaviours 

and molecular speciation, and enables the experimenter to react and make decisions on 

how to proceed in real-time.46 This method can provide characterization of reactive 

intermediates with lifetimes down to the millisecond time regime, with the added benefit 

of capturing fleeting intermediates and track dynamic changes in substrates, intermediates, 

products, and even impurities without extensive sample pretreatment.53  

Several methodologies have been developed to facilitate on-line monitoring of 

catalytic reactions.47,53 Syringe pumps are often used due to their compatibility with many 

solvents and their ability to deliver samples at a controlled flow rate. However, these 

systems have limitations, including minimal control over reaction conditions such as 

temperature and mixing, and sequential addition of reaction components is challenging.54 

Microreactors connected to mass spectrometers provide another option, with rapid mixing 

of reactants prior to analysis enabling the collection of multiple data points.55,56 For 

instance, Metzger and coworkers designed an on-line microreactor with separate lines for 

reactant solutions, that proved effective for monitoring reactions with short incubation 

times.57,58 Eberlin and coworkers used a similar system to investigate the mechanisms of 

the Heck reaction with aryldiazonium salts, uncovering previously unknown intermediates 

in the oxidative addition steps.59 Zhu and coworkers employed on-line MS to study the one-

pot palladium-catalyzed cleavage of thiocarbonyl bonds, revealing a mechanism involving 

hydrolytic desulfurization and a trinuclear palladium cluster intermediate.60  

The need for air- and moisture-free sample introduction is crucial for 

organometallic catalytic reactions, where sensitivity to atmospheric conditions can affect 

reaction outcomes. To address this need, techniques such as coupling nitrogen 

atmospheres to the mass spectrometer source via glove bags, sealed glass probes, or 

modified gloveboxes with feedthrough ports have been developed.61–66 While effective, 

these approaches are often costly, complex, or incompatible with solution-phase samples. 

To address these challenges, the Pressurized Sample Infusion (PSI) method was developed 
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as a simple, robust, and cost-effective solution.67 PSI has since become a cornerstone for 

real-time reaction monitoring in catalytic systems used in the McIndoe group. 

1.1.5.3 Pressurized Sample Infusion (PSI) 

First reported in 2010, PSI is a sample introduction method designed for on-line reaction 

monitoring of reaction solutions.67 This technique involves a positive pressure cannula 

transfer of a reacting solution directly into an ESI mass spectrometer, eliminating the need 

for mechanical pumping, and allows for raw reaction mixtures to be infused without further 

treatment.68 Avoiding a pumping system addresses two main challenges: the internal 

volume of even the smallest pumps can result in significant delays in transfer of the reaction 

solution to the mass spectrometer for this application, and the diverse materials within 

pumps can lack resistance to the wide variety of solvents, catalysts, and substrates used in 

reactions. 

A Schlenk flask is placed close to the ESI inlet and is equipped with a rubber septum 

over the ground glass joint, and a rubber hose on the arm. A stir bar may be placed in the 

flask with reactants to ensure homogenous mixing. The rubber hose connects to a regulated 

cylinder of chosen gas, set at slightly above ambient pressure (2-5 psi; 0.14-0.34 bar). If 

reagents are not added to the flask inside a glovebox, they can be prepared on a Schlenk 

line and then safely transferred via syringe to the PSI flask for sample introduction.69 The 

rubber septum is punctured with polyether ether ketone (PEEK) tubing that extends into 

the sealed reaction solution, with the other end of the tubing attached to the ESI inlet via a 

PEEK fitting. For heated reactions, a two-neck flask with a condenser or a specialized PSI 

flask with a built-in condenser may be used, as shown in Figure 1.6.70 The PSI approach 

works at temperatures up to the boiling point of the solvent, as higher temperatures can 

over-pressurize the flask. While PSI can operate below ambient temperatures, practical 

limitations arise from the tubing and ESI source being at room and elevated temperatures, 

respectively. As such, temperatures below 0°C are not recommended unless the reaction is 

relatively slow. 
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Figure 1.6: Custom Schlenk flask for PSI setup. 

 

As in a cannula transfer, solutions may be filtered by securing filter material to the 

end of the tubing in the reaction flask. Blockage can occur relatively easily due to the narrow 

internal diameter of tubing; however, a narrow diameter is necessary to minimize the time 

between reaction sampling and measurement. To prevent blockages, the end of the 

capillary can be protected with (a suitably cut) filter paper, cotton wool, glass wool, or any 

other filter material, and secured by use of polytetrafluoroethylene (PTFE) sealant tape. An 

example is illustrated in Figure 1.7, where standard filter papers (Watman, 55Ø) are used 

with standard density PTFE tape to secure the filter paper to PEEK tubing. To avoid 

compromising flow rate or retention time, it is important to use the minimal amount of 

filter material necessary. 
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Figure 1.7: Steps 1-9 for preparing PSI PEEK tubing filter using Watman 55Ø filter papers and PTFE tape. 

 

The effects of filtration on the PSI flow rate were tested in the McIndoe group, with 

the results illustrated in Figure 1.8. A PSI flask was set up as described in Figure 1.6, 

however the end of the tubing that would be attached to the ESI source inlet was instead 

suspended above a flask that was placed on an analytical balance. The mass of solution 

flowing from the PEEK tubing was measured as a function of time, providing the PSI flow 

rate. A control trial with a homogeneous solution of tetrahydofuran (THF) and no filtration 

(green) resulted in a consistent flow rate. In contrast, for a fine suspension (purple) (K3PO4 

in THF), the flow rate was seen to drastically drop after a minute of monitoring, indicating 

presence of a blockage. By attaching the filter described in Figure 1.7, clogging was 

effectively prevented.  

Reagents can be prepared off-line, and the flask degassed as needed for air-sensitive 

reactions. A reaction is typically initiated by adding the catalyst via an air-tight syringe. 

When a small overpressure is applied to the flask, continuous injection of the reaction 

solution into the source enables acquisition of time-resolved data.71 This simple setup has 
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good reproducibility, and intensity fluctuations can be normalized against an internal 

standard, the total ion current (TIC), or the summed integration of the relevant species 

intensities.68,72 

 
Figure 1.8: Mass of solution vs. time, illustrating the effect of attaching a filter to PEEK tubing in a 

heterogeneous reaction solution. 

 

PSI-ESI-MS provides temporal intensity profiles for charged components of the 

reaction.67,73 By monitoring the behavior of these species over time, the roles of individual 

species in the reaction mechanism can be assigned. The persistence or disappearance of 

specific species often reveals their function, whether as reactants, products, precatalyst, 

intermediates, resting states, decomposition products, or inactive impurities, as outlined in 

Figure 1.9. This temporal information, coupled with the ion isotope pattern assignment, 

lays the foundation for deciphering the mechanistic pathways of catalytic reactions.  

The ability to acquire data on catalyst resting state and overall reaction progress 

simultaneously is a significant advantage of the technique and can be improved further via 

combination with orthogonal methods. As MS is so sensitive, it is especially effective for 

analyzing reaction components at low concentration, such as species related to the catalyst, 

while orthogonal methods monitor overall reaction progress by tracking the disappearance 

of reactant(s) and/or appearance of product(s). Flow infrared (IR) spectroscopy is an ideal 
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candidate for this type of analysis.73 Additionally, this method becomes even more powerful 

when combined with computation, which can provide further structural information and 

bond dissociation energies.74,75 

 

Figure 1.9: Idealized temporal profiles for different reaction components over the course of a reaction. 
These dynamics provide important clues as to which reaction role a given species is most likely playing. 

Reprinted with permission from Theron et al. at ref. 73. Copyright 2016 American Chemical Society.  
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In the McIndoe group, we routinely use PSI-ESI-MS to study various air-sensitive 

catalytic reactions and other transformations.72,76–80 The PSI-ESI-MS methodology can be 

combined with any type of mass analyzer. When using a quadrupole time-of-flight (Q-TOF) 

spectrometer precision to four decimal places is obtained, yielding accurate mass 

identification of analytes.81–84 Triple quadrupole instruments provide a lower level of 

resolution; however analyte identification can be confirmed via CID. The resulting 

fragments can be used to create multiple reaction monitoring (MRM) transitions effectively 

eliminating isobaric species, and analytes of interest can be observed in real-time when 

coupled with PSI.77  

We demonstrated this method by monitoring the Suzuki Polycondensation (SPC) 

reaction where a charge-tagged phosphine ligand was used to track the catalytically 

relevant species (Figure 1.10).85 Each component was added to the reaction flask 

sequentially to fully visualize each step in the catalytic cycle. The strategy of charge-tagging 

a ligand—adding a charged moiety such as a phosphonium group away from the ligand’s 

reactive site—is one we have used extensively, with the reactivity of the charge-tagged 

ligands closely mirroring that of their neutral analogues.86 This approach enables the 

observation of ordinarily neutral catalytic species that are otherwise unobservable by MS. 

While characterization of molar mass distribution (MMD) and composition is often the first 

step in the analysis of polymeric materials using both MALDI and ESI-MS,87,88 this work 

demonstrated how ESI-MS enables detailed monitoring of the polymerization process.  

Real-time MS reaction monitoring generates large data sets as mass spectra can be 

collected rapidly. Therefore one key component of data management that has been 

developed in the McIndoe group is an open-source set Python-based software.89,90  These 

tools allow for simple data organisation, identifying and assigning of isotope patterns, and 

data visualisation, and was used extensively in this project. Additionally, the development 

of open-source software for semi-automated optimisation of instrument parameters has  

resulted in faster optimisation, improved data quality, more reliable and reproducible 

analysis.91 
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Figure 1.10: A) Proposed SPC catalytic cycle where a charge-tagged aryl iodide, and monomer p-
iodophenylboronic acid were used for polymer propagation, with p-methoxyphenyl boronic used in the 

terminating step. B) The normalized PSI-ESI-MS MRM chronogram of the SPC showing the relative intensity 
of aryl iodide species label as 1n, intermediates as 2n, and capped oligomer products as 4n (n = 0–4). 

Reproduced from Ting et al. at ref. 85 with permission from Royal Society of Chemistry. 

 

Another tool developed within the McIndoe group is Continuous Addition Kinetic 

Elucidation (CAKE), which simplifies the kinetic analysis of catalytic reactions.92 This 

technique involves continuously adding a catalyst into a reaction mixture while monitoring 

reaction progress over time. By analyzing the resulting concentration profiles, CAKE is used 

to determine kinetic parameters such as the order of reactants and catalysts, rate constants, 

and the extent of catalyst poisoning from a single experiment. This method was 

demonstrated in many catalytic systems, including analysis of a Suzuki–Miyaura reaction. 

Increasingly, a growing number of other researchers have adopted PSI-ESI-MS. This 

includes work by Ananikov and coworkers, who applied PSI-ESI-MS to investigate R–NHC 

coupling for various Pd/NHC species with reactive aryl iodides.93  They also explored 

asymmetric alkylation of indoles with α-diazoesters, revealing the interplay between highly 

reactive mononuclear Pd species, and polynuclear Pd species and nanoparticles which do 

not contribute to the enantioselective pathway.94 Similarly, Koszinowski and coworkers 

leveraged PSI-ESI-MS to track the dynamic behavior of Pd/diene catalyzed cross-coupling 
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reactions, observing the evolution of mononuclear, dinuclear, and polynuclear palladium 

species alongside catalyst degradation over time.95 Additionally, the study discovered that 

the transmetallation step in these reactions precedes the oxidative addition step in the 

catalytic cycle.  

Beller and coworkers used PSI-ESI-MS to elucidate catalytic behavior of Mo3S4 

hydride clusters during the reduction of functionalized nitroarenes,96 while Mack and 

coworkers uncovered the degradation mechanism of their [(dtbpy)2Ru(CO3)] pre-catalyst 

(dtbpy = 4,4′-di-tert-butyl-2,2′-bipyridine), determining that ligand dissociation was the 

primary limiting turnover, rather than catalyst dimerization.97 Work from the Newman 

group investigated the chemoselectivity of the Kumada-Corriu cross-coupling reaction, 

identifying optimal reagent addition rates to minimize side products and enhance yields.98 

These studies highlight the growing recognition of PSI-ESI-MS as a tool for elucidating 

mechanistic details, validating active species, and optimizing reaction conditions in diverse 

catalytic systems. 

 

1.1.6 Challenges and Limitations of PSI-ESI-MS 

While ESI-MS is undoubtably a powerful technique for reaction monitoring and mechanistic 

studies, several challenges must be considered when applying it to catalytic systems. One 

major limitation is the requirement for analytes to be readily ionizable. Neutral species, 

which are often critical components in catalytic reactions, exhibit poor ESI performance, 

limiting the technique's ability to provide a comprehensive picture of all species present in 

solution. To address this, charge-tagged analogues of analyte molecules are used to enhance 

the detectability of otherwise neutral species.86 However, this approach often requires 

synthesizing analogues that may not be readily commercially available, and introduces 

challenges such as altered substrate solubility, and additional time and expense. 

Additionally, high salt concentrations and varying solvent compositions can significantly 

impact ionization efficiency, leading to signal suppression or complex spectral 

interferences.99,100 
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PSI-ESI-MS, as an on-line reaction monitoring tool, introduces additional challenges. 

One notable limitation is its incompatibility with high-concentration process-level 

reactions, as ESI-MS is inherently optimized for highly dilute systems.26 This restricts its 

direct application in industrial-scale monitoring, necessitating additional instrumentation 

for sample dilution or alternative ionization strategies to bridge this gap. Additionally, 

inconsistent PSI flow rates, compounded with inherent challenges associated with flow-

rate in ESI-MS, such as inefficient ionization, droplet formation issues, and signal 

instability,26 further complicate accurate control and analysis.   

Another limitation is the difficulty in monitoring catalytic reactions operating under 

biphasic or heterogeneous conditions. Since sampling from two immiscible phases 

simultaneously into a single inlet can be problematic, this technique is limited to 

homogeneous reaction systems. Addressing this challenge may require adapting 

methodologies from other biphasic analysis techniques, such as the dual-phase online HPLC 

and flow NMR spectroscopy approach by Hein and coworkers, which incorporates an 

additional inlet to enable concurrent analysis of both organic and aqueous phases.101  

Lastly, mass spectrometric techniques, including PSI-ESI-MS, must be interpreted 

with an understanding of their inherent limitations in representing the true solution-state 

chemistry.26 The ionization process can introduce artifacts, selectively enhance or suppress 

species that does not accurately reflect equilibrium concentrations.99,100 Furthermore, 

analyte desolvation and ionization into the gas phase may not fully preserve the complex 

dynamic equilibria present in solution, particularly for systems involving weakly bound 

intermediates or transient species. Careful calibration and thorough experimental design 

are therefore essential to mitigate these limitations and ensure that the insights gained 

from PSI-ESI-MS accurately reflect the underlying reaction mechanisms. 

Despite these challenges, PSI-ESI-MS remains a powerful tool for real-time analysis 

due to its speed, ability to handle complex mixtures, relative ease of set-up, and high 

sensitivity.68 Developing a more robust sample delivery system capable of extending these 

advantages to higher concentration and complex solvent systems is an important next step 

in the evolution of this technique. As will be discussed in this dissertation, PSI-ESI-MS was 

instrumental in studying mechanisms insights of PdCC reactions.  
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1.2 Palladium-Catalyzed Cross-Coupling Reactions  

Palladium-catalyzed cross-coupling (PdCC) is one of the most transformative tools in 

modern synthetic chemistry, a contribution so impactful that it was recognized with the 

2010 Nobel Prize for Chemistry.102 This class of reactions has revolutionized how chemists 

approach the construction of complex molecules, enabling late-stage, highly-selective 

functionalization of diverse substrates. PdCC methodologies have become indispensable 

for the synthesis of pharmaceuticals, agrochemicals, and advanced materials. 

This section of the chapter provides a brief history of the development of PdCC 

reactions, tracking the pivotal discoveries and advancements that have shaped our 

understanding of these processes. As will be explored in later chapters of this dissertation, 

PdCC reactions serve as an ideal system for mechanistic studies using PSI-ESI-MS. Focus 

will be placed on catalyst behaviors and reaction pathways associated with the catalyst 

activation and oxidative addition steps, which are key to efficient operation of these 

reactions. These steps are also the primary focus of the literature examples discussed in 

this section, as they relate to the mechanistic work presented in later chapters.  This section 

will also briefly survey select applications of PdCC in diverse fields, along with its current 

challenges and limitations that highlight opportunities for further advancement in PdCC 

chemistry. 

 

1.2.1 A History of Incremental Progress 

Following the post-World War II economic boom in Europe, the demand for inexpensive 

precursors for fine chemicals and plastic production spurred significant advances in metal-

catalyzed synthesis.102 A pivotal development was the discovery of the palladium-catalyzed 

Wacker Process, which enabled the synthesis of acetaldehyde from ethylene. Based on 

these early studies on palladium chemistry, Richard Heck in 1968 reported the 

stoichiometric reaction of organomercurial compounds with alkenes in the presence of 

lithium palladium chloride salts.103 Due to the toxicity of organomercury compounds, Heck 

introduced alternate procedures, with the concurrent discoveries by Ei-ichi Mizokori 

demonstrating the first catalytic coupling of aryl halides and alkenes using palladium 
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salts.104,105 These contributions as the now named Heck-Mizoroki reaction (Scheme 1.1), a 

foundational milestone in palladium-catalyzed cross-coupling chemistry, with Richard 

Heck jointly recognized with the 2010 Nobel Prize for Chemistry. 

 
Scheme 1.1: General reaction schemes of palladium-catalyzed cross-coupling reactions. 

 

Building on early investigations into Grignard reagents the Corriu106 and Kumada107 

groups independently reported in 1972 the nickel-catalyzed cross-coupling of aryl and 

alkenyl halides with Grignard reagents (Scheme 1.1). This was further extended by 

Murahashi108 in 1975, who demonstrated the cross-coupling with Grignard reagents under 

palladium catalysis. The scope of palladium-catalyzed coupling reactions was expanded by 

Kenkichi Sonogashira in 1975, coupling of terminal alkynes with aryl or vinyl halides 

(Scheme 1.1), using a copper co-catalyst.109 This system allowed reactions to proceed under 

milder reaction conditions,110  but the generated copper acetylides readily resulted in  

oxidative homocoupling products of the terminal alkynes when exposed to air. Despite 
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these challenges, the Sonogashira reaction opened a versatile route for C(sp)–C(sp2) bond 

formation, with further improvements aimed at eliminating the need for copper salts.111 

As chemists sought to find more convenient organometallic reagents, another step 

forward was reported by Ei-ichi Negishi in 1976 by introducing a method for assembling  

aryl halides with zinc-, boron-, or tin-based organometallic reagents.112,113 This approach 

significantly broadened the cross-coupling approach and set the stage for using milder, less 

electropositive metal coupling species.114 Following Negishi’s work, John K. Stille in 1978 

achieved a palladium-catalyzed cross-coupling of acyl chlorides with organotin 

nucleophiles,115 and demonstrated the reaction’s versatility and functional-group 

tolerance, though the toxicity of organotin compounds restricted large-scale 

pharmaceutical applications.116  Migita’s contributions further refined this reaction by 

enabling the coupling of organotin reagents with aryl bromides.117  

In 1979, Akira Suzuki and Norio Miyaura introduced a reaction using boronic acids 

or boronic esters with organohalide coupling partners, using a Pd(0) catalyst and a base to 

synthesize biaryl compounds through C(sp2)–C(sp2) linkages (Scheme 1.1).118 Extensive 

studies on the role of the base revealed its function in activating poorly nucleophilic borane 

reagents into more reactive boronate complexes, enabling the coupling of organometallic 

reagents unable to undergo transmetallation under standard conditions.119,120 This 

discovery opened the door to coupling reactions involving nucleophiles with lower 

electronegativity differences between the metal and the organic moiety. The Suzuki-

Miyaura (SM) reaction has since become a powerful and general method for C–C bond 

formation, with several advantageous features: (1) air- and moisture-stable organoboron 

starting materials; (2) mild and convenient reaction conditions, and (3) the relatively easy 

removal of less-toxic inorganic byproducts. These attributes make the SM coupling reaction 

especially valuable for industrial applications. 

The push towards less-toxic organometallic nucleophiles is exemplified by work 

from Hiyama and coworkers in 1988, where palladium- and nickel-catalyzed coupling of 

organosilanes with aryl halides and triflates was achieved using a fluoride source as an 

activator.121 This method provided a relatively safer and more environmentally friendly 
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alternative to traditional organometallic reagents of the time. Subsequent advancements 

by Denmark in 1999 and others explored silicon derivatives, such as siloxanes, further 

expanding the Hiyama coupling’s applications.122 The now-named Hiyama-Denmark 

reaction highlights the potential for broader adoption of silicon-based reagents in 

synthesis. 

The 1990s witnessed expansion into non-carbon-based nucleophiles participating 

in PdCC reactions.102 One such advancement was the amination of aryl, vinyl, and heteroaryl 

halides through carbon–nitrogen (C–N) coupling as reported by Stephen L. Buchwald and 

John F. Hartwig in 1998 and 1999.123,124 This C–N bond formation is particularly significant 

due to the prevalence of aromatic amines in pharmaceuticals and natural products. The 

synthetic effectiveness of the Buchwald-Hartwig amination (Scheme 1.1) expanded the 

cross-coupling substrate scope, offering a flexible strategy for the synthesis of 

(hetero)arylamines.125 

 

1.2.2 Mechanisms of PdCC Reactions 

A major factor in the widespread use of PdCC reactions is their reliability and 

reproducibility.126 Undoubtedly, detailed understanding of the mechanism of cross-

coupling reactions, including knowledge about the nature of the organometallic 

intermediates and catalyst decomposition pathways, has contributed to the dependability 

of these reactions.72,102,127–131In general, the widely accepted mechanism of palladium-

catalyzed cross-coupling involves a Pd(0)/Pd(II) catalytic cycle as shown in Scheme 1.2.  

The elementary steps involved in catalysis are: (1) oxidative addition of the 

organo(pseudo)halide electrophile (R1–X) to the coordinatively unsaturated Pd(0) catalyst, 

where the C–X bond is polarized to afford a Pd(II) complex; (2) transmetallation of the 

nucleophile, where an organic group (or hydride) from the main group organometallic 

compound (M–R2) is transferred to the Pd(II) oxidative addition complex; and (3) the 

reductive elimination step where elimination of the two ligands gives rise to a coupled 

product (R1–R2), and regenerates the LnPd(0) catalyst.130 A catalyst activation step often 

precedes oxidative addition to generate the active catalytic species from a precatalyst, as 
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well as cis-trans isomerization of the transmetallation intermediate preceding reductive 

elimination. 

 
Scheme 1.2: Generalized mechanism for palladium-catalyzed cross-coupling reactions. Key: CA = catalyst 

activation, OA = oxidative addition, TM = transmetallation, RE = reductive elimination. (cis–trans 
isomerization step omitted for clarity) 

 

Beyond the elementary catalytic steps shown in Scheme 1.2, additional catalytic 

pathways specific to certain types of cross-coupling reactions have been elucidated. In the 

Heck-Mizoroki reaction, coordination of an alkene to the Pd(II) oxidative addition complex 

(OAC), followed by syn migratory insertion at the Pd–C bond, and succeeded by syn β-

hydride elimination form the coupled alkene product and a [LnPd(H)(X)] complex. Base-

assisted elimination of HX from [LnPd(H)(X)] occurs to regenerate the LnPd(0) catalyst.132 

In the Sonogashira reaction, after OAC formation, the palladium cycle intersects with the 

co-catalyzed copper (or palladium for Cu-free Sonogashira reaction)111 cycle. A copper 

acetylide, formed through deprotonation of a π-alkyne-copper complex, undergoes 

transmetallation to generate a palladium acetylide complex, with cis-trans isomerization 

and reductive elimination following to produce the final product.110 For the Buchwald-

Hartwig amination, the mechanism involves amine coordination and deprotonation rather 

than direct transmetallation.125   
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Extensive experimental and computational evidence has been discovered to support 

these pathways, shedding light on factors influencing each elementary step.133  These 

detailed mechanistic investigations have been instrumental in driving the development and 

improvement of cross-coupling reactions, enabling their broad application in modern 

synthetic chemistry.102,127–130 The emergence of Pd(II)/Pd(IV) catalytic cycles is also of 

growing significance, as highlighted in recent reviews.134,135 While these Pd(II)/Pd(IV) 

systems are beyond the scope of this dissertation, they represent a promising avenue for 

future research, with the potential to expand the utility and versatility of palladium-

catalyzed processes in novel and challenging transformations.  

1.2.2.1 Catalyst Activation  

As shown in Scheme 1.2, to catalyze a reaction, the palladium precatalyst must be activated 

to produce a coordinatively unsaturated LnPd(0) species. The catalyst activation step 

directly affects the overall rate and performance of the cross-coupling reaction, yet remains 

poorly understood.136 This is further complicated by the reactive nature of these complexes, 

making then challenging to isolate and study.137–139 Traditionally, active species were 

obtained in situ by mixing an excess of a ligand with a Pd source, with early palladium-based 

catalysts using simple phosphines such as PPh3 as ligands.102  

The drive to achieve challenging substrate transformations with higher selectivity 

under milder reaction conditions has fueled advances in ligand design. Strongly electron-

donating and sterically bulky ligands, such as biaryldialkyl phosphines, QPhos and YPhos 

ligands, or N-heterocyclic carbenes (NHCs) as those developed by the Herrmann, Glorius, 

Organ, and Nolan groups, have proven to be superior in challenging coupling reactions.140–

144 Many of these offer tunable electronic and steric properties through modifications to 

their backbones and axillary functional groups. 

Activation of palladium catalysts in situ can be divided into two general groups: (1) 

from Pd(0) precatalysts, such as Pd(PPh3)4 or Pd2(dba)3•solvent, via ligand dissociation and 

exchange, or (2) from Pd(II) precatalysts, such as Pd(OAc)2, PdCl2(PPh3)2, or [Pd(η3-

allyl)Cl]2, via reductive elimination with the help of external bases or ligands (Scheme 

1.3A).145 These activation mechanisms depend on several factors, including the precatalyst 
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source, orders of addition, and reaction conditions.146–149 Fairlamb and coworkers have 

recently put forth a case for studying catalyst activation, showing systems involving various 

types of catalytic centers (palladium complexes, clusters, and nanoparticles) all involved in 

complementary linked pathways.150–153  Wei and coworkers also demonstrated that base-

assisted reduction of Pd(II) can proceed via two distinct pathways, leading to either mono- 

or bisligated Pd(0) complexes.154 Controlling the desired ligation state therefore remains a 

challenge, as many simple Pd sources can form both mono- and bisligated species in 

solution. As will be discussed in Chapter 5, in situ control of catalyst activation can be 

achieved through careful design of the precatalyst, ligand, and reaction conditions. 

 
Scheme 1.3: A) In situ activation pathways for select simple Pd(0) and Pd(II) precatalysts, where 

controlling the ligation state can be challenging. B) Select pre-ligated Pd(II) precatalysts for controlled 
monoligated catalyst activation. 

 

Studies have highlighted that monoligated catalysts, LPd(0), are often favoured as 

active species over bisligated L2Pd(0).154,155 Monoligated species typically exhibit superior 

catalytic activity compared to their bisligated counterpart, even with the same ligand 
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used.155,156 The ligation state also influences mechanistic pathways for oxidative addition 

leading to differential site-selectivity preferences in specific reactions.157–160 To optimize 

catalytic performance, developments have focused on precatalysts that ensure a 1:1 

palladium-to-ligand ratio thus providing better control for catalytic activity. This includes 

single-component precatalysts with desired supporting ligands already pre-installed.161  

Single-component precatalysts include biphenylamine-based palladacycles 

developed by Buchwald and coworkers, which are generally activated by deprotonation of 

the Pd-bound amine followed by C–N reductive elimination, yielding LPd(0) and indoline 

or carbazole byproducts (Scheme 1.3B).162–164 Shaughnessy and coworkers demonstrated 

that [LPdX2]2 dimer complexes with preinstalling neopentyl phosphine (NpP) ligands 

disfavoured Pd(I) dimer formation, instead yielding Pd(II) complexes that undergo 

reductive elimination to yield LPd(0).165,166 Similarly, the Pd(π-allyl)(L)Cl precatalysts, 

where L = di(tert-butyl)(neopentyl)phosphine (DTBNpP), published jointly by the 

Shaughnessy and Colacot groups, serve as Pd(0) sources through nucleophilic addition and 

reductive elimination (Scheme 1.3B).167,168 These systems generate highly reactive LPd(0) 

species, outperforming L2Pd(0) complexes or in situ systems generated from Pd2(dba)3–

DTBNpP (1:1).  

Hazari and coworkers iterated on the Pd(π-allyl)(L)Cl design with NHC-based 

systems, showing that increasing steric bulk at the allyl ligand reduces comproportionation, 

preserving more of the active LPd(0) species (Scheme 1.3B).169,170 NHC-based systems have 

also been advanced by Organ and coworkers, with Pyridine Enhanced Precatalyst 

Preparation Stabilization and Initiation (PEPPSI) systems, which generate monoligated 

LPd(0) upon activation by a strong nucleophilic coupling partner or a base, with 3-

chloropyridine as a throwaway stabilizing ligand.171   

These pre-ligated precatalysts enhance catalytic performance in specific 

transformation by eliminating the need for ligand substitution steps and enabling site- and 

substrate-selective activation pathways.  However, challenges remain, including  complex 

and costly multistep syntheses, slower initiation at room temperature in the presence of 

weak bases, and limited flexibility in accommodating different ancillary ligands. The 

examples discussed above illustrate how mechanistic investigations of catalyst activation 
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processes, coupled with iterative improvements in catalyst design, have significantly 

enhanced the utility and reactivity of Pd catalysts. The work in this dissertation aims to 

contribute to these advancements by providing deeper mechanistic insights and guiding 

future catalyst development. 

1.2.2.2 Oxidative Addition  

The oxidative addition (OA) of organic electrophiles to Pd(0) is a cornerstone of 

organopalladium chemistry and a critical step in palladium-catalyzed cross-coupling 

reactions. This elementary step involves the breaking of a substrate's bond (e.g., C–X, where 

X is a (pseudo)halogen) and the formation of Pd–C and Pd–X bonds.172,173 The efficiency of 

OA is central to the overall success of cross-coupling reactions, making it an area of intense 

investigation in both theoretical and applied research. 

Mechanistic studies have identified different pathways for OA, depending on the 

nature of the substrate and the reaction environment. Three primary mechanisms have 

been proposed as in Scheme 1.4: (1) an SN2-type nucleophilic displacement mechanism via 

an attack of Pd on C, generating Pd–C+ and X− fragments, which further reacts yielding the 

OAC; (2) a three-centered concerted insertion, simultaneously forming the Pd–X and Pd–C 

bond as the C–X bond is broken; and (3) a radical process where an X radical is abstracted 

from C in the initial step.172  For aliphatic halides, the nucleophilic displacement mechanism 

is often favored in polar solvents due to the formation of ion pairs, whereas for aromatic 

halides, the three-center mechanism is typically lower in energy.174,175 This is attributed to 

the backdonation from the Pd(0) center to the π-system of the aromatic ring, facilitated by 

its lower HOMO-LUMO gap compared to aliphatic substrates.176 The bond dissociation 

energy also plays a critical role, with reactivity following the trend I > Br > Cl > F.177 In 

addition, the balance between steric repulsion and attractive weak interactions on the OA 

influences reactivity, with the OA energy barriers increasing along with the degree of 

substitution of the carbon atom.178  

The role of the ligation state of palladium in OA cannot be understated. In solutions 

containing L/Pd, two potential reactive species, mono- and bisligated Pd complexes 

typically coexist in equilibrium. This balance is influenced by steric and electronic 
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properties of the ligands.155,179–181 Bulky, electron-rich monophosphine ligands, such as P(t-

Bu)₃, often favor the formation of highly reactive monoligated Pd(0) species. These bulky 

ligands have been critical in enabling cross-coupling reactions with less reactive substrates, 

such as aryl chlorides and alkyl tosylates, under milder conditions.161 The ligation state also 

plays a pivotal role in dictating the efficiency of OA, with ligand properties modulating OA 

kinetics and selectivity.182–184 

 
Scheme 1.4: General mechanisms for oxidative addition of a simple aryl halide to Pd in cross-coupling 

reactions. 

 

This ability to tune OA by controlling ligand steric and electronic factors lays the 

groundwork for further exploration of OACs as mechanistic tools. Isolating these relatively 

stable on-cycle species allows for the stoichiometric analysis of intermediates along the 

catalytic cycle. Such studies have been instrumental in understanding catalyst deactivation 

pathways,185 guiding the design of new ligand scaffolds,186,187 and optimizing catalytic 

conditions for challenging substrates.188 Although not successfully isolable in the studies 

presented in the following chapters, this application presents a desirable pathway for 

further exploration in future studies building on the findings of this dissertation.  

OACs have also proven useful as precatalysts for specific transformations. For 

example, Shaughnessy and coworkers reported [(PNp3)Pd(Ar)Br]₂ (PNp3 = 

trineopentylphosphine) complexes as one of the first examples of OACs as a precatalyst, 

demonstrating exceptional activity in coupling sterically hindered aryl bromides and 
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aniline derivatives.189,166 Similarly, Buchwald and coworkers demonstrated the utility of 

(AlPhos)Pd(Ar)X OACs in the fluorination of aryl bromides.190 More recently, Colacot and 

coworkers developed a series of 89 air-stable OACs with a general formula (t-Bu3P)Pd(Ar)X 

as precatalysts for challenging Suzuki–Miyaura reactions of polyfluorinated arylboron 

reagents.191 These precatalysts demonstrated superior catalytic activities than that of the 

many reported “state-of-the art” catalyst systems, revealing the hidden potential in the 

often-used commercially availability P(t-Bu)₃ ligand. The ability of OACs to bypass the 

catalyst activation step required by traditional precatalysts makes them particularly 

attractive for late-stage functionalization and pharmaceutical applications.192 However, 

challenges such as the synthesis and stability of these complexes, as well as their 

compatibility with diverse reaction conditions, remain areas for continued research.  

 

1.2.3 Select Applications of PdCC Reactions 

Palladium-catalyzed cross-coupling reactions have become vital tools in both academia and 

industry due to their versatility, efficiency, and reliability. They are widely applied in fields 

such as medicinal chemistry, agrochemistry, and polymer synthesis, where they address 

longstanding synthetic challenges with innovative solutions.  In medicinal chemistry, PdCC 

reactions have revolutionized the synthesis of active pharmaceutical ingredients. A survey 

of commonly used reactions in this field shows that Suzuki-Miyaura, Buchwald-Hartwig, 

and Sonogashira couplings rank among the top 20 reactions.126 An early and elegant 

industrial example is the Boots-Hoechst-Celanese process for manufacturing ibuprofen 

(Advil) in two catalytic steps—hydrogenation and carbonylation—from p-

isobutylacetophenone (Scheme 1.5) with 100% atom economy.193 This streamlined 

process replaced a classical multistep route.  

 
Scheme 1.5: Boots-Hoechst-Celanese ibuprofen synthesis by palladium-catalyzed hydrogenation and 

carbonylation. 
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Other examples of palladium catalysis in pharmaceutical synthesis (see Figure 1.11) 

include Losartan,194 used to treat high blood pressure, and Imatinib,195 a leukemia 

treatment, both listed on the World Health Organisation List of Essential Medicines.196 

These reactions offer excellent yields, chemoselectivity, and compatibility with 

functionalized substrates.  Large-scale pharmaceutical manufacturing further underscore 

its industrial relevance, such as Pfizer's 40 kg-scale Heck reaction for a hepatitis C viral 

polymerase (HCVP) inhibitor,197 and Novartis's 50 kg-scale Suzuki-Miyaura coupling for 

Crizotinib,198 a potent anticancer agent. Similarly, the Suzuki-Miyaura coupling has been 

used in the synthesis of MK-0913, a potential treatment for rheumatoid arthritis, Crohn’s 

disease, and psoriasis.199  

 
Figure 1.11: Select examples of active pharmaceutical ingredients, with PdCC bond formation highlighted. 

 

Palladium-catalyzed cross-coupling reactions have also played a crucial role in the 

synthesis of polymers used in advanced materials. The Suzuki-Miyaura and Stille coupling 

reactions are commonly used to construct π-conjugated backbones for organic 

photovoltaics (OPVs), light-emitting diodes (OLEDs), and field-effect transistors 

(OFETs).200,201 In one example, poly(3-hexylthiophene) (P3HT), a benchmark material for 

organic solar cells, is polymerized by cross-coupling as in Scheme 1.6, allowing for well-
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defined molecular weights and controlled regioregularity.202,203 Similarly, donor–acceptor 

conjugated polymers, used for efficient charge transport in electronic applications, are 

often synthesized using cross-coupling reactions to incorporate electron-rich and electron-

deficient monomers with high functional group tolerance.204  

 
Scheme 1.6: Synthesis of poly(3-hexylthiophene) (P3HT) via Suzuki-Miyaura or Stille PdCC reaction. 

 

In agrochemistry, PdCC reactions have been pivotal in developing modern 

agrochemicals with improved efficacy and environmental safety. Reactions such as the 

Heck, Suzuki-Miyaura, and Stille couplings have been used to synthesize intermediates for 

fungicides, herbicides, and insecticides, such as prosulfuron, boscalid, fenpropimorph, and 

bixafen.205 The utility of palladium-catalyzed cross-coupling reactions lies not only in their 

ability to create bonds but also in their adaptability to diverse contexts. The availability of 

numerous coupling partners, including aromatic boronic acids, halides, and heteroatom-

based electrophiles, enhances their versatility. Despite their success, ongoing research 

continues to address challenges in scalability, cost efficiency, and environmental impact, 

ensuring that PdCC reactions remain a cornerstone in modern synthetic chemistry. 

 

1.2.4 Challenges of PdCC Reactions  

Despite the transformative impact of palladium-catalyzed cross-coupling on synthetic 

chemistry, numerous limitations and challenges persist. Addressing these issues 

highlighted below is critical for advancing sustainable and efficient chemical processes in 

research and industry.  
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1.2.4.1 Toxicity, Cost, and Sustainability of Palladium 

Palladium is an essential component of cross-coupling reactions, but its widespread use 

raises significant concerns. The environmental and human health risks associated with 

palladium stem from its toxicity and the challenges in removing residual metal from final 

products. Regulatory agencies, such as the European Medicines Agency, mandate stringent 

limits on metal impurities, typically below 10 ppm,206 which can be costly and difficult to 

achieve.207 Palladium mining and its widespread use as catalytic converters in cars also 

contributes to environmental contamination, with traces of the metal found in remote 

locations like Antarctica.208 

From an economic perspective, palladium is a scarce and expensive precious metal, 

and its fluctuating price poses a challenge for industrial-scale applications. While strategies 

to reduce catalyst loading and enhance recycling efficiency have been developed,209  these 

innovations are not yet universally applicable. Moreover, many state-of-the-art ligands that 

improve catalyst performance are costly, and industrial processes are often proprietary, 

introducing licensing costs and complicating the adoption of new methodologies. 

1.2.4.2 Limitations of Organometallic and Organohalide Reagents 

The reliance on organometallic nucleophiles which are often derived from organohalides, 

introduces additional challenges and undermines the sustainability of cross-coupling 

chemistry.210,211 While pseudohalides generally offer lower toxicity compared to halides, 

they are not always straightforward replacements and often lead to divergent reactivity.212 

Furthermore, the instability of many organometallic reagents necessitate in situ generation 

under stringent reaction conditions, complicating scalability and increasing costs.213,214  

As history has shown, efforts to move away from more toxic nucleophiles has driven 

progress towards less toxic alternatives like boronic acids and silanes. However, 

completely eliminating toxic coupling partners remains a distant goal. Recent 

advancements in cross-electrophile coupling reactions (Ullman-type) offer a promising 

alternative by coupling two electrophiles instead of an electrophile and organometallic 

nucleophile.207,215 These reactions potentially simplify reaction setups and reduce waste, 

with nickel emerging as a leading catalyst due to its unique redox properties.215,216 
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Nevertheless, challenges remain, as both electrophiles can compete for oxidative addition, 

leading to mixtures of cross-coupled and homo-coupled products.216 Further research is 

needed to address these issues and expand the applicability of this approach. 

1.2.4.3 Environmental Impact and Solvent Use 

The environmental impact of cross-coupling chemistry extends beyond the catalyst and 

substrates to include the solvents used, many of which pose significant health and 

environmental risks. Traditional solvents like chlorinated hydrocarbons and 

tetrahydrofuran (THF) are classified as problematic to highly hazardous in most solvent 

selection guides.217 Recent efforts to adopt greener alternatives, such as cyclopentyl methyl 

ether (CPME),218,219 p-cymene,220 isopropyl acetate,221 and organic carbonates,222–224 are 

promising but highlight the need for further research into water-based and biomass-

derived systems.225  

Organic solvents dominate pharmaceutical manufacturing, with one survey 

revealing that solvents account for 56% of materials used in active pharmaceutical 

ingredients (APIs) production, while water contributes a further 32%.226 The ideal case 

would be no solvent at all, but when required, water offers significant advantages: it is non-

toxic, non-flammable, abundant, and inexpensive. Hence, catalytic reactions in aqueous 

media, including aqueous biphasic system, have been extensively studied,225 with the latter 

enabling efficient catalyst recovery and recycling.207,227 Innovations in solvent systems hold 

great potential to improve the sustainability of cross-coupling reactions. 

1.2.4.4 Challenges in Scaling Up and Recovery 

Scaling up cross-coupling reactions from laboratory to industrial scales introduces 

additional hurdles. Homogeneous catalysts, while highly effective, are difficult to recycle, 

resulting in increased waste and costs. The majority of industrial-scale catalyst systems 

developed remain heterogeneous in nature.213 Heterogeneous catalysts offer practical 

advantages, including straightforward recovery via filtration or centrifugation and reuse 

after appropriate washing.207 Polymer-supported palladium catalysts, functionalized with 

phosphine groups, serve as a hybrid class that combines the activity and selectivity of 

homogeneous catalysts with the recovery ease of heterogeneous systems. These catalysts 
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have been applied successfully in various coupling reactions and are more commonly used 

due to their simpler recycling compared to ligand-modified palladium catalysts.228,229 

Continuous-flow methods provide additional advantages for scaling up. They enable 

precise control over reaction parameters, such as heat transfer, mass transfer, and 

residence time, while simplifying workup.230,231 These methods highlight the potential for 

scalable and efficient industrial applications of cross-coupling chemistry, especially in long-

term and sequential catalyst systems. 

1.2.4.5 Lack of Suitable Earth-Abundant Alternatives 

While efforts to replace palladium with earth-abundant metals such as iron, nickel, and 

copper have shown promise, these alternatives often fall short in terms of activity, 

selectivity, and substrate scope.208,232,233 For example, palladium catalysts generally exhibit 

superior performance in reactions involving less reactive (but often cheaper) substrates, 

such as aryl chlorides.234 Transitioning these alternative systems from academic research 

to industrial applications remains a challenge due to their incompatibility with established 

reaction conditions. Uncovering the mechanistic intricacies of these reactions is a key step 

in addressing these challenges. 

 

1.3 Objectives for Study and Dissertation Outline 

1.3.1 Motivations and Objectives 

Palladium-catalyzed cross-coupling reactions are a cornerstone of modern synthetic 

chemistry, celebrated for their efficiency and versatility. However, challenges remain as the 

demand for sustainable, economically viable, and scalable synthetic methods grows, further 

complicated by the increasing cost and environmental impact of palladium. This urgency is 

further heightened by current geopolitical instability in regions responsible for significant 

palladium mining. 

While great strides have been made in developing non-precious metal alternatives, 

palladium remains the most reliable and widely used metal for cross-coupling reactions, 

with most practical applications of PdCC relying on in situ activation of a precatalyst with 
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auxiliary ligands. Gaining mechanistic insights into these processes is crucial for identifying 

bottlenecks, improving catalytic efficiency, and developing innovative ligand and catalyst 

systems to address current limitations. 

Mass spectrometry has emerged as a powerful tool for probing catalytic 

mechanisms, offering insights into reaction dynamics. By integrating direct on-line 

sampling through PSI with the soft ionization capabilities of ESI and advanced ion 

characterization from tandem MS, this methodology enables the direct observation of 

reactive intermediates, resting states, and decomposition products. My objective is to 

leverage expertise in catalytic reaction monitoring developed in the McIndoe group to 

probe key mechanistic questions in PdCC reactions. The work will not only provide 

fundamental insights into palladium catalysis, but also explore the limitations of MS for 

analyzing complex chemical systems.  

This dissertation is guided by two main research questions: 

1) What are the limitations of ESI-MS in studying complex systems, and how can this 

methodology be optimized to better represent preserve weakly coordinating 

organometallic species? 

2) What are the key intermediates and pathways involved in the in situ activation of 

palladium precatalysts, and how do these processes influence the formation and 

decomposition of palladium species? 

 

1.3.2 Dissertation Outline 

The dissertation addresses these research questions through studies presented in Chapters 

2–5. It consists of self-contained chapters based on previously published work. As is 

common in collaborative research, contributions from coauthors and collaborators have 

been integral to the success of these projects. These contributions will be acknowledged 

and detailed at the beginning of each chapter.  

Chapter 1 provides background on palladium-catalyzed cross-coupling reactions, 

mass spectrometry, and their relevance to this work. This foundational chapter sets the 
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stage for the investigations and methodologies explored in subsequent chapters. Chapter 2 

examines the limitations of MS in characterizing high molecular weight polymers, some of 

which are synthesized via PdCC reactions. This chapter highlights the challenges and 

provides insights into improving its applicability for such materials. Chapter 3 evaluates 

ESI-MS performance across multiple instruments, focussing on preserving weak 

interactions in inorganic and organometallic complexes, and offering practical tests for 

instrument evaluation and optimization. 

Chapters 4 and 5 explore the mechanisms of catalyst activation in palladium-

catalyzed cross-coupling. In chapter 4, I investigate the activation of Pd2(dba)3, a classic 

Pd(0) source, and evaluate the mercury drop test, a widely used method for distinguishing 

the nature of active catalytic species. Chapter 5 examines the activation and oxidative 

addition processes of a new-generation palladium precatalyst, (DMPDAB)Pd(CH2SiMe3)2. 

This case study demonstrates the utility of PSI-ESI-MS for probing complex catalytic 

mechanisms and advancing the understanding of modern palladium precatalysts. Finally, 

Chapter 6 concludes with a summary of the key findings of this dissertation, and their 

implications for palladium catalysis and mass spectrometry. It also provides an outlook on 

potential directions for further research.   
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Chapter 2 – The Signal-to-Noise Issue in Mass Spectrometric 

Analysis of Polymers 

 

This chapter has been reproduced with minor changes from “Ian C. Chagunda, Gregory T. 

Russel, and J. Scott McIndoe, Polymer Chemistry, 2021, 12 (31), 4451–4461” and adapted 

with permission from Royal Society of Chemistry Publishing. This project was 

conceptualised by JSM. ICC’s contributions included literature reviews, investigations of 

sample preparation challenges associated with each ionization method, and modeling of 

isotopic contributions. GTR assisted with mathematical modeling. All three authors 

collaborated in writing and refining this manuscript. 

 

2.1 Abstract 

Mass spectrometric approaches to polymer analysis become increasingly ineffective as the 

average molecular weight of the polymer increases. The reasons are several-fold and apply 

to both electrospray ionization (ESI) and matrix assisted laser desorption/ionization 

(MALDI) analysis commonly used for characterizing polymers. First, the distribution of 

signal over an increasing number of different species leads to diminishing signal-to-noise 

(S/N), even for distributions of narrowest possible dispersity. Second, each unique species’ 

intensity is broadened over a wider range of m/z values as polyisotopic contributions 

become more significant. Third, the individual signal width becomes broader as m/z 

increases. Finally, solubility properties and solvent adducts can limit the analytical signal 

for polymer analysis. For MALDI analysis, an additional challenge arises. Effective sample 

preparation requires a specific weight percentage, which lowers the concentration of 

polymer in the matrix. Together, these factors create a S/N problem that fundamentally 

limits the ability of mass spectrometry to determine molecular weight distribution for high 
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mass polymers. This chapter will discuss these limitations in detail, exploring their 

implications for polymer characterization, and propose strategies to mitigate S/N issues. 

 

2.2 Introduction 

The stochastic nature of any polymerization process results in it producing molecules of 

differing mass and composition.1,2 Unlike with most biomolecules, there is a general lack of 

homogeneity in a synthetic homopolymers that gives rise to both broad molar-mass 

distributions (MMDs) and distribution of endgroups.3 This is further complicated in 

copolymer systems, which additionally show chemical composition distribution and 

functionality distribution.4 Characterization of MMD and composition is therefore often the 

first step in the analysis of polymeric materials. Historically, methods of characterization 

were based on indirect properties such as light scattering and intrinsic viscosity, which 

provide limited chemical information about the polymer and only an average molar mass. 

End-group titration analysis provides some compositional information, allowing the 

estimation of molar mass in low mass polymers, and giving clues about the mechanism 

adopted in synthesis.2,3 Nuclear magnetic resonance (NMR) spectroscopy is also frequently 

used to provide information on polymer structure including conformational analysis,5–8 

micellar structure9 and crystalline morphology,10,11 all of which can be correlated with 

mechanical behavior. Due to the nature of NMR, the information gained only yields an 

average of the polymer characteristics.8 

Among the many techniques used for polymer analysis, MS is one of the most 

recently developed but has rapidly become one of the most prominent.12 Using only minute 

amounts of sample, detailed information on polymer composition and structure can be 

gleaned from mass spectra of a wide variety of polymers.3 The advent of soft ionization 

techniques, in particular electrospray ionization (ESI) and matrix assisted laser 

desorption/ionization (MALDI), has driven much research into optimizing mass 

spectrometric techniques for polymer analysis.12,13 A comprehensive study by Ladavière 

and coworkers compared the ability of ESI and MALDI to ionize polystyrene carrying labile 

endgroups, showing that different doping salts result in significantly more intact endgroups 
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being detected when using ESI.14 Significant fragmentation was observed in both ionization 

techniques, with the cationization salt found to play a key role in the degree of 

fragmentation. Koster and coworkers carried out endgroup and mass determination of 

poly(oxyalkyne)s between 400–8000 Da with ESI performed on a Fourier-transform ion-

cyclotron resonance (FTICR) mass spectrometer, using the multi-charge states observed in 

ESI for increased accuracy.15 However, mass discrimination remains a key disadvantage 

with ESI for high mass polymer samples owing to the charge-state distribution complexity 

of ESI spectra.8,12–16 Solvent systems also have a significant effect on ESI polymer analysis, 

with solvent adducts shown to split the mass peaks and reduce the overall signal.17 

On the other hand, MALDI-MS of polymeric systems enables significantly better 

detection of intact mass fragments up to a molecular weight of 30 kDa, generated primarily 

as singly charged ions.14,16,18–21 However, regardless of whether MALDI or ESI is used, 

polymer chemists often encounter progressively poorer data quality as the average MW 

increases or the distribution broadens.16,22–26 While MALDI-MS is well-established for 

analyzing biomacromolecules which typically exhibit narrow MMDs,27–29  synthetic 

polymers pose greater challenges due to their much broader MMDs.18 Precision in 

quantitative analysis is not fully understood, due to a number of factors that typically affect 

high m/z regions.21,30,31 

This chapter provides an explanation for the phenomenon of poor MS data for high 

molecular weight polymers based on some simple physical limitations. Fundamentally, 

mass spectrometric techniques rapidly encounter a decreasing signal-to-noise (S/N) as the 

signal becomes distributed over more m/z values. The sources of this S/N problem are 

several-fold, and the various factors that conspire to prevent polymer chemists obtaining 

good results from mass spectrometric studies at high molecular weights are presented in 

the following sections. 

First, consider a real example of the S/N problem. The MALDI-TOF-MS spectra in  

Figure 2.1, reproduced from the work of van Herk and coworkers,32 illustrate styrene bulk 

polymerization with times of 0.02 s (top) to 1 s (bottom) between initiation-inducing laser 

pulses. This is a characteristic example of polymer analysis by MALDI, which serves as a 

reference for further discussion of the S/N problem. The same challenges are applicable 
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when using ESI. The resulting spectra in Figure 2.1 reach maxima at approximately 2400, 

4000, 15 000, and 70 000 Da. Note the stark diminution of spectral quality as m/z increases. 

 
Figure 2.1: MALDI-ToF-MS spectra from bulk styrene pulsed-laser polymerization. Reprinted with 

permission from ref. 32. Copyright 2003 American Chemical Society. 
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2.3 Discussion 

2.3.1 Isotope Pattern Contributions 

Isotope patterns are analytical fingerprints that aid in the characterization polymers. This 

process typically involves computing theoretical isotope patterns and matching them to the 

measured mass spectra. For low molecular mass oligomers (<5000 Da), isotopic resolution 

can typically be achieved with a mass accuracy <100 ppm.25 However, as the mass of a 

polymer increases, resolving the isotope peaks of an oligomer becomes difficult.15,25,33,34 

Consider the modeled isotope pattern of the styrene oligomer H(C2H3Ph)nH (with H 

assumed as the end groups for simplicity), where the n values were chosen to correspond 

closely to the positions of the peaks the experimental spectra shown in Figure 2.1.  

 
Figure 2.2: Isotope patterns for H(C2H3Ph)nH, where n = 23 (blue, A), 39 (green, B), 145 (orange, C) and 605 

(red, D), with isotopic envelope widths of m/z = 8 Da, 11 Da, 21 Da and 47 Da for n = 23, 39, 145 and 605  
respectively.  

 

For n =23 (m/z = 2397.4 Da for z = 1, Figure 2.2A) the pattern is considerably more 

complex than that observed for a low molecular weight ion, principally due to the 

contributions from 13C (1% natural abundance) and, to a lesser extent, from 2D (0.015% 
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natural abundance). The ion current from a single species is therefore distributed across 

approximately 7 peaks instead of mostly just one, greatly diminishing the S/N. For n =39 

(m/z = 4063.8 Da for z = 1, Figure 2.2B), the pattern gets broader yet, distributed across 

approximately 10 peaks with even more contributions from 13C and 2D. For n = 145 (m/z = 

15103.6 Da for z = 1, Figure 2.2C), the resolution is insufficient to provide an isotope pattern 

at all, although some shoulders resulting from the pattern may still be distinguished. For n 

= 605 (m/z = 63012.0 Da for z = 1, Figure 2.2D) there is no overt evidence of isotope pattern, 

as the curve is smooth and broad, with full-width of over 20 Da at half-maximum (for the 

full envelope). All isotope patterns were calculated using open-source tools from 

www.chemcalc.org.35 

All modelled spectra here are presented at a resolution of 10000, defined by the full 

width at half maximum (FWHM).36 This resolution was chosen to match that of the Voyager 

DE-STR MALDI-TOF-MS instrument used in the van Herk32 study. Such a resolution is 

typical of a research-grade MALDI-TOF instrument, though high-end modern instruments 

are capable of achieving higher resolution.12 For example, at an m/z value of 1000, an 

individual peak will have a width of m/z = 0.1 at half of its height. For higher molecular 

weights, the resolution results in isotopomers signals with increasingly broader widths and 

distinguished peaks, such the case in Figure 2.2C with peak width of 1.5 Da at half-height. 

These calculations, while illustrative, closely mirror the experimental data and 

demonstrate the challenges observed in Figure 2.1. 

The data representation in  Figure 2.2, plotted on increasing x-axis widths with plots 

normalized to a maximum of 100% for the most abundant peak in the spectrum, can be 

misleading. It suggests that resolution is the primary difference between the signals. To 

better highlight the impact of isotope patterns on the S/N,  the same data is plotted with all 

four plots overlapping and scaled to have the same total peak area. This approach, shown 

in Figure 2.3, provides a more accurate depiction of how signal intensity is distributed 

across the isotopic envelope.  

The combined plots of Figure 2.3 demonstrate that, as the molecular weight 

increases,  signal from higher molecular mass polymers gradually blends into the baseline 

due to the cumulative effects of the isotopic contributions alone. This is evident in the 

http://www.chemcalc.org./
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isotopic envelope widths, which increase progressively: m/z = 8 Da, 11 Da, 21 Da and 47 Da 

for n = 23, 39, 145 and 605 respectively. These widths were determined using the criterion 

of intensity being greater than 1% of the highest intensity peak of the envelope.37 Notably, 

even the largest simulated polymer, where n = 605, is relatively small compared to 

commercial polystyrene. This highlights the inherent limitations of MS for high polymers 

compared to its performance for low molecular weight oligomers. 

 
Figure 2.3: Isotope patterns for H(C2H3Ph)nH, where n = 23 (blue, m/z ≈ 2400 Da), 39 (green, m/z ≈ 4000), 
145 (orange, m/z ≈ 15000) and 605 (red, m/z ≈ 63000), recentered at the highest peak at an m/z value of 0. 

 

It is important to emphasize that this is for two distinct reasons, both of which 

become more pronounced as mass increases: (1) Assuming constant instrument resolution 

the FWHM becomes larger with increasing mass, causing individual peaks to broaden and 

eventually become indistinguishable, as shown in Figure 2.2 and Figure 2.3; (2) Figure 2.3 

also demonstrates that higher masses result in a greater number of peaks spread over a 

wider m/z range. This is due to the increasing number of possible isotopic contributions as 

the number of atoms in a molecule rises.  

Point (2) is relevant for all polymers, and the magnitude of the effect depends on the 

atoms present. Most carbon-based polymers are dominated by 13C contributions to isotopic 
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complexity, but other common elements also add to the broadness of these envelopes. For 

example, silicon has contributions from 29Si (4.7%) and 30Si (3.1%), nitrogen from 15N 

(0.4%), oxygen from 17O (0.04%) and 18O (0.20%), and chlorine from 37Cl (24%) along with 

the more abundant 35Cl (76%). The latter makes poly(vinyl chloride) (PVC) particularly 

interesting. For example, Figure 2.4 shows that the pattern for an oligomer of PVC with just 

23 repeat units is already significantly broader than the equivalent PS pattern (as in Figure 

2.2A and Figure 2.3) thanks to the isotopic richness of Cl. 

 
Figure 2.4: Isotope pattern for H(C2H3Cl)nH where n = 23, recentered at the highest peak at an m/z value of 

0 (actual m/z = 1439.5 Da) for consistency with Figure 2.3.  

 

Regarding the two effects giving rise to broad MS signals as mass increases, point 

(2) is part of the inherent nature of polymers and thus applies to all methods of analysis. 

For example, the spread of mass for a specific chain length is equally present in size 

exclusion chromatography (SEC).38 However, this technique never operates with resolution 

in hydrodynamic volume that translates into a mass resolution of 1 Da, so this broadening 

effect never comes into consideration. Therefore, this should not be considered a weakness 

of MS methods. Instead, the individual molecular identification that is possible at low mass 

should be regarded as a strength. On the other hand, factor (1) – increasing FWHM as mass 

increases – is an MS instrumental factor, as other methods have instrumental broadening 

as well. Most notably, SEC has column broadening, which operates on a log mass rather than 

linear mass scale. This means SEC broadens over an exponentially increasing range of m as 

m increases, making it a far stronger effect than in MS. 
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2.3.2 Oligomeric and Polymeric Distributions 

The identification of molecular properties is often the first step in the analysis of a polymer, 

with MS providing substantial information. This includes identification of monomer units 

and endgroups,39,40 tracking of catalyst activity in the polymerization process,41,42 and 

estimations of composition for complex copolymer systems.43–46 Crotty and coworkers 

have extensively reviewed the application of MS and MS/MS techniques for probing 

synthetic polymer architecture of simple linear homopolymers through to complex 

copolymer systems.47 The estimation of molar masses and MMDs is also of primary interest 

in polymer characterization.23  

Contrary to proteins, which exhibit uniform chain lengths, synthetic polymers 

exhibit significant dispersity with mass ranges over many thousands of Daltons.3 It is 

important to remember that dispersity reflects standard deviation relative to the mean. 

This means that broader distributions can have lower dispersity values because, although 

the standard deviation is larger, the mean is larger in proportion, resulting in a smaller 

ratio.48 As MALDI-MS was originally developed for proteins, its extension to synthetic 

polymers has not been as straightforward, owing to the aforementioned dispersity of 

synthetic polymers. 

Initial reports of molar mass and MMDs determined for low-mass synthetic 

polymers using MALDI-MS showed reasonable agreement with conventional methods such 

as viscometry, SEC and light scattering for samples with dispersity <1.2.1,23 For samples 

possessing broader dispersity, however, reported molar mass values showed significant 

underestimation.49 This issue, intrinsic to the polymerization process,3,48 becomes more 

pronounced with higher molar mass polymers. This is because higher molar mass polymers 

generally produce a weaker signal response, resulting in a lower S/N as the signal intensity 

is distributed over a larger number of species with different degrees of polymerization. This 

problem can be mitigated to some extent by separation of polymer samples using 

chromatography methods prior to mass analysis.16 However, such separations  are rarely 

performed, as they can be challenging and costly. 
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This inherent limitation of mass spectrometric analysis of synthetic polymers is 

illustrated by again examining polystyrene. Bulk polystyrene is typically synthesized in 

batch reactors through chain polymerization, resulting in dispersity of roughly 2.48 By 

assuming a dispersity far narrower than this, specifically the narrowest that can be 

achieved without further chromatographic separation, one can observe a Poisson 

distribution. A Poisson distribution describes the probability of a given number of events 

(such as chain growth steps) occurring within a fixed interval, assuming the events are 

independent and occur at a constant rate.50 This distribution can be obtained by high purity 

anionic polymerization3 and nearly achieved by various forms of reversible-deactivation 

radical polymerization.51–53 The Poisson distributions for polystyrene are presented in 

Figure 2.5, with average degree of polymerization 23, 39, 145 and 605, matching the n 

values in Figure 2.2 and Figure 2.3. These previous calculations were for truly uniform 

polymers, whereas the current calculation in Figure 2.5 reflects a distribution of n.  

 
Figure 2.5: Poisson distributions for polystyrene with average degree of polymerization 23 (blue, A), 39 
(green, B), 145 (orange, C) and 605 (red, D). These distributions have dispersity of 1.04, 1.03, 1.007 and 

1.002 respectively, and peak widths of m/z = 2913.8, 3746.3, 7492.5, and 15401.3 Da, respectively. 
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When plotted with different x and y axes as  in Figure 2.5, these distributions can 

appear deceptive. Resetting them such that they are all overlaid and have the same total 

area provides a more accurate depiction, as shown in Figure 2.6. This presentation reveals 

a more complex picture of the relationship between polymer mass distributions and their 

representation in mass spectra. 

 
Figure 2.6: Poisson distributions from Figure 2.5, with disparities of 1.04, 1.03, 1.007 and 1.002 for n = 23, 
39, 145, and 605 respectively, overlaid and with the same total intensity (summed heights), and recentered 

at the highest peak at an m/z value of 0. 

 

Estimating how much the signal intensity at a given m/z value will be compromised 

involves considering a combination of isotopic broadening (Section 2.3.1) and oligomeric 

distributions (Section 2.3.2). The (average) n = 605 example in Figure 2.6 has a maximum  

intensity 1/4 that of the (average) n = 23 distribution due to a wider oligomeric 

distribution. Meanwhile, Figure 2.3 shows a 1/20 maximum intensity ratio for the same n 

due to isotopic broadening. This means that the maximum signal for a polystyrene ion at 

m/z = 60 000 Da is about 1/80 of that of a polystyrene on at 2500 Da. The falloff in intensity 

at any given m/z value due to these two effects alone can be quite dramatic and will be even 

more pronounced where polymerization gives rise to constant dispersity, as seen in Figure 

2.5.  
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The preceding sections addressed general considerations for MS, while the next 

sections will focus on challenges and considerations specific to different ionization 

techniques. 

 

2.3.3 Ionization Method-Speci�ic Considerations: MALDI 

MALDI mass spectrometers make use of intense pulses of laser light that induce 

vaporization of a co-crystallized mixture of a matrix, typically an organic acid with a UV 

chromophore, and analyte molecules.54 Ionization occurs in the resulting energetic plume, 

with singly-charged ions being the survivors of a complex and rapid process. Several factors 

affect the spectral intensity of a polymer, many of which are related to its molecular weigh. 

These factors are responsible for the molecular weight distributions for high molecular 

weight polymer samples, especially those with high dispersity, in contrast to results from 

other quantitative methods.55–59 Some of these factors are described below. 

2.3.3.1 Molar Considerations 

At a given power, the laser removes approximately the same amount of material in a single 

pulse due to the matrix being in great excess and responsible for the energy absorption.12 

If the matrix-to-analyte (M/A) weight ratio remains constant, the concentration of 

individual polymer molecules in the plume is inversely proportional to their molecular 

weight. As such, for the same amount of matrix and analyte material ablated, fewer high 

molecular weight polymer ions will be present in the ionized plume. This is simply a 

concentration effect, separate from any effect of molecular weight on ionization efficiency. 

Attempting to remedy this issue by boosting the polymer concentration when preparing 

the sample is not necessarily productive, as explained below. 

2.3.3.2 Matrix-to-Analyte (M/A) Weight Ratio  

M/A ratios are typically in the range 102:1 to 106:1.54,60 This ratio tends to increase with 

polymer size, requiring more matrix to act as a dispersant, desorber, and ionization agent 

for each analyte molecule.61 Increasing M/A ratios also act to minimize multimer 

formation.30 Investigations into the effect of M/A ratio in MALDI analysis have shown 

diminishing returns for higher M/A for larger polymers.30,62 As M/A increases beyond an 
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experimentally determined optimal zone for each polymer sample, less analyte signal is 

observed due to less analyte being available for ionization. Conversely, low M/A ratios, 

resulting in higher concentrations of analyte in the matrix, show decreasing ion intensity at 

lower masses, with significantly broader distributions shifted towards higher m/z.63 This 

leads to an overestimation of number-average MW for a non-uniform polymer sample, 

where the higher mass components reach co-crystallization point before lower mass 

components.30 

2.3.3.3 Sample Preparation  

High mass oligomers in high concentration solutions have an increased tendency for 

polymer precipitation to occur prior to matrix co-crystallization.25,64 Matrices usually 

tolerate only a certain percentage of analyte before co-crystallization fails, leading to 

altered polymer distribution in the ionized plume.25 Most preparative protocols call for a 

particular weight of sample for optimal performance,60 with the most common sample 

preparation method being the “dried droplet” (DD) method.12,25,65 The DD method remains 

the most widely used MALDI sample preparation method due to its relatively simple 

preparation steps that are applicable to many different sample types. It involves depositing 

droplets of dissolved matrix and analyte onto a target plate, with co-crystallization 

occurring as the solvent evaporates.23 However, uneven droplet distribution causes 

irregular crystallization and heterogeneous distribution, leading to mass distributions in 

the ionized plume that may not accurately represent the distribution in the analyte, 

complicating quantitative analysis.65,66  

Other sample preparation methods have attempted to improve on this limitation, 

including the forced dried droplet method,65 solvent-free methods,67–69 freeze vacuum-

drying method,70 and electrowetting-assisted drying.71 Although these methods show 

improved crystal homogeneity, they often require more preparation time and additional 

instruments in order to generate homogeneous microcrystal distribution.12 Additionally, 

developments in automated chemistry have led to improvements in consistency and 

reductions in the time required for sample preparation.38,72 
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2.3.3.4 Laser Energy 

Studies have shown that higher molecular masses of the same type of polymer require 

higher laser energies for efficient ionization.73,74 However, increasing the laser energy 

beyond an optimal level does not increase ionization efficiency for high molecular mass 

components. Instead, excess laser energy leads to mass discrimination, where peak areas 

for higher molecular mases no longer increase.74 The additional energy also causes 

fragmentation, resulting in a shift to lower m/z values and broader MMDs. Furthermore, 

the intensity of doubly charged peaks increases, adding complexity to the spectral 

analysis.49,74 

2.3.3.5 Matrix Noise 

MALDI noise primarily arises from matrix clusters, and their abundance decreases with 

increasing molecular weight.75 For example, in Figure 2.1, the baseline becomes 

progressively lower as molecular weight increases. Other sources of chemical noise, such 

as impurities, fragments, and aggregates, will similarly diminish with greater molecular 

weight. As such, the S/N should see some mitigation from the reduction in noise at high 

molecular weight. 

 

2.3.4 Ionization Method-Speci�ic Considerations: ESI 

2.3.4.1 Multiple Charge States 

ESI-MS is sometimes used to characterize lower molecular weight oligomers,40,76 but is 

usually more complicated than MALDI-MS because the signal is additionally distributed 

across multiple charge states or ionizing additives.54 For example, as shown in Figure 2.7, 

an oligomeric phosphaalkene provides four series of ions in two different charge states. 

Each series arises from the oligomers associating with either [Ag2]2+, [Ag3]3+, [Ag3Cl]2+, or 

[Ag4Cl]3+.77  

Higher molecular weight polymers further complicate ESI-MS analysis because their 

increased size provides more binding sites for cations, leading to higher charge states.78,79 

For example, Craido-Hidalgo and coworkers demonstrated that the high charge states 

observed in the ESI of polyethylene glycol (PEG) arise from the stretched gas-phase chain, 
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which more readily bind solution-phase cations.80 To address this, they used strategies such 

as switching to a negative mode ESI-MS, which weakens cation binding, and carefully 

selecting combinations of solvent and solution ions that bind weakly to the polymer. These 

approached successfully modulated and reduced multiple ionizations. Their study also 

revealed a charge control mechanism, where the charge retained by a polymer globule is 

determined by ion evaporation from its dry surface.80 Furthermore, they were able to 

distinguish between different polymer conformations, such as globular or linear, by 

incorporating ion mobility separation (IMS), resulting in narrower MMDs for each charge 

state. Similarly, Ozeki and coworkers used ESI-IMS-MS/MS to separate multiply charged, 

large intact polymers (>40 kDa) by using collision-induced charge stripping resulting in 

simplified spectra.81 

 
Figure 2.7: ESI(+)-MS spectrum of oligomerized phosphaalkene, recorded in acetonitrile with the addition 

of AgNO3. Reprinted with permission from ref. 77. Copyright 2016 Canadian Science Publishing. 

 

2.3.4.2 Polymer Chain Entanglement 

The inherent entanglement of chains in high mass polymers presents a challenge to 

obtaining high-quality ESI mass spectra. Chain entanglement inhibits the droplet fission 

process as the solvent evaporates and oligomers acquire charge.54 An investigation of 
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droplets in the ESI process revealed bimodal particle size distribution, with a significant 

large-particle component reflecting an inhibition of droplet fission.82  

Entanglement also reduces sensitivity for samples at higher concentration, which 

may also be attributed to competition for available charge.83 Interestingly, these decreased 

sensitivity issues are also observed at relatively low sample concentrations, as oligomer 

entanglement occurs early in the evaporation process. This limits the droplet fission 

process necessary to generate single-chain particles.84 Detection of such entangled clusters 

is therefore limited by the m/z range of the spectrometer.  

2.3.4.3 Solubility Issues in ESI-MS 

A major challenge in ESI-MS analysis of polymers is the requirement for the polymer to 

dissolve well in a solvent that is compatible with the technique. ESI-MS relies on the 

formation of charged droplets in solution, making solubility a critical factor for successful 

ionization. However, polymers often have limited solubility in common ESI-MS solvents, 

such as methanol, acetonitrile, or water, particularly when the polymer is highly 

hydrophobic.85 To address this, co-solvent mixtures, like THF, N,N-dimethylformamide 

(DMF) and dimethyl sulfoxide (DMSO), must be carefully chosen to both dissolve the 

polymer and maintain compatibility with the ESI process; this can significantly complicate 

sample preparation.86 Nonpolar solvents that dissolve hydrophobic polymers may require 

the addition of volatile salts and weak acids or their conjugate bases, such as ammonium 

acetate (NH4OAc), formic acid (FA), trifluoroacetic acid (TFA), or sodium trifluoroacetate 

(NaTFA), to promote ionization.87–89 However, additive concentrations must be kept low 

(<10 mM) to prevent competitive ionization leading to signal suppression of 

multicomponent mixtures.85 These added complexities can hinder the reproducibility and 

accessibility of ESI-MS for certain polymer systems. 

2.3.4.4 Mass Discrimination at the Detector 

Whether using ESI or MALDI, differences in detector response may be observed for 

oligomers of different mass, resulting in biasing of the MMDs. Microchannel plates (MCPs) 

can give lower responses for high-mass ions due to poor ion-to-electron conversion for 

heavy, low-velocity ions.90 However, correcting for this effect is possible.91 Ion-conversion 



 
73 

dynode detectors exhibit less mass bias, with lower mass ions exhibiting slightly lower 

responses.92 

These additional complications contribute to the lower mass range of ESI-MS for 

polymers (currently <30 kDa) compared to MALDI-MS (<70 kDa). MALDI-MS has the added 

advantage of preferentially producing singly-charged ions,13,16,18,25 which simplifies 

spectral analysis. Other ionization techniques are limited in their ability to transition high 

molecular weight materials into the gas phase, making ESI and MALDI the most commonly 

methods for polymer MS analysis.12 

 

2.4 Conclusions  

Every analytical method has strengths and weaknesses. In the case of mass spectrometric 

analysis of polymers, two strengths were immediately evident: (1) high-resolution 

separation of non-uniform samples so that individual species could be ‘visualized’ 

according to their precise molecular weights; and (2) the lack of need for calibration via 

narrow-dispersity polymer samples of known molecular weight. However, this chapter has 

explained why accurate determination of MMDs for high molecular weight polymer 

samples is not currently possible due to various weaknesses of MS methods, most notably 

S/N issues. 

Understanding the source of the S/N problem helps propose solutions, some 

practical, some not. For example, synthesizing a 13C-depleted polymer to reduce isotopic 

contributions and enhance data clarity would likely be prohibitively expensive in most 

cases. A more feasible approach is to conduct longer experiments, as extended acquisition 

times can improve S/N. Improved results can also be achieved by analyzing a polymer with 

low dispersity, where mass-selective separation such as SEC has been performed prior to 

analysis, as this reduces the distribution of ion current across multiple species. Optimizing 

matrix and solvent compositions, as well as tuning MALDI laser energy, can further enhance 

ionization and desorption efficiency, potentially improving data quality.  
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On a positive note, mass spectrometric innovation continues to be exceptionally 

vibrant. Instrumentation is in a process of continuous development, and better 

spectrometers (increased sensitivity, higher resolution, lower noise) and experimental 

methodologies (sample preparation, matrices, ionization methods, MS/MS methods) will 

continuously extend the limits of what is possible.  
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Chapter 3 – Comparative Assessment of ESI-MS Softness 

for Inorganic Complexes: How Soft is Your ESI-MS?  

 

This chapter has been reproduced with minor changes  from “Ian C. Chagunda, Peter J. H. 

Williams, Tiago Fisher, Naomi L. Stock, Daniel G. Beach, Gilian T. Thomas, Jane Zhu, and J. 

Scott McIndoe, European Journal of Inorganic Chemistry, 2024, 27, e202400077” and 

adapted with permission from Wiley-VCH GmbH. The project was conceptualized by ICC 

and JSM. The methodology was developed collaboratively by ICC, TF, and JSM. 

Investigations were carried out by ICC, PJHW, TF, NLS, DGB, GTT, and JZ, with ICC analyzing 

and interpreting the data. The original draft of this manuscript was written by ICC, with 

additional review and editing contributions from PJHW, NLS, DGB, and JSM. 

 

3.1 Abstract 

Electrospray ionization mass spectrometry (ESI-MS) is a powerful tool for identifying and 

characterizing organometallic and coordination compounds. However, detection of fragile 

structures bound by weaker intermolecular forces can be significantly limited in ESI-MS 

owing to the use of relatively harsh instrument conditions and configurations. In this study, 

a set of tests was developed to assess the softness of ESI-MS systems. Two variants are 

presented: positive ion mode, utilizing a mixture of sodium ions and triphenylphosphine 

oxide producing [Na(OPPh3)n]+ ions (n = 1–4), and negative ion mode utilizing Pd(PPh3)4 

and sulfonated triphenylphosphine producing [Pd(L)(PPh3)n]– ions (n = 0–2), where softer 

instrument conditions preserve a higher proportion of the high-coordinate ions and 

harsher conditions will result in increased detection of products of ion fragmentation. The 

results revealed notable variations in instrument softness, which were influenced by a 

combination of instrument design and experimental parameters. Meticulously optimizing 

experimental conditions and ESI-MS parameters is essential to achieving the softest 
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ionization possible, ensuring reliable analysis where applicable. This chapter offers 

valuable insight through straightforward tests that can be employed to assess the 

suitability of an instrument for specific research needs. 

 

3.2 Introduction 

In the field of organometallic chemistry, ESI-MS has emerged as a useful tool to identify and 

characterize new compounds, study reaction mechanisms and dynamics, and establish 

speciation in complex mixtures.1–8 As a soft ionization technique, ESI is noted for producing 

ions with minimal fragmentation, making it highly suitable for thermally fragile species that 

are not amenable to other ionization techniques, such as electron ionization.9 Despite the 

soft character of the ESI process, it is not immune to ion fragmentation and aggregation, 

which can complicate spectral interpretation and peak recognition, thus compromising 

analysis.10 

The behavior and extent of fragmentation of ions is closely tied to the internal energy 

acquired during the ionization process, which encompasses the total energy above the ions’ 

electronic, vibrational, and rotational ground states. The dissociation rate is influenced by 

both the internal energy as well as the timescale of the experiment, equal to the ion flight 

time between the source and the mass analyzer.11,12 It is important to differentiate between 

the internal energy and the kinetic energy in ions, as conversion of kinetic energy to internal 

energy plays a significant role in influencing ion behavior and fragmentation outcomes. 

This conversion can be modelled by two energy transfer mechanisms: (1) the formation of 

long-lived complexes between the ion and background gas, leading to energy redistribution 

into internal energy and relative translation energy upon dissociation; and (2) the 

impulsive collision mechanisms where vibrational energy is transferred from the recoil 

energy of inelastic collision.11 

Additionally, as ions or charged droplets are subjected to rapid decrease in pressure 

during their transition from the atmospheric pressure source into the high vacuum region 

of the mass analyzer (10–3 to 10–10 Torr, depending on the type of analyzer), they can 
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experience acceleration.13 The axial velocity component is amplified as a result of 

supersonic expansion as ions and charged droplets pass through successive differential 

pumping stages separated by small orifices.14 This acceleration and subsequent increased 

occurrence of collisions leads to an increase in the energy per particle, enhancing the 

likelihood of ion fragmentation.11,15 Furthermore, acceleration by strong electric field 

gradients in the intermediate pressure regions intensifies the frequency of energetic 

collisions with residual background gases, thus  promoting ion activation and 

fragmentation.15–17 

Together, these aspects highlight the dynamic and multifaceted nature of in-source 

fragmentation and collision-induced dissociation (CID) in ESI-MS, where factors such as 

collision dynamics, energy transfer mechanisms, and the nature of interactions between 

ions and their surroundings all play a pivotal role in ion dissociation. Design of the 

ionization source, MS interface and ion optics, the composition of the solvent used, and the 

instrument settings can all contribute to an ESI instrument’s ionization efficiency and 

softness.18–21 As a result, spectra from different instruments might vary significantly, 

making it challenging to compare and to reproduce ESI-MS spectra. 

Several studies on instrument parameter optimization have been published. One 

such study investigated the careful optimization of various parameters to enhance 

sampling efficiency, suggesting the use of fixed optimal values for key source parameters to 

simplify ESI-MS.22 Another investigation focused on the internal energy distribution of 

benzylammonium ions produced through secondary electrospray ionization (SESI), 

revealing the relatively harsh instrument settings commonly used for SESI, and highlighting 

the need for precise instrument tuning necessary to take advantage of its softness.23 The 

introduction of a new class of thermometer ions, benzhydrylpyridinium, has also offered a 

potential avenue for determining the internal energies of ions generated in ESI, with 

potential implications for optimization of instrument parameters for ESI-MS.24 

Research in the McIndoe group focuses on investigating catalytic reactions with ESI-

MS, particularly those characterized by weak interactions between organometallic metal 

complexes and substrates.25–27 However, it is common to face challenges in obtaining 

consistent results due to substantial differences between ESI-MS instruments. Recognizing 
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the impact of these disparities is crucial and selecting the appropriate MS instrument and 

source is vital for accurate detection of the species of interest. Therefore, addressing these 

challenges becomes paramount in improving the reproducibility and comparability of our 

results. 

To address this, a comparative assessment of ESI-MS instruments was conducted to 

evaluate their relative softness using a simple but sensitive experiment in both positive and 

negative ion mode. In this context, a source’s “softness” is a qualitive measure of the 

minimum internal energy imparted to ions during ionization and subsequent transfer into 

the gas phase, while avoiding additional internal energy post-ionization that could promote 

fragmentation.11 While the minimal energy required for ionization is largely determined by 

the ionization method and instrument design, additional energy transfer can be minimized 

by carefully adjusting experimental conditions and instrument parameters. 

This chapter presents results from testing different ESI-MS instruments from 

various manufacturers, which revealed substantial differences in instrument softness. The 

aim of this work is to provide simple tests that allow researchers to qualitatively probe the 

energetic conditions of their instrument, with particular relevance for organometallic or 

inorganic chemists. These tests, unlike those developed using thermometer ions,23,24,28 do 

not seek to provide a quantitative characterization of internal energies. Instead, they serve 

as a straightforward method for assessing instrument softness and offer practical tools for 

evaluating the suitability of instruments in detecting thermally fragile organometallic and 

coordination species. 

 

3.3 Results and Discussion 

3.3.1 Initial Assessment of Instrument Softness for Systems 1 and 2 

The positive ion mode test used triphenylphosphine oxide (OPPh3) and sodium chloride, 

both cheap and readily available starting materials. Phosphine oxide is notable due to the 

considerable basicity of the oxygen atom, and its propensity to aggregate with charged 

species in solution.29,30 Charged species can be formed through Brönsted–Lowry acid–base 
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reactions, resulting in protonated molecules ([M + H]+), or through the Lewis acid–base 

mechanism, which forms coordination complexes involving cations with neutral molecules 

(e.g., [M + Na]+). Both the protonated and sodiated species are anticipated to be present in 

appreciable concentrations within the bulk solution,31 despite binding constants in ESI-MS 

being reported to be on average two orders of magnitude larger than those detected in 

solution.32 When OPPh3 is sodiated, the resulting spectra appear uncomplicated, with 

[Na(OPPh3)n]+ and a maximum of four coordinated ligands.33 The n = 4 species emerges as 

the most diagnostic peak, appearing prominently in some instruments while being entirely 

absent in others.  

Two mass spectrometers were used in the initial stages of method development: the 

Waters Tandem Quadrupole Detector (TQD) spectrometer (System 1) and the Waters 

Synapt G2-Si QuanTof ESI-ion mobility spectrometry (IMS) mass spectrometer (System 2). 

The instrument source parameters were not initially optimized, with settings based on 

values recommended by the manufacturer. Parameters were then optimized to minimize 

ion fragmentation using OptiMS,34 (parameter details provided in Section 3.5). Both 

instruments are equipped with an atmospheric-pressure ionization (API) source, where 

differential pumping transfers ions from ambient pressure into the high vacuum of a mass 

analyzer.13 

In System 1, samples are introduced into the ionization source, pass through the 

sample cone into the vacuum system, and proceed to the first quadrupole for mass filtering 

based on the m/z ratio. The ion beam proceeds to the T-Wave collision cell for CID or 

additional m/z filtering in the second quadrupole.35 In contrast, System 2 directs samples 

through a sampling orifice in the ionization source, then via StepWave transfer optics with 

a narrow bore ion guide to eliminate neutral species. The ion beam is filtered by 

quadrupole, passes through the TriWave region with T-Wave ion guides for ion trapping, 

accumulation, release, and transfer to the time-of-flight (TOF) analyzer.36  

Figure 3.1 shows mass spectra collected from the two initial ESI-MS test instruments 

in positive ion mode, using their non-optimized instrument parameters. The strongest 

relative signal intensity for the n = 4 ion peak was observed in System 1 (Figure 3.1A). The 

intensities of the observed peaks varied as anticipated, depending on the metal-ligand mole 
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ratio used in sample preparation. The best signal intensity for the tetrakis cation 

[Na(OPPh3)4]+ is obtained with a 1:4 mole ratio of sodium ions to triphenylphosphine oxide.  

 
Figure 3.1: Left: ESI(+)-MS spectra for Systems 1 (A) and 2 (B) collected at 120 °C and 80 °C source 
temperatures, respectively. Samples consist of 0.05 mM and 0.2 mM NaCl and OPPh3, respectively, 

producing [Na(OPPh3)n]+ ions, where n = 1–4. Right: ESI(–)-MS spectra for Systems 1 (C) and 2 (D), collected 
at 100 °C source temperatures. Samples consist of 0.5 mM Pd(PPh3)4 and [PPN]+[P(Ph)2(m-C6H4SO3)]– or 

[PPN][1], producing [Pd(1)(PPh3)n]– ions, where n = 0–2.  

 

The tetrakis cation [Na(OPPh3)4]+ was detected with minimal signal intensity in 

System 2 (Figure 3.1B). Its absolute intensity was 1.2 × 106 counts per second (cps.), which 

was three orders of magnitude less than the intensity of the n = 3 species, which was 2.2 × 

109 cps. This low n = 4 signal intensity did not register significantly above the background 

noise level of 2.4 × 105 cps., even when excess OPPh3 was added to the sample. This 

observation may not be attributed solely to in-source fragmentation, but rather to be a 

known effect of the instrument design. As a hybrid ESI-IMS-MS instrument, ions must pass 

through the IMS drift tube, regardless of whether IMS experiments are being undertaken, 

extending the experiment’s timescale. This extended duration of transients may promote 
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an increase in the frequency of energetic ion collisions with background drift gas molecules, 

resulting in greater ion internal energy and promoting fragmentation.37 Furthermore, 

recent investigations into structural rearrangements in trapped ion mobility spectrometry 

(TIMS) revealed that the effective vibrational temperature of ions inside the TIMS tunnel 

exceeds 500 K.38 This suggests that a similar phenomenon is likely at play in System 2, 

where the upstream effective vibrational temperature of ions likely exceeds the source 

temperature. 

In negative ion mode, a parallel test was developed using a charge-tagged 

triphenylphosphine derivative [(Ph3P)2N]+[PPh2(m-C6H4SO3)]–, hereafter referred to as 

[PPN][1], and tetrakis(triphenylphosphine)palladium(0), Pd(PPh3)4. This combination 

generated a series of [Pd(1)(PPh3)n]– ions, where n = 0-2. Since Pd(PPh3)4 primarily exists 

in solution as the tris-ligated Pd(PPh3)3 species formed following ligand dissociation,39 the 

introduction of a charge-tagged analogue of PPh3 facilitates the formation of anionic species 

through ligand exchange, making the complex detectable in negative mode ESI-MS. In this 

context, detection of the n = 2 tris-ligated ion implies preservation of weaker metal-ligand 

interactions in a “softer” source.  

Similar trends to those observed in positive ion mode were also evident in the 

negative ion mode. System 1 produced the best results, prominently featuring the 

diagnostic n = 2 ion peak (Figure 3.1C). In contrast, System 2 produced distinct spectra 

characterized by a higher relative abundance of the n = 1 species with less than 5% relative 

abundance of the n = 2 ion peak (Figure 3.1D). The increased prevalence of the 

monophosphine ion, [Pd(1)]–, for System 2 can be attributed to ion fragmentation, as high 

concentrations of this species are not accessible in solution.40 These findings track closely 

with the observations from the positive mode test, where extensive fragmentation of the 

most fragile species occurred, likely due to additional energy imparted within the drift tube. 

The obtained data highlighted the spectral variability initially observed for both systems. 

 



 
88 

3.3.2 Enhancing Softness Through Automated Optimization of Instrument 

Parameters 

To address the variability observed between the two test instruments, the potential for 

enhancing softness through instrument parameter optimization was explored. Achieving 

ideal spectral data often required substantial parameter optimization, as suboptimal 

settings during characterization can compromise the quality of results.22 The difficulty of 

optimizing instrument parameters for unknown samples is recognized in real-world 

applications since the precise characteristics of a new sample are often unpredictable. 

However, the tests outlined in this chapter can facilitate the initial optimization of 

parameters for new sample analyses. By prioritizing softer ionization conditions that 

increase the relative abundance of highly coordinated ions, a favorable starting point for 

tuning instrument parameters can be established. This proactive approach encourages 

moving away from default instrument settings, which may be too harsh for fragile species, 

towards conditions that maximize the detection of thermally fragile compounds. 

Identifying optimal parameters can be time consuming and complex, made more 

difficult by the fact that optimizing one parameter may deoptimize another.41 To address 

this, a semi-systematic optimization of the instrument parameters was conducted using 

OptiMS.34 This Bayesian optimization method used a multivariate approach to first 

randomly sample across the search space defined by the chosen parameters, followed by 

subsequent optimization for highest signal intensity. Here, parameters were optimized for 

“softness” as defined by converging on a set of parameters that maximized the signal 

intensity of the [Na(OPPh3)4]+ (m/z 1135) or [Pd(1)(PPh3)2]– (m/z 971) corresponding 

peaks.  

The open-source OptiMS software not only streamlined the process but also allowed 

for automated systematic exploration of various parameter settings. This enabled efficient 

identification of optimal conditions for System 1, which involved reducing capillary and 

cone voltages to 1.5 kV and 10 V, respectively in positive mode, from their default settings 

of 4 kV and 30 V. Optimizing instrument conditions led to notable improvements in 

softness, exemplified by the enhanced relative intensity achieved across all ions, including 
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the diagnostic n = 4 species, as well as an absolute signal intensity increase of the highest 

abundance n = 3 peak from 3.5 × 106 cps. (Figure 3.1) to 5.4 × 107 cps. (Figure 3.2). This 

highlights a crucial observation that default instrument parameters, tailored for ionization 

of large stable biomolecules, are often too harsh for preserving fragile assemblies such as 

coordination complexes. 

 

Figure 3.2: ESI(+)-MS spectra of [Na(OPPh3)n]+ ions , where n = 1–4,  for Systems 1 and 2, both collected at 

80 °C source temperatures after automated optimization of instrument parameters using OptiMS.  

 

As anticipated, higher cone voltages promote fragmentation, the degree of which 

depends on the voltage and the sample composition, whereas the use of lower cone voltages 

can result in the observation of intact molecular ions.33 There is a trade-off between 

reducing the voltages to minimize fragmentation and maintaining a good signal intensity 

with higher applied potentials. Thus, optimal conditions are expected to be different for 

each instrument. When weighing the trade-off, lower capillary voltages were additionally 

beneficial to avoid phenomena such as corona discharge, which can result in an unstable or 

lost MS signal. 

This automated optimization approach not only improved signal stability and 

signal-to-noise (S/N) ratio, but also offered the potential to fine-tune these settings for 

different instruments, ensuring optimal performance in each unique scenario. For System 

2, the optimized parameters, determined using OptiMS, enhanced the signal intensity of the 

n = 4 corresponding peak to 3.2 × 107 cps. above a baseline noise level of 5.1 × 104 cps. as 

shown in Figure 3.2. This compared to the initial non-optimized settings shown in Figure 
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3.1 corresponds to an increase in the S/N ratio of two orders of magnitude. However, 

despite rigorous optimization attempts for System 2, no combination of parameter settings 

resulted in significantly large improvements in the absolute signal intensity of the tetrakis 

cation that matched the intensities of the n = 1–3 peaks, even with excess OPPh3 present in 

solution. 

 

3.3.3 Impact of Source Temperature on Ion Fragmentation Pro�iles  

The positive-mode test was used to investigate how the source temperature affected 

fragmentation in Systems 1 and 2 (Figure 3.3). The instrument source temperature was 

ramped from 50-150 °C in 5 °C increments, covering a range that spanned the solvent 

boiling point (65 °C in this case). All other instrument settings used in these tests were kept 

at the optimized parameters determined from the OptiMS optimization experiments. For 

System 1, raising the source temperature above 85 °C led to a reduction in the relative 

intensity of the n = 4 ion peak, mirrored by a concurrent increase in relative intensity of the 

fragmentation product n = 3 ion. This temperature-induced effect for System 1 is consistent 

with a known phenomenon in mass spectrometry, where excessive source temperatures 

promote fragmentation and denaturation.42,43 

 
Figure 3.3: Normalized intensities of [Na(OPPh3)n]+ ions, where n = 1–4, monitored during source 

temperature ramp (50-150 °C, 5 °C increments) obtained on Systems 1 and 2. 

 

Applying the temperature ramp to System 2, it became evident that detection of the 

n = 4 ion was virtually non-existent, even at low source temperatures. The very low 
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abundance of high-coordinate ions further suggests that softness limitations in System 2 

are due to other aspects of instrument design, rather than in-source thermal ion 

fragmentation. As noted previously, fragmentation is hypothesized to likely results from 

ions in the post-source region having a higher effective vibrational temperature.38 

Additional contributing factors may include the timescale of the experiment, trapping 

conditions, and auxiliary field parameters, all of which can lead to higher internal ion 

energy and increased ion fragmentation of high-coordinate ions.29 

Furthermore, the discrepancy in relative ion intensities for System 2 observed at 

variable temperatures (Figure 3.3) compared to at 80 °C source temperature (Figure 3.1B) 

may stem from experimental or instrumental variations. Despite efforts to maintain 

consistency, changes in instrument performance over time and data collection at different 

times could contribute to these differences. Additionally, slight variations in sample 

preparation, including Na+ and OPPh3 concentrations may lead to differences in the relative 

ion intensities observed. Investigations of different molar ratios of Na+ to OPPh3 for these 

experiments revealed variations in the relative amounts of the produced ions in the mass 

spectra (Figure 3.4). As anticipated, a 1:4 NaCl:OPPh3 molar ratio consistently yielded the 

highest relative intensity of the n = 4 peak, aligning with expectations.  

These results highlight the pivotal role of instrument design, specifications, and 

source parameter configurations in defining instrument softness. This temperature-

dependent distribution of various species also underscores the challenges associated with 

sensitively detecting species with different thermal stabilities simultaneously. The often-

slow response time of instruments to temperature changes practically impedes the 

seamless oscillation between analyte-specific temperatures within a single experiment, 

often necessitating compromises. To overcome this limitation, exploring alternative 

instrument configurations or adopting experimental strategies that enable more dynamic 

temperature control in response to the specific thermal stabilities of targeted ions may be 

essential. 
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Figure 3.4: Effects of NaCl and OPPh3 stoichiometry on positive-ion ESI mass spectra of [Na(OPPh3)n]+ ions 

collected on System 1. Pane numbers represent the molar ratio of NaCl to OPPh3. 

 

3.3.4 Comparative Analysis of ESI-MS Softness Across Multiple Systems 

Given the variability in results obtained from the two test instruments, the dataset was 

broadened through collaboration, incorporating ESI-MS instruments from different 

manufacturers. Six additional instruments (Systems 3–8) were used: two Sciex (Concorde, 

ON, Canada) QTRAP 5500 LC-MS/MS spectrometers equipped with a Sciex TurboSpray ion 

source (Systems 3 and 4); an Exactive Plus (ThermoFisher Scientific, MA) Orbitrap ESI-MS 

spectrometer (System 5) and a Q Exactive (ThermoFisher Scientific, MA) HF Hybrid 

Quadrupole-Orbitrap spectrometer (System 6), both equipped with an Ion Max API source 

with a HESI-II heated probe; a Bruker (Billerica, MA, USA) SolariX XR FT-ICR spectrometer 

with 7T magnet equipped with a dual ESI/MALDI source (System 7); and an Agilent 

(Mississauga, Canada) 6545 LC/Q-Tof spectrometer with a Dual-AJS ion source (System 8). 

The ESI source conditions for these systems were selected through user-driven parameter 

optimization, aiming to maximize the signal intensity of higher n species (details of 
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experimental parameter configurations are available in Appendix A, Tables A1–6). This 

broader dataset revealed significant variations in instrument softness across the different 

systems. 

Figure 3.5 shows the mass spectra from the six additional ESI-MS instruments, 

operating in positive ion mode, offering additional insights. Notably, these investigations 

revealed variability in signal intensity, particularly for the diagnostic n = 4 ion peak. 

Consistent observation of the highest relative signal intensity for the n = 4 ion peak was 

found in both Systems 3 and 4. A comparative analysis of the two systems, both of which 

were Sciex QTRAP 5500 LC-MS/MS spectrometers, revealed congruent results, indicating 

reproducibility across different laboratories using identical instruments.  Additionally, the 

effects of applying a declustering potential were observed. System 3, where a declustering 

potential was applied, did not show the protonated n = 1 and n = 2 peaks, which were 

observed as a doublet in System 4, where no declustering potential was applied. 

System 5 and System 6 exhibited relatively modest signal intensities for the n = 4 

cation. Previous studies on optimizing source parameter for the HESI-II heated 

electrospray ionization interface used in these two systems have pinpointed the tube lens 

voltage and skimmer voltage as having the most pronounced impact on in-source 

fragmentation of the analyzed lipids.10 Excessive heating and voltages applied can induce 

thermal effects, influencing the desolvation and activation of ions, leading to variations in 

both the types and extent of fragmentation observed in the mass spectra.44 These 

fragmentation discrepancies may also be related to orbitrap instruments applying strong 

fields to concentrate or trap ions in the C-trap prior to detection, potentially causing ion 

fragmentation within the mass analyzer.45,46 

In contrast, System 7 detected only trace amounts of the [Na(OPPh3)4]+ cation, with 

minimal signal above the baseline. This FT-ICR MS operates on the principles of ion 

cyclotron resonance in a magnetic field, offering exceptional mass resolution, resolving 

power, and mass accuracy by trapping and analyzing ions.47 However, the confinement of 

ions in the trap can result in the accumulation of internal energy through mechanisms such 

as ion-neutral collisions, RF excitation inducing oscillatory motion in ions causing energy 

deposition, and resonant excitation of ions at their cyclotron frequencies.48  
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Similar ion-trapping effects were observed in System 3, involving linear ion traps, 

where the n = 3 signal intensity was significantly reduced (Figure 3.6). In this system, in 

addition to the pressure gradient that likely promotes energetic collisional activation, the 

coupling of radial and axial ion motion near the trap exit can result in ions receiving a 

proportionately higher kinetic energy boost, potentially leading to instability and 

fragmentation from collisions.49 While the exact reason for the higher energy levels in the 

trapping modes of the QTRAP is not definitively established, this characteristic is specific 

to that particular instrument rather than a general feature of ion trap mass analyzers, which 

are not inherently less soft. 

 
Figure 3.5: ESI(+)-MS spectra of [Na(OPPh3)n]+ ions, where n = 1–4 collected on Systems 3–8, under varying 

manually optimized instrument parameters. 
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The impact of ion trapping on ion fragmentation is shown in Figure 3.6. In this 

experiment, ion trapping, which imparts an additional minimum trapping energy of 5 V, 

resulted in a reduction in the relative signal intensity of the n = 3 peak, accompanied by an 

increase in the relative intensity of the n = 2 peak (Figure 3.6A). The upper mass range limit 

(m/z 1000) hindered the detection of n = 4 ions. This observed shift in peak intensities is 

attributed to the additional ion fragmentation induced by the heightened internal energy 

caused by the ion trapping process, where additional energy is imparted to focus/trap ions 

in Q3. This shift is not attributed to in-source conditions, which were the same as in normal 

full scan mode (Figure 3.6B). 

 
Figure 3.6: Full scan ESI(+)-MS spectra of [Na(OPPh3)n]+ ions on System 3, obtained using A) Q3 as an ion 

trap and B) Q3 as a quadrupole filter. 

 

For System 8, no substantial amounts of the four-coordinate cation were detected. 

In this system, excess energy is likely imparted on ions through the use of the Agilent Jet 

Stream (AJS) thermal gradient focusing technology, involving a superheated nitrogen 

sheath gas introduced collinear with the pneumatically assisted electrospray.50  

In the negative ion mode, some analogous patterns were noted compared to the 

positive ion mode, albeit with a more limited set of instruments as shown in Figure 3.7. It 

is noteworthy that the relative abundance of the n = 2 species displayed variations among 

the instruments, further shedding light on the divergent softness of the tested systems. 

Additionally, sample preparation also played a significant role in these tests.  
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For System 5, where a Schlenk line was used in sample preparation, a high relative 

intensity of the n = 2 species was observed, however, significant chemical background was 

observed in this case. Systems 4 and 7, lacking access to a Schlenk line or glovebox, utilized 

degassed solvent and a quick "dump and mix" to minimize oxidation. Despite these efforts, 

some oxidation was observed as evidenced by the detection of dioxygenated palladium 

species [Pd(O2)(1)(PPh3)]− (m/z 741), along with minimal detection of the n = 2 species. In 

the case of System 6, the absence of an inert glovebox or Schlenk line likely led to increased 

oxidation. Moreover, other adducts and decomposition products were also identified in this 

system. These observations highlight the necessity of considering the availability of inert 

atmospheres during experimental design, and the impact of sample handling conditions on 

the detection outcomes and interpretation. 

 
Figure 3.7: ESI(+)-MS spectra of [Pd(1)(PPh3)n]– ions, where n = 0–2, collected on Systems 4–7, under 

varying manually optimized instrument parameters. 
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3.3.5 Evaluating Sample Handling Techniques in Negative Ion Mode 

When performing the negative ion mode test, a notable additional feature is the 

experiment's capability to detect O2 exclusion. Maintaining moisture- and air-free 

conditions significantly impacts the reactivity and reproducibility of organometallic 

reactions.51 In this context, this test provides additional utility by offering insight into the 

effectiveness of air-sensitive sample handling techniques. Previous studies have 

demonstrated the rapid catalytic oxidation of triphenylphosphine via Pd(PPh3)4 in the 

presence of O2 in solution.52 As such, this experiment can also function as a test for O2 

concentration, where detection of the phosphine oxide ion [1+O]– (m/z 357) reveals the 

degree of O2 contamination. 

A comparison of poor and good sample handling techniques is shown in Figure 3.8. 

Figure 3.8A depicts the results of sample preparation in which solvent was collected 

directly from the solvent bottle without the use of any degassing procedures. This resulted 

in a phosphine-to-phosphine oxide signal intensity ratio of 1:0.26, as well as the detection 

of the dioxygenated palladium species [Pd(O2)(1)(PPh3)n]– (m/z 741) in appreciable 

amounts. When oxygen is excluded by a freeze-pump-thaw cycle and suitable Schlenk line 

techniques, the intensity ratio of PPh3 to OPPh3 is reduced to 1:0.02, along with the minimal 

dioxygenated palladium species (Figure 3.8B). As such, the intensity of OPPh3 indicates the 

presence of O2 in an inert atmosphere, though such conditions are common in many 

catalytic reactions. 

 
Figure 3.8: ESI(–)-MS spectra obtained for System 1 showing relative amounts of phosphine [1]– (m/z 

341.04) and phosphine oxide [1+O]– (m/z 357.04) resulting from; A) poor O2-free handling techniques, and 
B) O2 exclusion by solvent degassing. Insets show low abundant species [Pd(1)(PPh3)]– (m/z 709.04) and 

[Pd(O2)(1)(PPh3)]– (m/z 741.03) amplified ×20.  
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3.4 Conclusions  

This chapter demonstrates the importance of assessing the softness of ESI-MS systems used 

for detecting easily fragmented species, such as coordination complexes and 

organometallic compounds. Using a set of tests designed for a quick, relative assessment of 

instrument softness revealed significant variations in instrument softness, even among 

instruments from the same manufacturer. These findings highlight the importance of 

selecting appropriate instrumentation and carefully controlling instrument energetics, 

such as trapping conditions and auxiliary field parameters where possible, to minimize 

excess ion energy and fragmentation.  

Notably, the results also reveal that even after optimization, some systems exhibit 

varying levels of suitability for detecting fragile species, highlighting the importance of 

understanding instrument capabilities in the context of specific analytes and application. 

Additionally, the negative ion mode test proved effective as a probe for evaluating sample 

handling quality, such as the exclusion of O₂, further extending the utility of these 

assessments. 

While this study provides a relative comparative assessment of ESI-MS softness, it 

does not cover all available instruments comprehensively. Nevertheless, these results can 

serve as a valuable guide for researchers to make informed decisions about instrument 

suitability for specific research needs. Conducting similar tests to optimize instrument 

conditions for a given sample composition is strongly recommended as a pathway to 

achieving reliable and reproducible results in ESI-MS analyses. 

 

3.5 Materials and Methods  

Triphenylphosphine oxide, 98%, tetrakis(triphenylphosphine)palladium(0), 99%, NaCl, 

99%, and bis(triphenylphosphine)iminium chloride, 98%, were purchased from Sigma-

Aldrich and used as received. Bis(triphenylphosphine)iminium triphenylphosphine 

monosulfonate [PPN]+[P(Ph)2(m-C6H4SO3)]–, or [PPN][1], was synthesized as reported 

previously and consistent characterization data obtained.53,54 Methanol (HPLC grade) and 
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tetrahydrofuran (HPLC grade) were purchased from Fisher Scientific and degassed using 

the freeze-pump-thaw method and kept under inert atmosphere before use. N2 (HP300 4.8) 

was purchased from Airgas (Calgary, Canada) and used without further purification. All 

chemicals were shared with collaborators at the University of British Columbia, Trent 

University – Water Quality Centre, Biotoxin Metrology – National Research Council Canada, 

and the University of Ottawa, and used without further processing. Experiments were done 

under ambient conditions for [Na(OPPh3)n]+ tests, or under inert (N2) atmosphere using 

standard glovebox and Schlenk line techniques for [Pd(PPh3)n(1)]– tests, where available. 

Table 3.1 and Table 3.2  show the operating parameters for ESI-MS Systems 1 and 2. 

The non-optimized parameters refer to the “default” conditions used for spectra shown in 

Figure 3.1. Then, using OptiMS,34 parameters were optimised for “softness” until a set of 

parameters that maximized the signal intensity of the [Na(OPPh3)4]+ (m/z 1135.33 ) and 

[Pd(1)(PPh3)2]– (m/z 971.13) corresponding peaks was reached as in Figure 3.2. For 

Systems 3-8, ESI source parameters were chosen through manual user-driven optimization 

in each lab aimed at maximizing the signal intensity of higher n species, as summarized in 

Appendix A, Tables A1-6. 

Table 3.1: Waters TQD parameters for instrument softness optimization. 

Parameter 
Non-optimized OptiMS optimized 

Positive Mode Negative Mode Positive Mode Negative Mode 

Flow rate  20 µL min-1 20 µL min-1 20 µL min-1 20 µL min-1 

Capillary voltage 4.0 kV 3.0 kV 2.0 kV 3.0 kV 

Cone voltage 30 V 15 V 12 V 12 V 

Extractor voltage 3.0 V 3.0 V 2.0 V 3.0 V 

RF Lens voltage 0.5 V 0.3 V 0.3 V 0.3 V 

Source temperature 120 °C 100 °C 80 °C 80 °C 

Desolvation temperature 250 °C 180 °C 180 °C 180 °C 

Cone gas flow 50 L hr-1 100 L hr-1 100 L hr-1 100 L hr-1 

Desolvation gas flow 300 L hr-1 200 L hr-1 200 L hr-1 200 L hr-1 

FWHM   485 550 
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Table 3.2: Waters Synapt G2-Si instrument parameters for softness optimization. 

Parameter 
Non-optimized OptiMS optimized 

Positive Mode Negative Mode Positive Mode Negative Mode 

Flow rate 20 µL min-1 20 µL min-1 20 µL min-1 20 µL min-1 

Capillary voltage 3.0 kV 2.5 kV 1.5 kV 2.0 kV 

Cone voltage 40 V 40 V 0 V 0 V 

Extractor voltage 80 V 80 V 5 V 5 V 

RF Lens voltage 80 °C 100 °C 80 °C 80 °C 

Source temperature 200 °C 200 °C 200 °C 180 °C 

Desolvation temperature 50 L hr-1 50 L hr-1 50 L hr-1 100 L hr-1 

Cone gas flow 600 L hr-1 600 L hr-1 200 L hr-1 200 L hr-1 

Desolvation gas flow 1.0 V 1.0 V 1.0 V 1.0 V 

FWHM   17160 15750 

 

3.5.1 Procedures for ESI-MS Tests  

Specifics for ESI(+)-MS mode: In a typical experiment, aliquots of a NaCl solution (1.0 mM 

in H2O, 0.1 mL, 0.1 μmol) and a triphenylphosphine oxide (OPPh3) solution (1.0 mM in 

MeOH, 0.4 mL, 0.1 μmol) were mixed, and the sample made up to 2 mL with methanol 

(MeOH) to form a 1:4 equivalent sample (0.05 mM NaCl and 0.20 mM OPPh3). Infusion of 

the sample into a mass spectrometer yielded a spectrum of [Na(OPPh3)n]+, where n = 1–4, 

with expected peaks at m/z 301.0753, 579.1613, 875.2474, and 1135.3334 for n = 1–4, 

respectively. 

 

Specifics for ESI(–)-MS mode: An equimolar solution of 0.5 mM Pd(PPh3)4 and 0.5 mM 

bis(triphenylphosphine)iminium triphenylphosphine monosulfonate [PPN]+[P(Ph)2(m-

C6H4SO3)]–,or [PPN][1], was prepared in 9:1 MeOH/tetrahydrofuran (THF). The solution 

was prepared using standard Schlenk line techniques,55 and kept under inert atmosphere 

where available. A 1 mL sample of the solution was collected, with infusion into a mass 

spectrometer yielding a spectrum of [Pd(1)(PPh3)n]–, where n = 0–2, with expected peaks 

at m/z 446.9442, 709.0353, and 971.1264 for n = 0–2, respectively.  
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Chapter 4 – Poisonous Truth about the Mercury Drop Test: 

The Effect of Elemental Mercury on Pd(0) and Pd(II)ArX 

Intermediates 

 

This chapter has been reproduced with minor changes from “Ian C. Chagunda, Tiago Fisher, 

Makenna Schierling, and J. Scott McIndoe, Organometallics, 2023, 42 (19), 2938–2945” and 

adapted with permission from American Chemical Society Publications. The project was 

conceptualized by ICC and JSM. The methodology was developed by ICC and TF, and all 

investigations carried out by ICC, TF, and MS. Data interpretation and authorship of the 

original manuscript was by ICC, with additional review and editing from TF and JSM. 

 

4.1 Abstract 

The mercury drop test is a widely used method often regarded as decisive for 

discriminating 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 

chapter, real-time mass spectrometry was used to investigate the effect of elemental 

mercury on LnPd(0) and LnPd(II)ArX intermediates common in palladium-catalyzed cross-

coupling reactions. The findings demonstrate that mercury can interact with both species 

through redox-transmetallation and amalgamation processes, leading to inhibition of 

catalytic activity which would often be misinterpreted as evidence for heterogeneous 

catalysis. These results further call into question the widely held assumption that mercury 

reacts selectively with heterogeneous catalytic species. Consequently, this chapter will 

emphasize the need for careful evaluation of results from the test and advocate for the 

incorporation of alternative kinetic analysis to better understand catalyst behaviour.  
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4.2 Introduction 

Palladium-catalyzed cross-coupling (PdCC) reactions have 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,1,2,3 

pharmaceuticals,4,5 and organic materials.6,7 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.8–11 Homogeneous catalysts are 

defined as having 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.12–

14 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.15–17 

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.18,19 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.20–22  

The mercury drop test is the most widely used poisoning test for heterogeneous 

catalysis.19,23 Because of historical precedence and literature descriptions, this test is often 

regarded as a decisive test for distinguishing between homogeneous and heterogeneous 

catalysis in organometallic systems. It is based on the simple assumption that elemental 

mercury, Hg(0), will amalgamate with metal nanoparticles, M(0), considerably reducing or 

eliminating their catalytic activity (Scheme 4.1A).22,24 The absence of inhibition is often 

used as evidence for catalysis by homogenous species, due to the common misconception 
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that homogeneous metal species bearing protective ligands, LnM(X), will be left unaffected 

by Hg(0).19,22 However, this absence of inhibition is only interpretable as strong evidence 

against M(0) nanoparticle catalysis known to be inhibited by mercury amalgamation (true 

for the platinum group metals).22 Catalyst inhibition can be caused by multiple factors, and 

is therefore not easily interpretable. This inhibition could result from interactions with 

molecular M(0) species, or from the amalgamation of soluble M(0) nanoparticles that are 

often present in equilibrium with the active molecular species.25 Despite this, there is a 

prevalent misconception in the literature about the mercury drop test that both outcomes 

summarized in Scheme 4.1A are equally interpretable. 

 
Scheme 4.1: A) General misconception about the interpretable outcomes of the mercury drop test for 

organometallic catalysis. B) Generic palladium-catalyzed cross-coupling catalytic cycle, highlighting Pd(0) 
and Pd(II) species formed following catalyst activation and oxidative addition, respectively. 

 

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. 

Warnings about the these drawbacks date back to the 1980s, pointing to the possibility of 

interactions between mercury and some organometallic compounds.26 More recent 
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research has provided evidence of interactions between mercury and palladium 

(pre)catalysts in catalyzed reactions. For example, the reactivity of mercury with palladium 

in N-heterocyclic carbene (NHC), and in C,N- and C,P-palladacycle ligand systems, has raised 

concerns about the accuracy of the test.27–29  

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,30,31 

Gorunova and coworkers suggested that this could rather indicate reactivity with the 

homogeneous precatalyst.28 Work by Chernychev and coworkers recently provided 

evidence for such interactions by demonstrating the reaction of Hg(0) with the precatalyst 

tris(dibenzylideneacetone)dipalladium(0), Pd2(dba)3, to form free dba and other 

organomercuric species, leading to the near-complete disappearance of dissolved 

palladium within 30 minutes.32 Well-defined Pd(II) complexes involving other 

monophosphines and NHCs were also demonstrated to be poisoned by Hg(0). In addition, 

reaction conditions such as stoichiometry, stir rate, and temperature were shown to 

significantly impact the test's sensitivity, further casting doubt on the validity of some 

results. Given these limitations, the effectiveness of the mercury drop test, and the 

interpretation of the results attained remains contentious. 

This chapter describes the use of PSI-ESI-MS to monitor the effects of the mercury 

drop test on a model palladium-catalyzed cross-coupling reaction, providing important 

insights into reaction intermediates. Specifically, the work focusses on interrogating how 

mercury interacts with the first two intermediates in the reaction cycle: the Pd(0) species 

formed following catalyst activation of the precatalyst with a ligand, and the Pd(II) species 

formed after oxidative addition of ArX (Scheme 4.1B). Intermediates further along in the 

cycle are more challenging to examine unambiguously, as the addition of the nucleophilic 

cross-coupling partner allows the cycle to turn over, resulting in a system complicated by 

the simultaneous presence of multiple intermediates.  Nevertheless, real-time monitoring 

of these reactions enabled the identification of significant catalytic and mercuric species, 

shedding light on their reactivity.  
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4.3 Results and Discussion 

4.3.1 Effects of Mercury on Catalyst Activation: Pd(0) Species  

The investigations began with monitoring the in situ activation of Pd precatalyst, and the 

effects of mercury thereupon. Addition of Pd2(dba)3 to the solution of a charge-tagged 

triphenylphosphine derivative [(Ph3P)2N]+[PPh2(m-C6H4SO3)]–, hereafter [PPN][1], at 5 

minutes resulted in catalyst activation, with rapid formation of ligated Pd(0) species 

[Pd(1)n(dba)m]n−, where n = 1–2 and m = 0–1 (Figure 4.1), as previously reported.34 

Reaction species were identified by their m/z ratios, MS/MS fragmentation products, and 

matching measured to calculated isotopic distribution patterns (see Appendix B, Table AB.1 

for detailed MS/MS characterization). These activated catalyst resting states remained 

stable in solution for >25 minutes. [Pd(1)n(dba)m]n− formation occurred faster than the 

solution transferred from the reaction flask to the spectrometer (approximately 25 s 

delay),33 implying t1/2 <10 s.  

Upon adding mercury into the reaction (Figure 4.1, 10 min), the relative abundance 

of the catalyst resting state [Pd(1)n(dba)m]n− decreased. No species with characteristic 

mercury isotope patterns were detected, suggesting that Pd(0) nanoparticles and/or 

HgxPdy amalgamation as the likely destination of the Pd. The favourable thermodynamics 

of amalgamation with Pd(0) species further supports this observation (PdHg4 ΔG298 = –84.0 

kJ mol–1).35 However, addition of Hg(0) 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]–, presumably due to phosphine oxidation, 

which can lead to catalyst deactivation and termination of the reaction.36 Previous work in 

the McIndoe group has demonstrated the effects of dioxygen in solution resulting in 

palladium-catalyzed triphenylphosphine oxidation.37 It is likely that introduction of 

uncontrolled amounts of air from the syringe at the addition of Hg(0) accelerated 

phosphine oxidation in [Pd(1)n(dba)m]n–, leading to observed decrease in [1]– intensity. The 

summed intensities of the two species remained unchanged after Hg(0) addition (Figure 

4.2), indicating an increase and decrease in the relative abundances of [1+O]– and [1]– 

respectively. 
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Figure 4.1: PSI-ESI(–)-MS reaction monitoring showing the effects of mercury addition on catalyst 

activation. A decrease in relative abundance of catalyst resting state [Pd(1)n(dba)m]n− (dark blue) and [1]– 
(green) is observed upon mercury addition (10 min). Control experiment with no mercury added shown in 

light blue. Inset: Solution colour change observed upon mercury addition. 

 

Repeating the previous control experiment (Figure 4.1), but with air injected into 

the reaction flask headspace at 20 minutes instead of mercury yielded only a minimal 

increase in phosphine oxide formation (and no colour change). This suggested that the 

extensive catalyst decomposition was predominantly due to the interaction of Hg(0) with 

Pd(0) intermediates. Despite their reputation and widespread use, these results show that 

triphenylphosphine and similar monodentate phosphine ligands are ineffective at 

protecting homogeneous Pd(0) intermediates in mercury drop testing under these 

conditions.24 The minimal protective properties of monodentate phosphines are likely due 

to their easy dissociation from the metal complex. 
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Figure 4.2: PSI-ESI(–)-MS reaction monitoring as in Figure 4.1, showing phosphine ligand 1 and phosphine 

oxide [1+O]– upon Hg addition at 10 minutes, with the summed phosphine intensities remaining unchanged. 
Insets show the predicted isotope patterns (bars) overlaid on the experimental mass spectra (lines). 

 

4.3.2 Effects of Mercury on Oxidative Addition: Pd(II) Species  

After observing decomposition of Pd(0) catalyst activation intermediates, the reactivity of  

Hg(0) with the monodentate phosphine ligated Pd(II) species formed following the 

oxidative addition step was investigated. After catalyst activation had reached a steady 

state, an excess of PhI was added, causing [Pd(1)n(dba)m]n– to be consumed and primarily 

replaced by the Pd(II) species [Pd(1)(Ph)(I)]– (Figure 4.3, 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.38 For the first 10 minutes until 

equilibrium was reached, the disappearance of [Pd(1)n(dba)m]n– exhibited first order 

kinetics, with t1/2 = 3.3 min (Figure 4.3, inset). Additionally, I– was detected, 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,39 making the 

halide dissociation product Pd(1)(Ph) zwitterionic. The anionic bisligated [Pd(1)2(Ph)]– 

was also detected in much lower abundance, following a similar temporal profile, indicating 

its involvement in halide dissociation equilibria. 
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Figure 4.3: PSI-ESI(–)-MS reaction monitoring of the oxidative addition of PhI to [Pd(1)n(dba)m]n– , where n 

= 1–2, m = 0–1 over 30 min. Inset: natural log of intensity of [Pd(1)n(dba)m]n– over time showing pseudo-
first-order kinetics up to 3 half-lives. 

 

Mercury was added to the reaction after the intensity of the oxidative addition 

product stabilized (Figure 4.4, 20 min), resulting in significant changes in the reaction 

profiles of multiple species. Firstly, consumption of the catalyst resting state 

[Pd(1)n(dba)m]n− was accelerated (as in Figure 4.1). There was no recovery in the 

abundance of [Pd(1)n(dba)m]n–, suggesting that the principal destination of the palladium 

is to Pd(0) nanoparticles and amalgamation. Additionally, we observed that an increase in 

[1]– intensity mirrored the disappearance of [Pd(1)Ph(I)]–,  suggesting that phosphine is 

decoordinated from the Pd(II) intermediate during reaction with Hg(0). We also observed 

an increase in [Pd(1)2Ph]– intensity, which accounts for approx. 60% of the intensity of Ph-

containing ions present after Hg(0) addition. Furthermore, trace quantities of the 

organomercuric species [Hg(I)2Ph]– (Figure 4.4, inset), as well as [Pd(1)Ph2(dba)]– were 

detected, accounting for some of the “missing” Ph-containing ions. However, the mass 

balance obtained by ESI-MS is not reliable due to differences in surface activities of the 
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various ions in solution,40 and these activities are not measurable due to the impracticalities 

of isolating the individual components. 

 
Figure 4.4: PSI-ESI(–)-MS reaction monitoring  of the effects of Hg on the oxidative addition of PhI to 

[Pd(1)n(dba)m]n–, where n = 1–2, m = 0–1. Inset amplifies low abundance species. 

 

Studies have shown that both dissolved Hg(0) species and liquid mercury readily 

oxidize in aqueous media in the presence of halides.41–43 We observed evidence of this 

oxidation occurring in methanol with the detection of [HgI3]– 10 minutes after adding 

mercury. A proposed mechanism (Scheme 4.2) involves the Pd(II) intermediate adsorbing 

onto Hg(0), followed by reduction of Pd(II) via electron transfer from Hg(0), and I– transfer 

to form [HgI]+ and [Pd(1)(Ph)]2–. The resulting Pd(0) species likely form HgxPdy amalgams. 

The increase in abundance of [Pd(1)2(Ph)]– is likely due to I– abstraction from 

[Pd(1)(Ph)(I)]– by [HgI]+, and subsequent free phosphine 1 coordination. These findings 

suggest that Hg(0) oxidation in the presence of halides is a complex process with multiple 

steps. 
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Scheme 4.2: Proposed pathways for the mercury redox decomposition of Pd(II) oxidative addition 

intermediate forming mercuric iodide, [Pd(1)2Ph]– and HgxPdy amalgam. 

 

A gradual increase in abundance of I– occurred before reaching a steady state after 

approx. 10 minutes (Figure 4.4). Tandem MS experiments on [HgI3]– revealed that I– 

dissociation occurred at collision energy (CE) <2 V; ligand dissociation more typically 

occurs at >10 V under these conditions. This dissociation may occur in the spectrometer 

under standard source conditions. According to the literature, [HgI3]– and [HgI4]2– have 

similar stability constants.44 However,  [HgI4]2– was not observed, likely due to the limited 

stability of polyanionic gas phase species, which, when not stabilized by solvation, are 

prone to X– loss or evaporation of an electron.45 Plateauing I– dissociation indicates 

equilibria being reached between [HgI]+, HgI2, [HgI3]–, and [HgI4]2–. In addition, we 

observed formation of [Hg(I)2Ph]– and trace amounts of [Pd(1)(Ph)2(dba)]–, suggesting 

transmetallation occurred between Hg(0) and Pd(II). Given these findings, the next step 

was to investigate transmetallation with Hg(II) species generated via in situ oxidation of 

Hg(0). 

 

4.3.3 Investigations of Pd/Hg Redox-Transmetallation 

When Pd(PPh3)4 is added to a solution of the aryl iodide [PPN]+[p-IC6H4CH2SO3]–, hereafter  

[PPN][2],46 the expected Pd(II) oxidative addition products [(PPh3)mPd(I)(C6H4CH2SO3)]– 

(m = 1–2) quickly formed. After the signal stabilized, mercury was added, which resulted in 

the formation of the organomercuric species [Hg(I)(C6H4CH2SO3)]– via transmetallation 

(Figure 4.5). [Hg(I)2X]– (X = I or Cl) was also detected approx. 5 minutes after mercury 

addition, an induction period presumably due to the requirement for preceding formation 

of [HgI]+ and HgI2. 
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Figure 4.5: PSI-ESI(–)-MS reaction monitoring of the effects of Hg on the Pd(0) 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). 

 

The transmetallation between organopalladium intermediates and Hg(0) likely 

occurs via an inner-sphere mechanism mediated by activated iodide or aryl ligands forming 

bridged intermediates (Scheme 4.3A).47 Following this, a ligand transfer to mercury occurs, 

with ligand coordination being thermodynamically favourable for less electronegative 

mercury. This may occur as a concerted process involving both bridged ligands (Scheme 

4.3A) or via a more complex stepwise mechanism. Alternatively, Pd-Hg-X intermediates 

may form via an initial insertion of Hg(0) into a weakened Pd–X bond,48–50 followed by an 

aryl ligand cis-migration to mercury (Scheme 4.3B). 
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Scheme 4.3: 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. 

 

Control experiments showed that in the absence of palladium, [Hg(I)(C6H4CH2SO3)]– 

was not formed, indicating it as a redox-transmetallation product, rather than resulting 

from a C–I bond insertion. Subsequent addition of equimolar amounts of PhI and the 

charge-tagged analogue 2 yielded no peaks corresponding to neither the transmetallation 

intermediate [(PPh3)Pd(Ph)(C6H4CH2SO3)]– nor the expected reductive elimination product 

[Ph(C6H4CH2SO3)]–. This could be due to the presence of the anionic sulfonate group 

disfavoring coordination to palladium, due to electrostatic repulsion. Additionally, the 

bulky counterion [PPN]+, may hinder entry of organomercurials into the coordination 

sphere of palladium. 

Collision-induced dissociation (CID) was used to fragment the transmetallation 

species [(PPh3)Pd(I)(C6H4CH2SO3)]– and [Hg(I)(C6H4CH2SO3)]–, with CEs optimized to 

reduce the precursor ions’ abundance to 10% of their initial intensity (Figure 4.6). At a CE 

of 8 V for the Pd(II) ion, we detected an initial neutral loss of m/z 262.1 (PPh3). PPh3 readily 

dissociates from palladium as an L-type ligand through simple ligand dissociation, hence 

the lower voltage. This low energy PPh3 dissociation was also observed for the bisligated 

[(PPh3)2Pd(I)(C6H4CH2SO3)]– ion at CE 1 V. In contrast, X-type ligands require more energy 

for homolytic dissociation due to the necessity of radical formation.51 We also observed a 

product ion at m/z 296.9 assigned to the reductive elimination of the charge-tagged aryl 

halide [IC6H4CH2SO3]– (Figure 4.6A).  
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The Hg(II) transmetallation intermediate showed different unimolecular 

decomposition pathways, with the charge-tagged aryl fragment [C6H4CH2SO3]– having the 

greatest relative abundance (Figure 4.6B). This product ion, as well as I–, results from 

homolytic cleavage of the X-type ligands. This CID reaction pathway was not observed for 

the Pd(II) precursor ion, which has a square planar geometry, making reductive elimination 

a more favorable pathway. In contrast, the linear geometry of the Hg(II) species, disfavors 

reductive elimination, and hence the homolytic cleavage product ions are more abundant.  

 
Figure 4.6: A) ESI(–)-MS/MS (CE = 16 V) of [(PPh3)Pd(I)(C6H4CH2SO3)]–, showing product ions 

[Pd(I)(C6H4CH2SO3)]–, [IC6H4CH2SO3]–, and phosphine scrambling product ion [Ph2P(C6H4CH2SO3)]–. B) ESI(–
)-MS/MS (CE = 15 V) of [Hg(I)(C6H4CH2SO3)]–, showing product ions [IC6H4CH2SO3]–, [C6H4CH2SO3]–, and I–. 

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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4.3.4 Aryl-Phosphine Scrambling  

Detection of the Pd(II) product ion [Ph2P(C6H4CH2SO3)]–, indicates the occurrence of 

intramolecular aryl-phosphine scrambling (Figure 4.6A, green), a known side reaction in 

palladium-catalyzed cross-coupling reactions, often leading to undesired scrambled side 

products and catalyst deactivation.52–54 These results suggest that the scrambling process 

is facile,55,56 and can be easily initiated under energetic CID conditions. Evidence for aryl-

phosphine scrambling was also observed in full scan ESI(–)-MS experiments, indicating that 

it occurs in the absence of high energy CID conditions (Figure 4.7). 

 
Figure 4.7: PSI-ESI(–)-MS full scan of Pd(PPh3)4 (10µM) added to [PPN][2] (80 µM) in MeOH, showing 

intramolecular aryl-phosphine scrambling product [Ph2P(C6H4CH2SO3)]– (m/z 355.1) occurring even in the 
absence of high energy CID conditions. Inset: the predicted isotope pattern (bars) overlaid on the 

experimental mass spectrum (lines) of [Ph2P(C6H4CH2SO3)]–. 

 

A proposed mechanism for the solution-phase aryl-phosphine scrambling pathway 

is shown in Scheme 4.4. This involves the reductive elimination of a phosphonium salt 

intermediate, a known by-product in cross-coupling reactions.70,71 This intermediate 

undergoes an oxidative addition to produce the aryl-phosphine scrambling Pd species with 

a new P–C bond,62,72 which further fragments by CID to produce the detected product ion 

[Ph2P(C6H4CH2SO3)]–. These findings provide insight into the characteristics of Pd(II) and 

Hg(II) transmetallation intermediates and can be used to diagnose substrate binding 

strength and composition.73  
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Scheme 4.4: 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)]– 
following collision-induced dissociation (CID). 

 

4.4 Conclusions  

Real-time mass spectrometric analysis of the effects of mercury on a model palladium 

catalyzed cross-coupling reaction has revealed the limitations of the mercury drop test. 

These findings indicate that mercury can interact with both LnPd(0) and LnPd(II)ArX 

intermediates. Mercury accelerated the consumption of Pd(0/II) homogeneous catalyst 

resting states, resulting in the formation of organomercuric ions, mercuric halides, and 

catalyst deactivation likely through Pd(0) nanoparticles and amalgamation. Additionally, 

transmetallation has been observed between organopalladium intermediates and Hg(0). It 

is postulated 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.  

These findings add to the recent efforts that highlight the misconceptions 

surrounding the mercury drop test and encourage the development of alternate methods 

for the analysis of organometallic catalytic systems. These results refute the widely held 

assumption that protective ligands, such as triphenylphosphine, prevent Hg(0) from 

interacting with palladium complexes of elevated oxidation states. The observed inhibition 

of catalytic activity resulting from such interactions, would often be misinterpreted as 

evidence for heterogeneous catalysis. As such, the mercury drop test should be just one step 

in a comprehensive kinetic analysis of the catalyst to distinguish heterogeneous from 

homogeneous catalysis, bearing in mind that not all outcomes are equally interpretable. 
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4.5 Materials and Methods  

All experiments were set-up and performed under an inert (Ar or N2) atmosphere using 

standard glovebox and Schlenk line techniques.64 Ar (UHP200 5.0) and N2 (HP300 4.8) were 

purchased from Airgas (Calgary, Canada) and used without further purification. All solvents 

were purchased from Fisher Scientific and kept under inert atmosphere before use; 

methanol (MeOH, HPLC-grade) was degassed using the freeze-pump-thaw method, and 

tretrahydrofuran (THF) was distilled under a standard benzophenone-sodium still.  

Tetrakis(triphenylphosphine)-palladium(0), Pd(PPh3)4 99% and 

tris(dibenzylideneacetone)dipalladium(0), Pd2(dba)3 99%, were purchased from Sigma-

Aldrich and used as received. PhI, 98%, was purchased from Sigma-Aldrich and purified by 

washing 3 times with 10% HCl, followed by freeze-pump-thaw degassing. 

Bis(triphenylphosphine)iminium triphenylphosphine mono-sulfonate [PPN]+[P(Ph)2(m-

C6H4SO3)]– or [PPN][1], was synthesized as reported previously.65,66 The charge-tagged aryl 

iodide [PPN]+[p-IC6H4CH2SO3]– or [PPN][2], was synthesized according to a literature 

procedure and consistent characterization data obtained.67 Elemental mercury was 

generously donated by the University of Victoria, Department of Chemistry Undergraduate 

Teaching Laboratory. All reagent stock solutions were prepared under an inert N2 

atmosphere in a glovebox or on a Schlenk line. 

 

4.5.1 ESI-MS Instrument Parameters 

Mass spectra were collected on a Waters (Milford, USA) Synapt G2-Si mass spectrometer 

and analyzed using Waters MassLynx V4.2 software, PythoMS, and the IsoSpecPy 

package.68,69 The Synapt G2-Si was operated in negative ion resolution full scan mode, with 

all MS chromatograms normalized to the total ion current (TIC). Instrument parameters 

used are summarized in Table 4.1.  
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Table 4.1: Waters Synapt G2-Si Instrument Parameters for Hg Test. 

Parameter Negative Mode 

Flow rate (PSI) 20 µL min-1 

Scan time 1 s 

Capillary voltage 2.5 kV 

Sampling cone voltage 40 V 

Source offset 80 V 

Source temperature 80 °C 

Desolvation temperature 250 °C 

Cone gas flow 50 L hr-1 

Desolvation gas flow 200 L hr-1 

Nebuliser 2.8 bar 

m/z range 100-1200 

FWHM 11500 

 

 

4.5.2 General Procedures for PSI-ESI-MS Reaction Monitoring 

General methodology applicable to both 1 and 2 are as follows: Degassed HPLC-grade 

MeOH (20 mL) was transferred to a Schlenk flask equipped with a stirrer bar and sparged 

with N2 (15 min) before being connected to the spectrometer inlet via PEEK tubing 

(TubPEEK Red, 1/16 in. OD, 0.005 in. ID, 18 in. L). The reaction mixture was monitored by 

PSI-ESI-MS techniques42 until a steady signal intensity was achieved. Sequential additions 

of each subsequent reagent followed, with the reaction allowed to proceed for up to 40 

minutes. All reactions were stirred at 450 rpm at room temperature (22 °C). 

Specifics for 1: [PPN][1] (1.0 mM in MeOH, 0.05 mL, 0.05 μmol, 0.25 eq.) was injected into 

the flask at time zero, followed by injection of Pd2(dba)3 (1.0 mM in THF, 0.2 mL, 0.20 μmol, 

1.0 equiv. Pd) at 5 minutes, and PhI (4.0 mM in MeOH, 0.4 mL, 1.60 μmol, 8.0 equiv.) at 10 

minutes. A bead of mercury (0.5±0.05 g, 2500 μmol, >12500 equiv. Hg) was injected either 

after the catalyst activation stage (10 min), or after the oxidative addition stage (20 min).  
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Specifics for 2: Pd(PPh3)4 (1.0 mM in THF, 0.2 mL, 0.20 μmol, 1.0 equiv. Pd) was injected at 

time zero, followed by injection of [PPN][2] (4.0 mM in MeOH, 0.4 mL, 1.60 μmol, 8.0 equiv.) 

at 1 minute. After steady state of the oxidative intermediate PdII species was reached, a bead 

of mercury (0.5±0.05 g, 2500 μmol, >12500 equiv. Hg) was injected into the reaction flask 

(5 min). 

  



 
123 

4.6 References  
(1) Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Palladium-Catalyzed 

Cross-Coupling: A Historical Contextual Perspective to the 2010 Nobel Prize. Angew. Chem. Int. 
Ed. 2012, 51 (21), 5062–5085. https://doi.org/10.1002/anie.201107017. 

(2) Touré, B. B.; Hall, D. G. Natural Product Synthesis Using Multicomponent Reaction Strategies. 
Chem. Rev. 2009, 109 (9), 4439–4486. https://doi.org/10.1021/cr800296p. 

(3) Wang, D.; Gao, S. Sonogashira Coupling in Natural Product Synthesis. Org. Chem. Front. 2014, 1 
(5), 556–566. https://doi.org/10.1039/C3QO00086A. 

(4) Torborg, C.; Beller, M. Recent Applications of Palladium-Catalyzed Coupling Reactions in the 
Pharmaceutical, Agrochemical, and Fine Chemical Industries. Adv. Synth. Catal. 2009, 351 (18), 
3027–3043. https://doi.org/10.1002/adsc.200900587. 

(5) Rayadurgam, J.; Sana, S.; Sasikumar, M.; Gu, Q. Palladium Catalyzed C–C and C–N Bond Forming 
Reactions: An Update on the Synthesis of Pharmaceuticals from 2015–2020. Org. Chem. Front. 
2021, 8 (2), 384–414. https://doi.org/10.1039/D0QO01146K. 

(6) Messina, C.; Douglas, L. Z.; Liu, J. T.; Forgione, P. Successive Pd-Catalyzed Decarboxylative Cross-
Couplings for the Modular Synthesis of Non-Symmetric Di-Aryl-Substituted Thiophenes. Eur. J. 
Org. Chem. 2020, 2020 (32), 5182–5191. https://doi.org/10.1002/ejoc.202000780. 

(7) Rohand, T.; Qin, W.; Boens, N.; Dehaen, W. Palladium-Catalyzed Coupling Reactions for the 
Functionalization of BODIPY Dyes with Fluorescence Spanning the Visible Spectrum. Eur. J. Org. 
Chem. 2006, 2006 (20), 4658–4663. https://doi.org/10.1002/ejoc.200600531. 

(8) Appleby, K. M.; Dzotsi, E.; Scott, N. W. J.; Dexin, G.; Jeddi, N.; Whitwood, A. C.; Pridmore, N. E.; 
Hart, S.; Duckett, S. B.; Fairlamb, I. J. S. Bridging the Gap from Mononuclear PdII Precatalysts to 
Pd Nanoparticles: Identification of Intermediate Linear [Pd3(XPh3)4]2+ Clusters as Catalytic 
Species for Suzuki–Miyaura Couplings (X = P, As). Organometallics 2021, 40 (21), 3560–3570. 
https://doi.org/10.1021/acs.organomet.1c00452. 

(9) Scott, N. W. J.; Ford, M. J.; Jeddi, N.; Eyles, A.; Simon, L.; Whitwood, A. C.; Tanner, T.; Willans, C. 
E.; Fairlamb, I. J. S. A Dichotomy in Cross-Coupling Site Selectivity in a Dihalogenated 
Heteroarene: Influence of Mononuclear Pd, Pd Clusters, and Pd Nanoparticles—the Case for 
Exploiting Pd Catalyst Speciation. J. Am. Chem. Soc. 2021, 143 (25), 9682–9693. 
https://doi.org/10.1021/jacs.1c05294. 

(10) Ananikov, V. P.; Beletskaya, I. P. Toward the Ideal Catalyst: From Atomic Centers to a 
“Cocktail” of Catalysts. Organometallics 2012, 31 (5), 1595–1604. 
https://doi.org/10.1021/om201120n. 

(11) Prima, D. O.; Madiyeva, M.; Burykina, J. V.; Minyaev, M. E.; Boiko, D. A.; Ananikov, V. P. 
Evidence for “Cocktail”-Type Catalysis in Buchwald–Hartwig Reaction. A Mechanistic Study. 
Catal. Sci. Technol. 2021, 11 (21), 7171–7188. https://doi.org/10.1039/D1CY01601F. 

(12) Vanden Broeck, S. M. P.; Nahra, F.; Cazin, C. S. J. Bulky-Yet-Flexible Carbene Ligands and 
Their Use in Palladium Cross-Coupling. Inorganics 2019, 7 (6), 78. 
https://doi.org/10.3390/inorganics7060078. 

(13) Onoabedje, E. A.; Okoro, U. C. Ligand-Supported Palladium-Catalyzed Cross-Coupling 
Reactions of (Hetero) Aryl Chlorides. Synth. Commun. 2019, 49 (17), 2117–2146. 
https://doi.org/10.1080/00397911.2019.1587778. 

(14) Perry, G. L.; Schley, N. D. Tris(Bicyclo[1.1.1]Pentyl)Phosphine: An Exceptionally Small Tri-
Tert-Alkylphosphine and Its Bis-Ligated Pd(0) Complex. J. Am. Chem. Soc. 2023, 145 (12), 7005–
7010. https://doi.org/10.1021/jacs.3c00885. 

(15) Veerakumar, P.; Thanasekaran, P.; Lu, K.-L.; Lin, K.-C.; Rajagopal, S. Computational Studies 
of Versatile Heterogeneous Palladium-Catalyzed Suzuki, Heck, and Sonogashira Coupling 
Reactions. ACS Sustain. Chem. Eng. 2017, 5 (10), 8475–8490. 
https://doi.org/10.1021/acssuschemeng.7b00922. 



 
124 

(16) Yin; Liebscher, J. Carbon−Carbon Coupling Reactions Catalyzed by Heterogeneous 
Palladium Catalysts. Chem. Rev. 2007, 107 (1), 133–173. https://doi.org/10.1021/cr0505674. 

(17) Mpungose, P. P.; Vundla, Z. P.; Maguire, G. E. M.; Friedrich, H. B. The Current Status of 
Heterogeneous Palladium Catalysed Heck and Suzuki Cross-Coupling Reactions. Molecules 
2018, 23 (7), 1676. https://doi.org/10.3390/molecules23071676. 

(18) Astruc, D.; Lu, F.; Aranzaes, J. R. Nanoparticles as Recyclable Catalysts: The Frontier between 
Homogeneous and Heterogeneous Catalysis. Angew. Chem. Int. Ed. 2005, 44 (48), 7852–7872. 
https://doi.org/10.1002/anie.200500766. 

(19) Widegren, J. A.; Finke, R. G. A Review of the Problem of Distinguishing True Homogeneous 
Catalysis from Soluble or Other Metal-Particle Heterogeneous Catalysis under Reducing 
Conditions. J. Mol. Catal. -Chem. 2003, 198 (1), 317–341. https://doi.org/10.1016/s1381-
1169(02)00728-8. 

(20) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals, Seventh edition.; 
Wiley: Hoboken, NJ, 2019. 

(21) Schmidt, A. F.; Kurokhtina, A. A. Distinguishing between the Homogeneous and 
Heterogeneous Mechanisms of Catalysis in the Mizoroki-Heck and Suzuki-Miyaura Reactions: 
Problems and Prospects. Kinet. Catal. 2012, 53 (6), 714–730. 
https://doi.org/10.1134/s0023158412060109. 

(22) Crabtree, R. H. Resolving Heterogeneity Problems and Impurity Artifacts in Operationally 
Homogeneous Transition Metal Catalysts. Chem. Rev. 2012, 112 (3), 1536–1554. 
https://doi.org/10.1021/cr2002905. 

(23) Molnár, Á. Efficient, Selective, and Recyclable Palladium Catalysts in Carbon−Carbon 
Coupling Reactions. Chem. Rev. 2011, 111 (3), 2251–2320. 
https://doi.org/10.1021/cr100355b. 

(24) Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. On the Nature of the Active Species in Palladium 
Catalyzed Mizoroki–Heck and Suzuki–Miyaura Couplings – Homogeneous or Heterogeneous 
Catalysis, A Critical Review. Adv. Synth. Catal. 2006, 348 (6), 609–679. 
https://doi.org/10.1002/adsc.200505473. 

(25) Richardson, J. M.; Jones, C. W. Poly(4-Vinylpyridine) and Quadrapure TU as Selective Poisons 
for Soluble Catalytic Species in Palladium-Catalyzed Coupling Reactions – Application to 
Leaching from Polymer-Entrapped Palladium. Adv. Synth. Catal. 2006, 348 (10–11), 1207–
1216. https://doi.org/10.1002/adsc.200606021. 

(26) Whitesides, G. M.; Hackett, Marifaith.; Brainard, R. L.; Lavalleye, J. P. P. M.; Sowinski, A. F.; 
Izumi, A. N.; Moore, S. S.; Brown, D. W.; Staudt, E. M. Suppression of Unwanted Heterogeneous 
Platinum(0)-Catalyzed Reactions by Poisoning with Mercury(0) in Systems Involving 
Competing Homogeneous Reactions of Soluble Organoplatinum Compounds: Thermal 
Decomposition of Bis(Triethylphosphine)-3,3,4,4-Tetramethylplatinacyclopentane. 
Organometallics 1985, 4 (10), 1819–1830. https://doi.org/10.1021/om00129a023. 

(27) Gorunova, O. N.; Livantsov, M. V.; Grishin, Y. K.; Ilyin, M. M.; Kochetkov, K. A.; Churakov, A. 
V.; Kuz’mina, L. G.; Khrustalev, V. N.; Dunina, V. V. Evidence on Palladacycle-Retaining Pathway 
for Suzuki Coupling. Inapplicability of Hg-Drop Test for Palladacycle Catalysed Reactions. J. 
Organomet. Chem. 2013, 737, 59–63. https://doi.org/10.1016/j.jorganchem.2013.03.050. 

(28) Gorunova, O. N.; Novitskiy, I. M.; Grishin, Y. K.; Gloriozov, I. P.; Roznyatovsky, V. A.; 
Khrustalev, V. N.; Kochetkov, K. A.; Dunina, V. V. When Applying the Mercury Poisoning Test to 
Palladacycle-Catalyzed Reactions, One Should Not Consider the Common Misconception of 
Mercury(0) Selectivity. Organometallics 2018, 37 (17), 2842–2858. 
https://doi.org/10.1021/acs.organomet.8b00363. 

(29) Gorunova, O. N.; Novitskiy, I. M.; Grishin, Y. K.; Gloriozov, I. P.; Roznyatovsky, V. A.; 
Khrustalev, V. N.; Kochetkov, K. A.; Dunina, V. V. The Use of Control Experiments as the Sole 
Route to Correct the Mechanistic Interpretation of Mercury Poisoning Test Results: The Case of 



 
125 

P,C-Palladacycle-Catalysed Reactions. J. Organomet. Chem. 2020, 916, 121245. 
https://doi.org/10.1016/j.jorganchem.2020.121245. 

(30) Baier, H.; Kelling, A.; Holdt, H.-J. PEPPSI-Effect on Suzuki–Miyaura Reactions Using 4,5-
Dicyano-1,3-Dimesitylimidazol-2-Ylidene-Palladium Complexes: A Comparison between 
Trans-Ligands. Eur. J. Inorg. Chem. 2015, 2015 (11), 1950–1957. 
https://doi.org/10.1002/ejic.201500010. 

(31) Baier, H.; Kelling, A.; Schilde, U.; Holdt, H.-J. Investigation of the Catalytic Activity of a 2-
Phenylidenepyridine Palladium(II) Complex Bearing 4,5-Dicyano-1,3-Bis(Mesityl)Imidazol-2-
Ylidene in the Mizoroki-Heck Reaction. Z. Für Anorg. Allg. Chem. 2016, 642 (2), 140–147. 
https://doi.org/10.1002/zaac.201500625. 

(32) Chernyshev, V. M.; Astakhov, A. V.; Chikunov, I. E.; Tyurin, R. V.; Eremin, D. B.; Ranny, G. S.; 
Khrustalev, V. N.; Ananikov, V. P. Pd and Pt Catalyst Poisoning in the Study of Reaction 
Mechanisms: What Does the Mercury Test Mean for Catalysis? ACS Catal. 2019, 9 (4), 2984–
2995. https://doi.org/10.1021/acscatal.8b03683. 

(33) Thomas, G. T.; Donnecke, S.; Chagunda, I. C.; McIndoe, J. S. Pressurized Sample Infusion. 
Chemistry–Methods 2022, 2 (1). https://doi.org/10.1002/cmtd.202100068. 

(34) Janusson, E.; Zijlstra, H. S.; Nguyen, P. P. T.; MacGillivray, L.; Martelino, J.; McIndoe, J. S. Real-
Time Analysis of Pd2(Dba)3 Activation by Phosphine Ligands. Chem. Commun. 2017, 53 (5), 
854–856. https://doi.org/10.1039/C6CC08824D. 

(35) Barański, A.; Kryska, A.; Galus, Z. On the Electrochemical Properties of the Pd + Hg System. 
J. Electroanal. Chem. 1993, 349 (1), 341–354. https://doi.org/10.1016/0022-0728(93)80183-
I. 

(36) Tereniak, S. J.; Landis, C. R.; Stahl, S. S. Are Phosphines Viable Ligands for Pd-Catalyzed 
Aerobic Oxidation Reactions? Contrasting Insights from a Survey of Six Reactions. ACS Catal. 
2018, 8 (4), 3708–3714. https://doi.org/10.1021/acscatal.8b01009. 

(37) Hesketh, A. V.; Nowicki, S.; Baxter, K.; Stoddard, R. L.; McIndoe, J. S. Simplified Real-Time 
Mass Spectrometric Analysis of Reactions. Organometallics 2015, 34 (15), 3816–3819. 
https://doi.org/10.1021/acs.organomet.5b00460. 

(38) Weber, P.; Biafora, A.; Doppiu, A.; Bongard, H.-J.; Kelm, H.; Gooßen, L. J. A Comparative Study 
of Dibenzylideneacetone Palladium Complexes in Catalysis. Org. Process Res. Dev. 2019, 23 (7), 
1462–1470. https://doi.org/10.1021/acs.oprd.9b00214. 

(39) Yunker, L. P. E.; Ahmadi, Z.; Logan, J. R.; Wu, W.; Li, T.; Martindale, A.; Oliver, A. G.; McIndoe, 
J. S. Real-Time Mass Spectrometric Investigations into the Mechanism of the Suzuki–Miyaura 
Reaction. Organometallics 2018, 37 (22), 4297–4308. 
https://doi.org/10.1021/acs.organomet.8b00705. 

(40) Omari, I.; Randhawa, P.; Randhawa, J.; Yu, J.; McIndoe, J. S. Structure, Anion, and Solvent 
Effects on Cation Response in ESI-MS. J. Am. Soc. Mass Spectrom. 2019, 30 (9), 1750–1757. 
https://doi.org/10.1007/s13361-019-02252-0. 

(41) de Magalhães, M. E. A.; Tubino, M. A Possible Path for Mercury in Biological Systems: The 
Oxidation of Metallic Mercury by Molecular Oxygen in Aqueous Solutions. Sci. Total Environ. 
1995, 170 (3), 229–239. https://doi.org/10.1016/0048-9697(95)04711-5. 

(42) Amyot, M.; Morel, F. M. M.; Ariya, P. A. Dark Oxidation of Dissolved and Liquid Elemental 
Mercury in Aquatic Environments. Environ. Sci. Technol. 2005, 39 (1), 110–114. 
https://doi.org/10.1021/es035444k. 

(43) Hocsman, A.; Di Nezio, S.; Charlet, L.; Avena, M. On the Mechanisms of Dissolution of 
Montroydite [HgO(s)]: Dependence of the Dissolution Rate on pH, Temperature, and Stirring 
Rate. J. Colloid Interface Sci. 2006, 297 (2), 696–704. 
https://doi.org/10.1016/j.jcis.2005.11.020. 



 
126 

(44) Amini, M. K.; Ghaedi, M.; Rafi, A.; Habibi, M. H.; Zohory, M. M. Iodide Selective Electrodes 
Based on Bis(2-Mercaptobenzothiazolato) Mercury(II) and Bis(4-Chlorothiophenolato) 
Mercury(II) Carriers. Sensors 2003, 3 (11), 509–523. https://doi.org/10.3390/s31100509. 

(45) Butcher, C. P. G.; Johnson, B. F. G.; McIndoe, J. S.; Yang, X.; Wang, X.-B.; Wang, L.-S. Collision-
Induced Dissociation and Photodetachment of Singly and Doubly Charged Anionic Polynuclear 
Transition Metal Carbonyl Clusters: Ru3Co(CO)13−, Ru6C(CO)162−, and Ru6(CO)182−. J. Chem. 
Phys. 2002, 116 (15), 6560–6566. https://doi.org/10.1063/1.1462579. 

(46) Liu, S.; Dockendorff, C.; Taylor, S. D. Synthesis of Protected L-4-
[Sulfono(Difluoromethyl)]Phenylalanine and Its Incorporation into a Peptide. Org. Lett. 2001, 
3 (10), 1571–1574. https://doi.org/10.1021/ol0158664. 

(47) Rasmussen, S. C. Transmetalation: A Fundamental Organometallic Reaction Critical to 
Synthesis and Catalysis. ChemTexts 2020, 7 (1), 1. https://doi.org/10.1007/s40828-020-
00124-9. 

(48) Gubin, S. P.; Rubezhov, A. Z.; Denisovich, L. I.; Nesmeyanov, A. N. Reaction of Metallic 
Mercury with π-Allyl Compounds of Palladium. Bull. Acad. Sci. USSR Div. Chem. Sci. 1966, 15 (9), 
1630–1630. https://doi.org/10.1007/BF00848943. 

(49) Nesmeyanov, A. N.; Rubezhov, A. Z.; Leites, L. A.; Gubin, S. P. The Reactions of Metallic 
Mercury with π-Allyl Compounds of Ni, Pd and Pt. J. Organomet. Chem. 1968, 12 (1), 187–198. 
https://doi.org/10.1016/S0022-328X(00)90912-4. 

(50) Harvey, P. D.; Aye, K. T.; Hierso, K.; Isabel, E.; Lognot, I.; Mugnier, Y.; Rochon, F. D. Electron-
Ligand Interchange Reactions between Palladium(II) Complexes and Mercury and Single-
Crystal X-Ray Characterization of the D10-D10 Binuclear [Hg2(Dppm)2Cl3]Cl Complex. Inorg. 
Chem. 1994, 33 (26), 5981–5982. https://doi.org/10.1021/ic00104a002. 

(51) Henderson, W.; McIndoe, J. S. Mass Spectrometry of Inorganic and Organometallic 
Compounds; John Wiley & Sons, Ltd.: New York, 2005. 

(52) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-Sands, L. M.; Guzei, I. A. 
Mechanistic Studies of the Palladium-Catalyzed Amination of Aryl Halides and the Oxidative 
Addition of Aryl Bromides to Pd(BINAP)2 and Pd(DPPF)2: An Unusual Case of Zero-Order 
Kinetic Behavior and Product Inhibition. J. Am. Chem. Soc. 2000, 122 (19), 4618–4630. 
https://doi.org/10.1021/ja9944599. 

(53) Fiebig, L.; Schlörer, N.; Schmalz, H.-G.; Schäfer, M. Aryl–Phenyl Scrambling in Intermediate 
Organopalladium Complexes: A Gas-Phase Study of the Mizoroki–Heck Reaction. Chem. – Eur. J. 
2014, 20 (17), 4906–4910. https://doi.org/10.1002/chem.201400115. 

(54) Lee, Y. H.; Morandi, B. Transition Metal-Mediated Metathesis between P–C and M–C Bonds: 
Beyond a Side Reaction. Coord. Chem. Rev. 2019, 386, 96–118. 
https://doi.org/10.1016/j.ccr.2018.12.001. 

(55) Ting, M. Y. C.; Yunker, L. P. E.; Chagunda, I. C.; Hatlelid, K.; Vieweg, M.; McIndoe, J. S. A 
Mechanistic Investigation of the Suzuki Polycondensation Reaction Using MS/MS Methods. 
Catal. Sci. Technol. 2021, 11 (13), 4406–4416. https://doi.org/10.1039/D1CY00743B. 

(56) Agrawal, D.; Zins, E.-L.; Schröder, D. Intramolecular Scrambling of Aryl Groups in 
Organopalladium Complexes [ArPd(PPh3)2]+: From Solution to the Gas Phase, Back Again, and 
In-Between. Chem. – Asian J. 2010, 5 (7), 1667–1676. 
https://doi.org/10.1002/asia.201000086. 

 



 
127 

Chapter 5 – Ligand Substitution, Catalyst Activation, and 

Oxidative Addition Studies of a Stable Dialkyl Palladium 

Precatalyst 

 

This chapter has been reproduced with minor changes from “Ian C. Chagunda, Antonia 

Kropp, David C. Leitch, and J. Scott McIndoe, Organometallics, 2025, 44 (5), 628–636” and 

adapted with permission from American Chemical Society Publications. The project was 

conceptualized by ICC, DCL, and JSM. The research methodology was developed by ICC, and 

investigations carried out by ICC and AK. The original manuscript was written by ICC, with 

additional review and editing from DCL and JSM. This article was a Front Cover Feature, 

with the cover artwork conceptualized by ICC and jointly produced by ICC and JSM. 

 

5.1 Abstract 

Palladium-catalyzed cross-coupling reactions are indispensable in chemical synthesis, but 

efficient in situ catalyst activation remains a persistent challenge. Current Pd(II) 

precatalysts often lead to inefficient catalyst activation, necessitating higher catalyst 

loadings and limiting selectivity. The ligand substitution and activation mechanism of the 

stable Pd(II) dialkyl complex (DMPDAB)Pd(CH2SiMe3)2 was investigated in real-time using 

mass spectrometric monitoring. The introduction of charge-tagged phosphine ligands 

enabled the detection of key catalytic intermediates and identification of off-cycle species. 

The results demonstrate a low activation energy for the ligand dissociation of the DMPDAB 

ligand and the reductive elimination of (Me3SiCH2)2 resulting in rapid formation of 

monoligated LPd(0) species, which are the active catalytic species for oxidative addition. 

These mechanistic insights offer a path towards developing more efficient and selective Pd-

catalyzed processes, offering valuable guidance for the future design of precatalysts with 

improved performance. 
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5.2 Introduction 

The nature of the active species in the catalytic cycle is one of the main issues in cross-

coupling reactions. Precursors like Pd2(dba)3•solvent,1,2 [Pd(allyl)Cl]2, and Pd(OAc)23 have 

typically been used with appropriate ligands to produce the active Pd(0) complexes in situ 

(Figure 5.1A); however, the formation of a specific active catalytic species can be 

challenging to achieve when using in situ catalysis.4 This method may lead to catalytic 

processes that are not as efficient in terms of catalyst loading, conversion, and selectivity, 

owing to unwanted off-cycle reaction pathways.5,6 

While LnPd(0) complexes are widely recognized as the active catalytic species, the 

exact ligation state – monoligated (n = 1), bisligated (n = 2), or both – remains unclear in 

many cases.6 Monoligated LPd(0) complexes are sufficiently reactive that they have not 

been isolated,7,8 whereas many examples of bisligated L2Pd(0) complexes are commercially 

available.9,10 Notably the catalytic activity of monoligated and bisligated complexes can 

significantly differ, even with the same ligand used.11 Factors such as ligand size and ligand-

to-precatalyst molar ratio play a crucial role in determining the preference for mono- or 

bisligation.12–14 Crucially, the ligation state also influences the mechanistic pathways for 

oxidative addition, where LPd(0) tends towards a 3-centered concerted mechanism, while 

L2Pd(0) complexes can favor a nucleophilic displacement mechanism.15–17 This mechanistic 

divergence can lead to differential site-selectivity preferences in certain cases.15–18  

The activation of appropriate precatalysts has made it possible to generate highly 

reactive LPd(0) species under controlled reaction conditions thanks to advancements in 

ligand and catalyst design.19–31 Many of these new-generation precatalysts exist as 

preligated Pd(II) complexes that are air- and moisture-stable, and rapidly activate under 

the reaction conditions. This leads to high reactivity with lower catalyst loadings, enabling 

expanded applicability and selectivity.32 In parallel, preligated Pd(0) precatalysts bearing 

throw-away ligands such as cyclopentadiene (COD), divinyl-disiloxanes (dvds), or maleic 

anhydride have also been developed.33–38 These ligands serve as sacrificial components, 

stabilizing the Pd(0) species during handling while dissociating readily under reaction 

conditions, offering another route to accessing reactive LPd(0) species. However, these 
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precatalysts all require preinstallation of the ancillary ligand L, and options for in situ 

ligation/activation are still limited. 

 
Figure 5.1: A) Common Pd(II) and Pd(0) sources for in situ LnPd(0) catalyst formation, where controlling 

the ligation state can be challenging. B) New dialkyl Pd(II) precatalyst (DMPDAB)Pd(CH2SiMe3)2 for 
controlled in situ LPd(0) generation without the need for preinstallation of ligand L. 

 

A recent solution to these issues is the Pd(II) dialkyl complex 

(DMPDAB)Pd(CH2SiMe3)2 (DMPDAB = N,N′-bis(2,6-dimethylphenyl)diazabutadiene, Figure 

5.1B).39 This precatalyst does not require the preinstallation of ancillary ligands, potentially 

enabling greater versatility in a broader range of reaction conditions. It has shown high 

activity for in situ catalyst formation in challenging Suzuki and Heck reactions. It is also an 

ideal precursor to generate isolable oxidative addition complexes (OACs), a class of 

complexes relevant to both mechanistic studies and late-stage functionalization of 

pharmaceutical scaffolds.23,39,40 Additionally, its thermal and air stability and high solubility 

in many organic solvents make (DMPDAB)Pd(CH2SiMe3)2 a versatile Pd source for high-

throughput experimentation. 

This chapter covers work examining the mechanism of catalyst activation for 

(DMPDAB)Pd(CH2SiMe3)2 using charge-tagged phosphine ligands, as well as the subsequent 

oxidative addition reaction with aryl halides. Through the use of pressurized sample 

infusion-electrospray ionization-mass spectrometry (PSI-ESI-MS),41 the catalytic 
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intermediates and off-cycle reaction pathways are studied in real-time. PSI-ESI-MS has 

proved to be a valuable tool for these investigations, with charge-tagged ligands facilitating 

the detection of transient catalytic intermediates which can be challenging to identify using 

other techniques. Specifically, experiments with sSPhos revealed extremely rapid 

formation of LPd(0) by ligand substitution and C–C reductive elimination, even at low 

concentration. Additionally, key intermediates and potential off-cycle species, where the 
DMPDAB ligand remains coordinated to Pd, were identified. This work provides a more 

complete mechanistic picture of how (DMPDAB)Pd(CH2SiMe3)2 operates as a precursor for 

ArX oxidative addition or catalysis. 

 

5.3 Results and Discussion 

5.3.1 Investigation of Catalyst Activation Processes  

Monoligated LPd(0) species have been described as difficult, if not impossible, to define 

clearly in solution.42 While theoretical investigations have provided some insight into the 

energetics of such species,43–45 definitive solution phase detection remains elusive due to 

their coordinatively unsaturated and consequently highly reactive nature. Advancements 

in this area has been made with identification by MS.11,46 However, using MS techniques to 

determine the solution phase structures does have limitations, particularly if the ionization 

process imparts enough internal energy to ions resulting in fragmentation of weakly 

coordinating ligands.47–49 A semi-systemic optimization of instrument parameters was 

therefore conducted using OptiMS50 to minimize ion fragmentation and mitigate the stated 

limitation in characterization by MS. 

Initial investigations of the catalyst activation process were conducted using a 

charge-tagged phosphine [(Ph3P)2N]+[sSPhos]– (hereafter [PPN][3]), obtained following a 

counterion exchange from the commercially available sulfonated dialkylbiaryl phosphine 

ligand [Na]+[sSPhos]–. Using charge-tagged ligands enabled operating the instruments at 

low source voltages, while maintaining strong signal intensities as previously 

demonstrated.5,51,52 Catalyst activation was initiated by introduction of a solution of 
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precatalyst (DMPDAB)Pd(CH2SiMe3)2 (tetrahydrofuran solvent) into a solution of [PPN][3] 

(methanol solvent) and monitoring the disappearance of [3]– (m/z 498) and the 

appearance of catalyst activation species (Figure 5.2A). 

 
Figure 5.2: A) PSI-ESI(–)-MS reaction monitoring of catalyst activation upon addition of 

(DMPDAB)Pd(CH2SiMe3)2 (10 µΜ, 1.0 equiv, at 1.0 min) to a solution of [PPN][3] (10 µM, 1.0 equiv) in MeOH, 
resulting in formation of [Pd(3)]–, associative ligand exchange intermediates [(DMPDAB)Pd(3)(CH2SiMe3)2]– 

and [Pd(3)(CH2SiMe3)2]–, and ligand oxidation product [3+O]–. B) Relative intensities axis amplified ×10, 
highlighting key reaction intermediates. Inset: calculated isotopic distribution pattern (bars) overlaid on the 

experimental isotopic distribution (lines) for monoligated [Pd(3)]–. 
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Several Pd-containing species were observed and identified by their m/z ratios; 

measured isotopic distribution patterns also matched calculated patterns (see Appendix C, 

Table C.1, Figure C.2). The primary species, generated immediately upon addition of 

(DMPDAB)Pd(CH2SiMe3)2, is assigned as monoligated [Pd(3)]– (m/z 595) (Figure 5.2). The 

formation of [Pd(3)]– was evident within the time required to transfer the solution from 

the reaction flask to the spectrometer inlet (approx. 25 seconds),41 suggesting a rapid 

initiation process. This species is formed by ligand exchange and C–C reductive elimination, 

both of which happen extremely rapidly even at low concentration (10 µM). The observed 

consumption of free ligand (Figure 5.2A) occurs over a longer timescale (approx. 5 

minutes), indicating that ligand coordination and subsequent reduction likely proceed with 

a half-life closer to 60 seconds under the experimental conditions. No bisligated [Pd(3)2]2– 

species were observed under these conditions, even when 2 equivalents of 3 were added; 

however, bisligation is evident with a larger excess of 3 (see below). Over time, evidence of 

phosphine oxidation was observed, a common deactivation pathway in palladium-

catalyzed reactions.53 The major Pd species observed is assigned as [Pd(3)+O]– (m/z 611), 

which is generated alongside the phosphine oxide [3+O]– (m/z 517). This deactivation of 

monoligated [Pd(3)]– is consistent with the highly reactive nature of this coordinatively 

unsaturated species.  

Despite following best practices to maintain an anaerobic environment, minor air 

contamination can occur during the injection of solutions into reaction flasks. This air 

contamination, along with trace dissolved gases in the solvent, can lead to excessive 

observable oxidation side products, further accentuated by the extremely low operating 

concentrations used for ESI-MS experiments.41 Consequently, the oxidation side products 

observed may be more prominent in these experiments than they would be under typical 

preparative-scale conditions. 

In addition to [Pd(3)]–, two Pd(II) ligand exchange intermediates were detected: 

[(DMPDAB)Pd(3)(CH2SiMe3)2]– (m/z 1033) and [Pd(3)(CH2SiMe3)2]– (m/z 769). Further 

investigation focused on the intermediate [(DMPDAB)Pd(3)(CH2SiMe3)2]– using ESI-MS/MS 

techniques, where inducing the unimolecular decomposition provided a detailed picture of 

the fragmentation pathway. Under collision-induced dissociation (CID) conditions, the 
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precursor ion fragmented into three product ions: (1) [Pd(3)(CH2SiMe3)2]– through loss of 
DMPDAB via ligand dissociation; (2) [Pd(3)]– through loss of (Me3SiCH2)2 by reductive 

elimination; and (3) free [3]– from ligand dissociation of the phosphine (Figure 5.3A). 

Notably, even at collision energy (CE) of 0 V, precursor ion fragmentation occurred, 

indicating a low activation energy for dissociation of this intermediate. While we cannot 

definitively assign this as 4- or 5-coordinate, a monodentate binding mode for DMPDAB is 

consistent with both the bonding preferences of d8 Pd(II), and the facile ligand dissociation 

at 0 V. This 4-coordinate species likely arises from 3 displacing one of the imine arms. The 

relatively low intensity of product ion [Pd(3)]– at CE 0 V contrasts with its higher 

abundance observed in the MS scans (Figure 5.2). This indicates that the monoligated 

[Pd(3)]– catalyst activation species in Figure 5.2 is not solely a result of in-source 

fragmentation.  

A transfer collision energy ramp from 0 to 30 V (in 1 V increments) was applied to 

[(DMPDAB)Pd(3)(CH2SiMe3)2]–, revealing the energy-dependent changes in precursor and 

product ion intensities (Figure 5.3B). The results indicate that 

[(DMPDAB)Pd(3)(CH2SiMe3)2]– forms via a ligand association reaction, which undergoes 

further reactivity to generate the active catalyst. Initially, the precursor ion was at 

maximum intensity at CE 0 V and decreased rapidly as CE was increased. Notably, 

dissociation of DMPDAB is facile, as evidenced by the low activation energy required for 

fragmentation leading to [Pd(3)(CH2SiMe3)2]–. Subsequent reductive elimination of 

(Me3SiCH2)2 generates the monoligated active catalyst [Pd(3)]–, with the phosphine 

assisting the reductive elimination process through steric compression and transition state 

stabilization by coordination to the pendant arene.54–56 Crucially, the absence of a 

[(DMPDAB)Pd(3)]– fragment ion indicates that the mechanistic steps follow a sequential 

pathway, as in Figure 5.3A, with DMPDAB ligand dissociation preceding the reductive 

elimination of (Me3SiCH2)2. This observation aligns with literature studies demonstrating 

how reductive elimination in 4-coordinate d8 complexes is often preceded by ligand 

dissociation, which generates a 3-coordinate intermediate.57,58 This reductive elimination 

is facilitated by the relative ease of polytopal rearrangement in this intermediate, enabling 

geometry distortion for advantageous orbital overlap.59–61 
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Figure 5.3: A) Reaction pathway of [(DMPDAB)Pd(3)(CH2SiMe3)2]– ion fragmentation upon CID with argon 
gas, showing collision energies that maximized each product ion. Undetected neutral fragments shown in 

grey. B) Relative intensities of precursor and product ions over a collision energy ramp (0–30 V, 1 V 
increments), highlighted with colors as in A. 

 

5.3.2 In Situ Trapping of Monoligated [Pd(3)]–  

Once coordinatively unsaturated LPd(0) forms in situ, it should be susceptible to rapid 

trapping, either by ArX via oxidative addition, or alternatively through coordination with a 

stabilizing ligand such as an electron-deficient olefin.62 To investigate this, [Pd(3)]– in 

solution was trapped by adding an excess of the π-acidic ligand maleic anhydride (MAH). 

This approach was designed to evaluate whether [Pd(3)]– was a true solution phase species, 

rather than an in-source MS ion fragment of [(DMPDAB)Pd(3)(CH2SiMe3)2]– or of the 

bisligated [Pd(3)2]2– species. Accordingly, after catalyst activation, 2 equivalents of MAH 

were introduced to the reaction mixture (Figure 5.4). A sudden decrease in the signal 

intensity of [Pd(3)]– was observed, accompanied by a matching increase in the olefin-

trapped Pd(0) species [Pd(3)(MAH)]– (m/z 693). A much slower conversion between the 

two followed, which likely reflects the rate of reductive elimination of (Me3SiCH2)2 from 

[(DMPDAB)Pd(3)(CH2SiMe3)2]– and/or the rate of bimolecular ligand association at these 
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low concentrations. Upon CID of [Pd(3)(MAH)]– at CE 13 V, the primary fragment ion 

observed was [Pd(3)]–. 

 
Figure 5.4: Relative species intensities for the introduction of maleic anhydride (MAH, 20 µM, 2 equiv, at 1.1 
min) into a MeOH solution of [PPN][3] (10 µM, 1 equiv) and (DMPDAB)Pd(CH2SiMe3)2 (10 µM, 1 equiv, at 0.1 

min), monitored by PSI-ESI(–)-MS. MAH trapping yielded [Pd(3)(MAH)]–. Inset: calculated isotopic 
distribution patterns (bars) overlaid on the experimental isotopic distribution (lines) for [Pd(3)(MAH)]–. 

 

This trapping experiment further supports the assertion that [Pd(3)]– is indeed a 

solution-phase species, where the only other ligands are weakly-bound and rapidly-

exchanging solvent molecules. This distinguishes it from a mere product of in-source ion 

fragmentation, where under these conditions (stoichiometric 3) the solution equilibrium 

strongly favors LPd(0) over L2Pd(0). 

 

5.3.3 Ligand Competition Experiments 

Previous studies have highlighted how ligand size influences the coordination number in 

LnPd(0) species.13,18,56,63 The impact different ligands have on catalyst activation was 

explored through competitive experiments involving three phosphine ligands with varying 

sizes and denticity. To initiate catalyst activation, a precatalyst solution was introduced to 
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a reaction flask containing equimolar amounts of charge-tagged phosphines TPPMS (1), 

sSPhos (3), and ssXantphos (4). By maintaining a low precatalyst to ligand ratio (1:3 Pd/L), 

we aimed to observe preferential activation among these ligands. 

Figure 5.5 shows the results of this experiment, with all three ligands exhibiting 

monoligated species upon activation. As a bidentate phosphine, 4 appears to form the more 

stable intermediate, although ion effects from the dianion likely result in suppression of the 

monoanionic intermediates. Additionally, all three ligands exhibited the associative ligand 

substitution intermediates [(DMPDAB)Pd(L)(CH2SiMe3)2]– and [Pd(L)(CH2SiMe3)2]–, 

consistent with similar activation mechanisms. Notably, detection of [Pd(4)(CH2SiMe3)2]– 

aligns favorably with previous work, where the analogous Pd(xantphos)(CH2SiMe3)2 

complex was successfully isolated from (DMPDAB)Pd(CH2SiMe3)2 in 68% yield.39  

No homoleptic or heteroleptic bisligated species were observed for any of the 

ligands used in these experiments (Figure 5.6). The observed preference for monoligation 

under stoichiometric conditions implies an appreciable barrier to the formation of L2Pd(0) 

species. This is attributed to steric hindrance posed by bulky ligands, electrostatic repulsion 

of the anionic ligands, and the low concentration of these reaction mixtures. Additionally, 

dialkylbiaryl phosphine ligands exhibit conformational flexibility and diverse binding 

modes. Among these, strong pendant arene-metal interactions effectively stabilize the 

metal in a bidentate manner. These interactions occur through coordination where the non-

phosphine-containing ring of the biaryl framework can serve as a ligand for the Pd center 

via the ipso or ortho carbon, or alternatively through the 2-methoxy substituent for 3.23,55,64–

66  
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Figure 5.5: A) PSI-ESI(–)-MS reaction monitoring of the addition of (DMPDAB)Pd(CH2SiMe3)2 (2.5 µM, 1 

equiv, at 1.5 min) into an equimolar MeOH solution at 40 °C containing [PPN][3] (2.5 µM, 1 equiv), [PPN][1] 
(2.5 µM, 1 equiv), and [PPN]2[4] (2.5 µM, 1 equiv),showing relative rates of phosphine activation and 
formation of LPd(0) intermediates. B) Relative intensities axis amplified ×5 to highlight key reaction 

intermediates. 
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Figure 5.6: A) Representative mass spectrum collected at 1 min after addition of (DMPDAB)Pd(CH2SiMe3)2 

(2.5 µM) to an equimolar solution of [PPN][1], [PPN][3], and [PPN]2[4] (2.5 µM) in MeOH, showing free 
phosphine, phosphine oxides, and catalyst activation [Pd(L)]n– species. B) Zoomed-in mass spectra of m/z 
regions where homoleptic or heteroleptic bisligated [Pd(L)2]n– species are expected to be observed, with 
calculated isotopic distribution patterns (bars) overlaid on the experimental isotopic distribution (lines), 

showing no characteristic isotopic distribution patterns for species of interest above the background 
threshold. 
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Despite the smaller size of TPPMS (1), the formation of bisligated palladium species 

was unexpectedly elusive in initial stoichiometric trials. This outcome contradicts previous 

studies under similar conditions, where Pd2(dba)3 was used as the palladium source, and 

bisligation of 1 was readily observed, as in Chapter 4.67,68 To promote bisligation, control 

experiments were conducted by adding an excess of 1 (3:1 L/Pd molar ratio) to the reaction 

flask prior to introducing the precatalyst. Upon adding the precatalyst, bisligated [Pd(1)2]2– 

(and the protonated [Pd(1)2+H]–) was observed, with a relative abundance 1/5th that of 

[Pd(1)]– under these conditions (Figure 5.7).  

 
Figure 5.7: PSI-ESI(–)-MS reaction monitoring of catalyst activation upon addition of 

(DMPDAB)Pd(CH2SiMe3)2 (10 μM, 1.0 equiv, at 1.0 min) to a solution of 3× excess [PPN][1] (30 µM, 3.0 equiv) 
in MeOH, showing formation of [Pd(1)n]n– species. B) Zoomed-in mass spectra of m/z regions for [Pd(1)n]n– 
species collected 2 minutes after precatalyst addition with calculated isotopic distribution patterns (bars) 

overlaid on the experimental isotopic distribution (lines). 
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In further control experiments, the formation of bisligated palladium species was 

investigated by adding an excess of [PPN][3] prior to introduction of precatalyst. Bisligation 

was also observed for 3 when using a 3:1 L/Pd molar ratio (Figure 5.8). As expected, the 

consumption of ligand proceeded at a slower rate, with a half-life of approx. 5 min, 

compared to a half-life less than 1 minute in stoichiometric experiments. The relatively low 

ion fragmentation energy of [Pd(3)2]2– at 7 V compared to [Pd(3)]– at 20 V further indicates 

unfavourable coordination of the second phosphine.  

 
Figure 5.8: A) PSI-ESI(–)-MS reaction monitoring of catalyst activation upon addition of 

(DMPDAB)Pd(CH2SiMe3)2 (10 μM, 1.0 equiv, at 1.0 min) to a solution of 3× excess [PPN][3] (30 µM, 3.0 equiv) 
in MeOH, showing formation of [Pd(3)2]2–. B) Relative intensities axis amplified ×10, highlighting key 

reaction intermediates. Inset: calculated isotopic distribution pattern (bars) overlaid on the experimental 
isotopic distribution (lines) for bisligated [Pd(3)2]2– (m/z 542). 
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While these studies provide valuable insights into the activation mechanisms of 

(DMPDAB)Pd(CH2SiMe3)2 using phosphines 1, 3, and 4, these ligands primarily feature 

phenyl and secondary alkyl groups. The activation mechanism may differ when using 

bulkier phosphines such as PAd3, (t-Bu)XPhos, or (t-Bu)BrettPhos which introduce greater 

steric hindrance. 

 

5.3.4 Oxidative Addition Reactivity 

With the mechanisms of in situ catalyst activation to LPd(0) established, the next step was 

to investigate the oxidative addition of this species with ArX. Initial investigations using the 

charge-tagged phosphine sSPhos (3) yielded no detectable oxidative addition products by 

MS. Since oxidative addition complexes LnPd(Ar)(X) tend to produce cationic [LnPd(Ar)]+ 

species following halide dissociation in polar solvents under ESI-MS conditions,52,68–70 the 

charge-tagged analogue Pd(3)(Ar) would be zwitterionic and undetectable by MS. To 

address this, the investigation shifted to using the neutral dialkylbiaryl phosphine SPhos 

(5) while operating the instruments in positive ion mode, where 5 was observed as the 

protonated species [5+H]+ (m/z 411). 

Investigation of the formation of OACs was achieved by introducing precatalyst into 

a solution containing 5 and an excess of 4’-bromoacetophenone (ArBr). Upon adding 

(DMPDAB)Pd(CH2SiMe3)2, the primary Pd(II) intermediate [Pd(5)(Ar)]+ (m/z 635) formed 

rapidly through oxidative addition to ArBr (Figure 5.9A). After approx. 10 minutes, this 

species reached a steady state. Analysis of the reaction intermediates (Figure 5.9B) 

identified the ligand exchange intermediate [Pd(5)(CH2SiMe3)]+ (m/z 603), which ionized 

via [CH2SiMe3]– loss, as the most abundant Pd-containing species immediately following 

precatalyst addition. As its abundance decreased, [Pd(5+H)]+ (m/z 517) was also detected, 

maintaining a steady abundance. These sequential temporal profiles lend support to the 

proposed ligand exchange and reductive elimination mechanism, consistent with the 

relative activation energies determined by CID (Figure 5.3). 
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Figure 5.9: A) PSI-ESI(+)-MS reaction monitoring of oxidative addition upon introduction of 

(DMPDAB)Pd(CH2SiMe3)2 (2.5 µM, 1 equiv, at 1.0 min) into a MeOH solution containing 5 (2.5 µM, 1 equiv) 
and ArBr (50 µM, 20 equiv), forming [Pd(5)(Ar)]+. B) Key reaction intermediates and off-cycle products 

observed, with relative intensities axis amplified ×10. Inset: calculated isotopic distribution patterns (bars) 
overlaid on the experimental isotopic distribution (lines) for [Pd(5)(Ar)]+. 

 

Studies on Pd(L)(Ph)X OACs have highlighted their solvent-dependent behavior. 

Specifically, the halide-bridged dimeric form [Pd(L)(Ph)(µ-X)]2 tends to persist in non-

coordinating solvents.71 In this investigation, evidence of dimer formation was detected as 

the fragment ion [Pd2(5)2(Ar)2Br]+ (m/z 1351), which exhibited a kinetic profile similar to 

that of [Pd(5)(Ar)]+. This equilibrium between dimers and monomers plays a crucial role, 
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with dimer dissociation necessary for coordinating the nucleophilic coupling partner. 

Notably, no [(DMPDAB)Pd(Ar)]+ species was observed, which would result either from direct 

oxidative addition to a (DMPDAB)Pd(0) intermediate, or from ligand substitution between 
DMPDAB and [Pd(5)(Ar)(Br). 

 
Figure 5.10: Relative species intensities for OAC formation by the sequential additions of 

(DMPDAB)Pd(CH2SiMe3)2 (2.5 µM, 1 equiv, at 1.0 min) and ArBr (50 µM, 20 equiv, at 8.0 min) into a MeOH 
solution containing 5 (2.5 µM, 1.0 equiv). Experiment conducted under the same conditions as Figure 5.6, 

monitored by PSI-ESI(+)-MS. 

 

Beyond OAC formation, additional potential off-cycle reaction pathways and 

product formation was observed. Notably, palladium-catalyzed phosphine oxidation 

resulted in the formation of [Pd(5+H)+O]– (m/z 533) and [(5+H+O)]+ (m/z 427), consistent 

with prior observations in the absence of ArX. Importantly, the mixed ligand Pd(0) species 

[(DMPDAB)Pd(5+H)]+ (m/z 781) was detected, which also appeared in negative mode 

experiments as [(DMPDAB)Pd(3)]– (m/z 861). This species likely arises from the 

coordination of free DMPDAB ligand to LPd(0). This means that DMPDAB could act as a catalyst 

inhibitor, maintaining a reservoir of less-reactive Pd(0). This behavior becomes evident 

when ArBr is sequentially added following catalyst activation (Figure 5.10). Moreover, this 

sequential addition of precatalyst and ArBr further solidifies the role of monoligated 
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[Pd(5+H)]+ (m/z 517) as the active catalytic species, with its relative abundance decreasing 

in tandem with the formation of [Pd(5)(Ar)]+. 

Upon CID of [Pd(5)(Ar)]+ at 32 V, multiple fragment ions emerged (Figure 5.11). 

Notably, one fragment ion, [Pd(Ar’)]+, emerged as a product of aryl exchange reactions 

between an aryl group originating from the Pd centre (Ar) and another from the phosphine 

(Ar’). The aryl exchange reaction competes with the catalytic cycle, potentially 

contaminating the desired reaction product with products derived from the aryl group 

originally bound to the phosphorus. Generally, electron-rich aryl groups make exchange 

more facile, especially in polar solvents and under dilute conditions.72–74 Additionally, trace 

amounts of the phosphonium salt [5Ar]+ (m/z 529), a proposed intermediate for aryl 

exchange, were generated through CID-induced reductive elimination of [Pd(5)(Ar)]+. 

 
Figure 5.11: ESI(+)-MS/MS (CE = 32 V) of [Pd(5)Ar]+ (m/z 635.4) showing product ions highlighted in blue, 
with product ion resulting from Pd-aryl/P-aryl exchange reaction [Pd(Ar’)]+ (m/z 319.1) highlighted in red. 

Key: Ar = [C6H4COCH3] originating from ArBr; Ar’ = [C6H4(C6H3(OMe)2)] originating from 5. 

 

5.3.5 Model Suzuki-Miyaura Reaction 

A test Suzuki cross-coupling reaction involving 4’-bromoacetophenone (ArBr) and 4-

methoxyphenylboronic acid (RB(OH)2) was investigated, to observe any contaminants 
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resulting from aryl exchange reactions. Species were primarily ionized through sodiation, 

resulting from an excess of Na2CO3, and the detection of Pd-containing intermediates was 

suppressed by the high sodium concentration (Figure 5.12). 

 
Figure 5.12: A) Relative species intensities for Suzuki coupling of 4’-bromoacetophenone (ArBr) and 4-

methoxyphenylboronic acid (RB(OH)2), yielding [ArR+Na]+ (m/z 249). B) Zoomed-in mass spectrum 
collected at 20 min, showing trace amounts of aryl exchange product [Ar’R+Na]+ (m/z 343). Key: Ar = 

[C6H4COCH3] originating from ArBr; Ar’ = [C6H4(C6H3(OMe)2)] originating from 5. 

 

Only trace contamination (< 1%) from the aryl exchange product was detected. This 

observation is consistent with the aryl exchange rate being significantly lower than the 

rates of transmetallation and reductive elimination. The steric bulk and added stabilization 

from the pendant arene of the ligand likely disfavors formation of the phosphonium salt 

intermediate in the solution phase,75 a process that occurred more readily with a less bulky 
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phosphine as seen in Chapter 4. Nonetheless, this aryl transfer pathway is a potential source 

of both catalyst decomposition and product contamination and should therefore be 

considered as a possible failure mode. 

 

5.3.6 Proposed Catalytic Cycle  

Drawing from the discussed observations, the following general reaction pathways are 

proposed for the in situ catalyst activation of (DMPDAB)Pd(CH2SiMe3)2 to LnPd(0) and the 

subsequent formation of OACs (Figure 5.13). The active Pd(0) species emerges through an 

associative ligand substitution, initially forming the 4-coordinate mixed ligand 

(DMPDAB)Pd(L)(CH2SiMe3)2, followed by dissociation of DMPDAB. Subsequent reductive 

elimination of the two alkyl groups yields the monoligated LPd(0), which remains stable 

due to interactions with ligand pendant arenes and/or coordinating solvent molecules. This 

highly active species then initiates the catalytic cycle for cross-coupling reactions, with the 

product of oxidative addition of ArX partially existing as monomeric [Pd(L)Ar]+ following 

halide loss in polar solvents under these ESI-MS conditions. Identified off-cycle pathways 

include phosphine oxidation if O2 is present, as well as competitive inhibition by DMPDAB. 

This latter aspect is an important consideration for achieving maximum catalytic rates, 

where a non-innocent DMPDAB ‘throw-away’ ligand would impede catalytic turnover.  
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Figure 5.13: Proposed pathways for formation of LPd(0) and LPd(II)(Ar) species from 

(DMPDAB)Pd(CH2SiMe3)2 precatalyst activation with diarylbialkyl phosphine 3 and 5 at 1:1 Pd/L molar 
ratios, and oxidative addition to ArBr. Key: A.S. = associative substitution, O.A. = oxidative addition, T.M. = 

transmetallation, R.E. = reductive elimination; m/z ratios of key detected intermediates shown in grey; 
arrow thicknesses qualitatively represent rate constants; catalytic cycle made using www.catacycle.com.76 

 

5.4 Conclusions  

This chapter has examined the activation mechanisms of the dialkyl-palladium precatalyst 

(DMPDAB)Pd(CH2SiMe3)2, with a focus on the role played by the activating phosphine ligand 

and the formation of active species in solution. Using PSI-ESI-MS has allowed for the real-

time monitoring of these processes. The results demonstrate that after phosphine 

coordination to (DMPDAB)Pd(CH2SiMe3)2, the DMPDAB ligand dissociates before the 

http://www.catacycle.com/
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reductive elimination of (Me3SiCH2)2. This sequence leads to the generation of the 

monoligated active catalyst LPd(0), which is identified as the active species responsible for 

oxidative addition. Notably, a considerable mechanistic barrier to bisligation favours the 

formation of the highly active monoligated catalyst. Additionally, potential off-cycle 

pathways have been identified, including the possibility of competitive inhibition by 
DMPDAB. These findings contribute to a broader understanding of how this precatalyst 

functions, providing a foundation for the development of more active and robust catalyst 

systems for cross-coupling reactions. 

 

5.5 Materials and Methods  

All experiments were set-up and performed under an inert (Ar or N2) atmosphere using 

standard glovebox and Schlenk line techniques.77 Ar (UHP200 5.0) and N2 (HP300 4.8) were 

purchased from Airgas (Calgary, Canada) and used without further purification. Solvents 

were purchased from Fisher Scientific and kept under inert atmosphere before use; 

methanol (MeOH, HPLC-grade) and tetrahydrofuran (THF) were degassed using the freeze-

pump-thaw method. 

SPhos (5) (Sigma-Aldrich, 98 %), sSPhos-sodium salt (Sigma-Aldrich, >99.5%), 

xantphos (Sigma-Aldrich, 97%), triphenylphosphine (Sigma-Aldrich, ReagentPlus, 99%), 

bis(triphenylphosphine)iminium chloride (Sigma-Aldrich, 97%), maleic anhydride (Sigma-

Aldrich, 99%), 4’-bromoacetophenone (Sigma-Aldrich, 98%), 4-methoxyphenylboronic 

acid (Oakwood Chemicals, ≥95.0%), and sodium carbonate anhydrous (Bio Basic Canada, 

ACS, ≥99.5%) were obtained from the commercial suppliers and used without further 

purification. 

(DMPDAB)Pd(CH2SiMe3)2 was synthesized according to a literature procedure and 

consistent characterization data obtained.2 Bis(triphenylphosphine)iminium 

triphenylphosphine mono-sulfonate, or [PPN][1], was synthesized from 

triphenylphosphine as reported previously.60  [PPN][3] was obtained by salt metathesis of 

[Na]+[sSPhos]– dissolved in minimal hot methanol mixed with 1.0 equivalent of 
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bis(triphenylphosphine)iminium chloride [PPN][Cl] dissolved in water, with the 

precipitate washed using a cold methanol/water mixture (1:1) and collected under 

vacuum. Synthesis of 2,7-bis(SO3Na)-xantphos, or [Na]2[4], was from xantphos as 

previously reported,5 followed by its salt metathesis in 1:1 water:methanol with 2.0 

equivalents of bis(triphenylphosphine)iminium chloride [PPN][Cl] to afford [PPN]2[4] that 

was collected using vacuum filtration. 

 

5.5.1 MS Instrument Parameters 

Experiments were conducted on a Waters (Milford, USA) Synapt G2-Si mass spectrometer 

and analyzed using Waters MassLynx V4.2 software. The mass spectrometer was operated 

in full scan resolution mode in a range of m/z 50–1500 for both negative and positive ion 

modes, with parameters optimized by OptiMS50 as summarized in Table 5.1. Calculation of 

theoretical m/z ratios and isotope patterns were done using PythoMS78 and the IsoSpecPy79 

package, with identified m/z ratios summarized in Appendix C. Signal intensities for all 

chromatograms were normalized to the total ion current (TIC). 

Table 5.1: Waters Synapt G2-Si instrument parameters for dialkyl-Pd experiments. 

Parameter Positive Mode Negative Mode 

Flow rate (PSI) 20 µL min-1 20 µL min-1 

Scan time 1 s 1 s 

Capillary voltage 2.9 kV 2.6 kV 

Sampling cone voltage 63 V 50 V 

Source offset 72 V 80 V 

Source temperature 90 °C 90 °C 

Desolvation temperature 200 °C 200 °C 

Cone gas flow 70 L hr-1 100 L hr-1 

Desolvation gas flow 350 L hr-1 400 L hr-1 

Nebuliser 2.8 bar 2.8 bar 

FWHM 18510 24150 
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5.5.2 General Procedures for PSI-ESI-MS Reaction Monitoring 

Stock solutions of (DMPDAB)Pd(CH2SiMe3)2 were prepared in degassed tetrahydrofuran 

(THF), with all other chemical stock solutions prepared in degassed HPLC-grade methanol 

(MeOH). In a typical reaction, degassed HPLC-grade MeOH (10 mL or 20 mL) was 

transferred to a Schlenk flask equipped with a stirrer bar, with an aliquot of ligand and/or 

substrate added, and the solution sparged with nitrogen for 15 minutes. The inlet system 

and the ESI source of the mass spectrometer were flushed with MeOH for 10 minutes before 

each experiment. The sealed flask was then connected to the inlet via PEEK tubing 

(TubPEEK Red, 1/16 in. OD, 0.005 in. ID, 18 in. L). The reaction mixture was monitored by 

PSI-ESI-MS techniques, where an overpressure of argon gas was applied to transfer the 

sample solution from the Schlenk flask into the spectrometer inlet at an infusion rate of 20 

µL min−1. Reactions were initiated by additions of (DMPDAB)Pd(CH2SiMe3)2 or substrate at 

specified time intervals, with the reaction allowed to proceed for up to 40 minutes. All 

reactions were stirred at 400 rpm and monitored at 60°C (unless otherwise specified). 

Detailed experimental conditions are summarized in the Table 5.2. 

Table 5.2: Summary of reagent and injection details for figures. 

Figure 
Reagents in Flask 

(Concentration / µM, 
Equivalents) 

Reaction 
Volume / 

mL 

Reagents Added 
(Concentration / µM, Equivalents, at Injection 

Time) 

5.2 [PPN][3] (10, 1.0) 20 (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 1.0 min) 

5.4 [PPN][3] (10, 1.0) 10 (23 °C) (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 0.1 min), 
MAH (20, 2.0, at 1.1 min) 

5.5, 5.6 [PPN][1] (10, 1.0), [PPN][3] 
(10, 1.0), [PPN]2[4] (10, 1.0) 20 (40 °C) (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 1.0 min) 

5.7 [PPN][1] (30, 3.0) 20 (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 1.0 min) 

5.8 [PPN][3] (30, 3.0) 20 (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 1.0 min) 

5.9 5 (2.5, 1.0) 20 (DMPDAB)Pd(CH2SiMe3)2 (2.5, 1.0, at 1.0 min) 

5.10 5 (2.5, 1.0) 20 (DMPDAB)Pd(CH2SiMe3)2 (10, 1.0, at 1.0 min), 
ArBr (50, 20.0 at 8.0 min) 

5.12 
5 (2.5, 1.0), ArBr (50, 20.0), 
RB(OH)2 (50, 20.0), Na2CO3 

(2.0 mg, 19 µmol) 
20 (DMPDAB)Pd(CH2SiMe3)2 (2.5, 1.0, at 1.0 min) 
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Chapter 6 – Conclusions and Outlook 

6.1 Summary of Key Findings 

This dissertation set out to investigate two fundamental questions: the limitations of ESI-

MS in studying complex chemical systems, and how PSI-ESI-MS can be used to uncover key 

reaction intermediates and pathways involved in the in situ mechanisms of Pd precatalysts. 

An investigation of the limitations of ESI-MS was first necessary to establish its role in this 

research, particularly in probing palladium-catalyzed cross-coupling reactions. This 

enabled investigations into the interaction of palladium precatalysts with reaction 

conditions and substrates, advancing both the analytical methodologies and mechanistic 

understanding. 

Chapter 2 highlighted the challenges of using MS to characterize complex systems 

such as high molecular weight polymers, particularly due to isotopic contributions and 

signal broadening, which accumulate into pronounced signal-to-noise issues. Effective 

sample preparation was discussed as a factor in improving analytical outcomes, as well as 

the need for methodological refinement and optimizing instrument conditions to enhance 

data quality. 

Chapter 3 investigated the performance of ESI-MS across multiple instruments, 

focusing on their capability to preserve and detect weak interactions in inorganic and 

organometallic complexes. This study revealed significant variability in instrument 

performance, even among systems from the same manufacturer. To address these 

inconsistence, simple tests were developed and proposed to help researchers assess 

instrument softness and optimize conditions for specific analytes. These findings reinforce 

the necessity of methodical instrument assessment and optimization. 

Chapter 4 explored the mechanisms of catalyst activation, focussing on Pd2(dba)3 as 

a classic Pd(0) source. A critical evaluation of the mercury drop test demonstrated its 

limitations, challenging the assumption that elemental mercury is unreactive towards 

ligated molecular palladium species. This work crucially highlights that Pd(0) and Pd(II) 
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intermediates interact with mercury in ways that may lead to misinterpretations about 

catalytic activity.  This chapter contributes to a more nuanced understanding of how to 

evaluate catalytic activity and the necessity of using multiple analytical approaches to gain 

a more comprehensive understanding of reaction mechanisms and catalyst reactivity. 

Building on these methodologies, Chapter 5 examined the activation and oxidative 

addition processes of a next-generation palladium precatalyst, (DMPDAB)Pd(CH2SiMe3)2. 

Through PSI-ESI-MS investigations with charge-tagged and neutral phosphine ligands, this 

chapter revealed in situ activation pathways and the formation of key intermediates. 

Additionally, the study identified off-cycle species,  particularly the role of DMPDAB as a 

competitive inhibitor of the active LPd(0) species. This approach can prove insightful in 

investigating potential catalyst inhibition mechanisms caused by “throw-away” ligands, 

which are typically assumed to be innocent spectators.     

 

6.2 Opportunities for Further Research 

Building on the findings presented in Chapters 2–5, several avenues for future research 

emerge that could yield insights into palladium-catalyzed cross-coupling reactions, and 

reaction monitoring by ESI-SMS. These are presented in the following sections. 

 

6.2.1 Instrument Optimization and Methodology Development 

Further research can enhance our understanding of ESI-MS and its implications for 

detecting fragile inorganic complexes. One promising avenue involves establishing a 

comprehensive benchmarking study of various ESI-MS instruments using the assessment 

tests presented in Chapter 3. An evaluation of a broader range of instruments under 

controlled conditions could generate a robust dataset detailing instrument performance. 

This analysis would help identify specific design features or configurations that contribute 

most significantly to optimal performance, facilitating better instrument selection tailored 

to organometallic research applications.  
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Additionally, further exploration of auxiliary fields and their impact on ion behavior 

during fragmentation could yield significant insights. The work in Chapter 3 demonstrated 

one such example of how varying the source temperature can influence signal stability and 

the effective transition of ions into the gas phase. Expanding this research to investigate the 

effects of other instrument parameters on ion preservation would refine strategies aimed 

at minimizing undesired fragmentation. This effort could help develop standardized 

methodologies for optimizing ESI-MS conditions across diverse applications within 

organometallic and inorganic chemistry, ultimately expanding the limits of mass 

spectrometric analysis for fragile complexes. 

Recent work in the McIndoe group developed an open-source program for semi-

automated optimization of instrument parameters1 in tandem with the instrument 

assessment studies of Chapter 3. Expanding this OptiMS system to incorporate set 

benchmarks or targets for optimal instrument conditions based on the proposed softness 

tests, could further improve its utility. Such developments would provide researchers with 

accessible tools for fine-tuning their instruments, ensuring more consistent and reliable 

results in complex synthetic environments.  

 

6.2.2 Reaction Monitoring and Mechanistic Studies 

6.2.2.1 Formation and Stability of Polynuclear Palladium Species 

One key area for continued research could therefore focus on monitoring the formation of 

polynuclear palladium species. These species are commonly observed as precursors to the 

generation of Pd black, a major deactivation pathway in catalysis.2 Fairlamb and coworkers 

explored the formation of various polynuclear palladium complexes by varying the 

palladium to ligand (Pd(OAc)2 : PPh3) ratio in their studies. Their findings indicated that a 

Pd/PPh3 ratio of 1:2 resulted in the formation of the dinuclear complex [Pd2(µ-PPh2)(µ2-

OAc)(PPh3)2], while higher ratios of 1:3 led to the generation of more complex Pd3 clusters.3 

They further proposed that ligated Pdn clusters act as intermediates, bridging monoligated 

Pd species and Pd nanoparticles (PdNPs), rather than merely serving as precursors to 

catalyst deactivation.4 Understanding and harnessing the reactivity of these clusters could 



 
160 

therefore present an opportunity for innovative catalyst design.  The unique framework of 

these clusters could provide alternatives to conventional LnPd(0) complexes or small 

PdNPs, with potential benefits in efficiency, atom economy, selectivity, and catalytic 

reactivity.  

The effects of solvents on the stability of active Pd species and clusters remain an 

active area for exploration with significant implications for catalysis. Solvent choice 

influences the stability of ionic species and can, in some cases, accelerate palladium 

decomposition.5 The careful selection of solvents in ESI-MS is additionally important for 

optimizing ion detection and achieving accurate representations of analyte 

concentrations.6 By varying solvent polarity and coordinating ability, it may be possible to 

identify conditions that stabilize Pdn clusters and enhance catalytic efficiency. Real-time MS 

could provide deeper insights into how solvent properties influence catalytic activity, 

species stability, and the formation of polynuclear structures. Gaining control over the 

dynamics of Pdn cluster formation and propagation may further unlock new catalytic 

activity and expand accessible chemical space. 

6.2.2.2 Investigating Structure-Activity Relationships of RDAB Ligands 

Building on the findings of Chapter 5, further research could explore the inhibitory effects 

of N,N’-diaryl diazabutadiene (RDAB) ligands on the activation process. Understanding the 

competitive inhibition by RDAB ligands could prove important for achieving maximum 

catalytic rates, as non-innocent ligands can impede catalytic turnover rather than act as 

benign ‘throw-away’ ligands. Recent work by Leitch and coworkers examined isopropyl- 

and methyl-substituted RDAB ligands used for stabilizing Ni(0) catalyst precursor for in situ 

catalyst formation.7 Notably, the more sterically hindered diisopropyl-substituted DIPPDAB 

precatalyst outperformed dimethyl-substituted DMPDAB precatalyst in Suzuki-Miyaura and 

C–N coupling reactions. The improved reactivity likely stems from steric shielding by the 

isopropyl groups, which stabilizes reactive intermediates while promoting substrate 

binding. This steric stabilization effect has been well studied and rationalized for various 

ligand classes.8–12 Additionally, the increased bulk of DIPPDAB may disfavours RDAB re-

coordinating to the LPd(0) species, thereby reducing inhibitory effects.  
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An evaluation of RDAB ligands with varying steric properties could help clarify their 

influence on catalyst inhibition, providing insight into structure-activity relationships that 

govern their reactivity. This proposal draws inspiration from work by Doyle and 

coworkers, who used a data-driven approach to analyze the structure-activity relationships 

of dialkylbiaryl phosphine ligands in nickel and palladium complexes.13 Their study 

revealed that the minimum percent buried volume (%Vburr (min))—a conformationally 

representative descriptor of ligand size—enabled the discovery of a reactivity threshold for 

the formation of active monoligated vs inactive bisligated catalytic species. A similar 

strategy, as illustrated in Figure 6.1, could be applied to uncover RDAB ligand structure 

properties that influence catalyst inhibition. MS/MS trapping and fragmentation 

experiments would be particularly effective in assessing relative ligand binding strengths 

and correlating them with observed reactivity. These experiments could further be 

supported by density functional theory (DFT) calculations, which would provide 

theoretical low-energy structures and transition states for comparison with experimental 

data.  

 

Figure 6.1: Conceptual representation of study of the structure-activity relationships of RDAB ligands on 
LPd(0) catalyst inhibition. A survey of RDAB ligands with R substituents across a spectrum of steric bulk 

(%Vburr (min)) may reveal a structural threshold for mitigating catalyst inhibition. 

 

Expanding these studies would require the developing of synthetic routes for 

isolating and purifying an expanded class of dialkyl-Pd precatalysts, presenting an 

opportunity for further collaborative research with synthetic expertise from the Leitch 

group. Furthermore, these synthetic endeavours could include isolating oxidative addition 
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complexes for mechanistic investigations. Such efforts would build on the findings of this 

work and open new avenues for optimizing catalyst design and performance.  

6.2.2.3 Ligand Effects on Catalyst Activation 

Further exploration on the (DAB)Pd(CH2SiMe3)3 precatalyst could additionally focus on 

investigating bulkier phosphine ligands beyond those studied in Chapter 5. Examining the 

steric effects of these ligands on activation pathways can clarify the generality of the 

mechanisms observed with smaller ligands. This research could also be expanded to 

include N-heterocyclic carbene (NHC) ligands, giving indication of their interactions 

compared to traditional phosphines. NHCs offer a variety of steric profiles and different 

bonding character compared to phosphines, which could significantly influence the 

activation and reactivity properties of the precatalyst. For instance, the stronger σ-donating 

ability of NHCs may stabilize Pd intermediates differently, potentially altering the rate and 

pathway of activation.14 Additionally, the tunable steric bulk of NHCs could provide insights 

into how ligand size and shape impact the formation and stability of key intermediates. The 

charge-tagged NHC ligand ESIMes,15 recently developed in the McIndoe group, could enable 

detailed real-time MS reaction monitoring. 

Moreover, exploring charge-tagged ligands, such as sulfonated dialkylbiaryl  

phosphines, could be particularly advantageous for assessing catalytic activity under 

aqueous conditions, aligning with green chemistry principles aimed at minimizing the use 

of harmful organic solvents.16 The Buchwald group has demonstrated scalable  methods for 

synthesizing sulfonated ligands,17 some of which are commercially available. These ligands 

could facilitate probing catalytic activity under aqueous or biphasic conditions.  

6.2.2.4 Simultaneous Orthogonal Reaction Monitoring in Biphasic Systems 

The use of biphasic conditions in cross-coupling reactions presents the possibility of 

recyclability, where the aqueous phase containing the catalyst can be by reused after 

product extraction from the organic phase.18,19 Monitoring biphasic reactions, however, 

presents unique challenges, particularly in ESI-MS where different solvents require distinct 

instrument parameters for optimal desolvation.20 Despite these challenges, the high 

sensitivity of MS makes it well suited for detecting ligated catalyst intermediates at low 
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concentration in the aqueous phase, while bulk reactants and product in the organic phase 

can be monitored using orthogonal techniques such as flow Fourier-transform infrared 

(FTIR) or UV-Vis spectroscopy (Figure 6.2). Work in the McIndoe group has demonstrated 

the utility of simultaneous orthogonal monitoring, enabling a more comprehensive analysis 

of reaction components.21,22 Extending PSI-ESI-MS to accommodate biphasic systems 

would broaden its applicability in reaction monitoring, and could prove advantageous to 

understanding catalytic dynamics and phase behaviors. 

 
Figure 6.2: Conceptual representation of simultaneous reaction monitoring, where sampling of the aqueous 
phase directs to the ESI-MS, while tubing circulates the organic phase through a flow FTIR spectrometer. 

 

Investigating the reactivity and efficiency of palladium catalysts in alternative 

solvent systems could contribute to the development of more sustainable catalytic 

processes and broaden the application scope of palladium catalysis in organic synthesis. 

Importantly, these proposed methodologies and approaches would be equally applicable 

to other precatalyst systems. As discussed in Chapter 1, the rapidly expanding field of 

tailored precatalysts would greatly benefit from such investigations, further advancing the 

understanding and optimization of cross-coupling reactions. 
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6.3 Outlook 

The work presented in this dissertation reinforces the role of mass spectrometry in 

advancing modern synthetic chemistry and encourages researchers to harness its full 

potential. By enabling the direct observation of catalytic intermediates and speciation 

under reaction conditions, PSI-ESI-MS provides valuable mechanistic insights that can 

drive the optimization of cross-coupling reactions. Real-world catalytic system, involving 

diverse metal sources, supporting ligands, additives, and structurally diverse reaction 

substrates, are undoubtably very complex. However, with the aid of modern on-line 

analysis techniques, researchers can elucidate these dynamic systems and develop models 

that will bridge the gaps in our understanding. 

However, as demonstrated throughout the chapters, limitations remain, particularly 

in preserving fragile organometallic species and accurate monitoring of increasingly 

complex systems. Addressing these challenges requires continued advancements in sample 

handling techniques, instrument design and optimization, and ionization strategies to 

improve the robustness and reliability of mass spectrometric analysis for dynamic catalytic 

systems. 

Looking ahead, PSI-ESI-MS could play a transformative role in mechanistic studies 

and reaction optimization when integrated with emerging technologies in automation and 

robotics. The potential for automated reactors equipped with on-line MS for real-time 

analysis and feedback control could streamline reaction development, accelerating the 

discovery of more efficient and sustainable catalytic systems. As the field of cross-coupling 

chemistry continues to evolve, incorporating green chemistry principles—such as earth-

abundant metal catalysts, solvent-free or aqueous-phase reactions, and using less toxic 

atom-economic processes—will also be key to maintaining its relevance and impact in both 

academic and industrial settings.   
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Appendices  
A – Supporting Information for Chapter 3 

 

Table A.1–6 show the operating parameters for ESI-MS Systems 3-8. The ESI source 

parameters were chosen through manual user-driven optimization in each lab aimed at 

maximizing the signal intensity of higher n species. The absolute intensities for the 100% 

relative intensity peaks shown in Figures 3.1-8 are shown in Table A.7.  

 

Table A.1: Sciex QTRAP 5500 parameters. (NRC) 

Parameter Positive Mode Negative Mode 

Flow rate  5 µL min-1  

IonSpray voltage 4.5 kV  

Declustering   
potential  120 V  

Spray temperature 200 °C  

Curtain gas 10 L min-1  

Ion Source gas 1 5 L min-1  

Ion Source gas 2 2 L min-1  

   
 

Table A.2: Thermo Exactive+ Orbitrap parameters. 

Parameter Positive Mode Negative Mode 

Flow rate  0.1 mL min-1 0.10 mL min-1 

Spray voltage 3.5 kV 2.5 kV 

Capillary temperature 250 °C 250 °C 

Probe heater 
temperature 200 °C 200 °C 

S-Lens RF level 50 50 

Sheath gas 35 35 

Aux gas 20 20 

   
 

 

Table A.3: Sciex QTRAP 5500 parameters. (Trent U.) 

Parameter Positive Mode Negative Mode 

Flow rate  7 µL min-1 7 µL min-1 

IonSpray voltage 5.5 kV 4.5 kV 

Entrance potential 10 V 10 V 

Declustering   
potential  0 V 200 V 

Spray temperature 43 °C 43 °C 

Curtain gas 20 L min-1 20 L min-1 

Ion Source gas 1 20 L min-1 20 L min-1 

   
 

Table A.4: Thermo QE HF Quad-Orbi parameters. 

Parameter Positive Mode Negative Mode 

Flow rate  3 µL min-1 5 µL min-1 

Spray voltage 3.75 kV 3.75 kV 

Capillary temperature 200 °C 250 °C 

S-lens 70 70 

Sheath gas 2 0 

Aux gas 2 2 

Sweep gas 0 0 
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Table A.5: Bruker SolariX XR FT-ICR parameters. 

Parameter Positive Mode Negative Mode 

Flow rate 180 µL hr-1 180 µL hr-1 

Capillary voltage 5.5 kV 5.5 kV 

Desolvation temp. 180 °C 180 °C 

Desolvation gas flow 4 L min-1 4 L min-1 

Nebulizer gas 1 bar 1 bar 

Free ion decay (FID) 0.2621 s 0.2621 s 

ICR cell accumulation 0.004 s 0.8 s 

   
 

Table A.6: Agilent 6545 LC/Q-Tof MS parameters. 

Parameter Positive Mode Negative Mode 

Capillary voltage 4.0 kV  

Nozzle voltage 0 V  

Gas temperature 325 °C  

Drying gas flow 10 L min-1  

Sheath gas temp. 400 °C  

Sheath gas flow 12 L min-1  

Nebulizer gas 20 psi  

   
 

Table A.7: Absolute ion intensities for the 100% relative intensity peaks. 

ESI-MS Instrument Ion mode 100% relative intensity peak Absolute ion intensity / cps. 

Waters TQD (non optimized) 
+ n = 3 3.2 × 106 

– n = 2 2.6 × 105 

Waters Synapt G2-Si (non optimized) 
+ n = 3 2.2 × 109 

– n = 1 1.8 × 109 

Waters TQD (optimized) + n = 3 5.4 × 107 

Waters Synapt G2-Si (optimized) + n = 2  3.0 × 109 

Sciex QTRAP 5500 (NRC) + n = 4 1.7 × 107 

Sciex QTRAP 5500 (Trent U.) 
+ n = 1 3.8 × 108 

– n = 1 1.5 × 108 

Thermo Exactive Plus Orbitrap 
+ n = 3 1.6 × 108 

– n = 2 3.3 × 105 

Thermo QE HF Quad-Orbitrap 
+ n = 3 1.2 × 109 

– m/z 799 3.4 × 107 

Bruker SolariX 
+ n = 2 4.6 × 1010 

– n = 1 1.1 × 1011 

Agilent 6545 + n = 2 1.0 × 106 
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B – Supporting Information for Chapter 4 
 

Caution! Mercury and its compounds are highly toxic and can cause serious health 

problems if inhaled, absorbed, or ingested. Precautions must be taken when handling 

mercury, including wearing appropriate personal protective equipment (PPE), and 

working in a well-ventilated fume hood. Proper disposal of mercury must be followed 

according to local regulations, to ensure the safety of individuals and the environment. 

 

 

Figure B.1: Experimental set-up for PSI-ESI-MS reaction monitoring. 
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NMR spectra of charge-tagged reagents 
The 1H and 31P NMR spectra are recorded on a Bruker AV III 300 MHz instrument. 1H NMR 

spectra are reported in δ units, parts per million (ppm), and were measured relative to the 

signals for residual solvent; CD3OD(4.87, 3.31 ppm). All 31P{1H} NMR spectra are reported 

in ppm referenced to an external 85% aqueous phosphoric acid standard (0.00 ppm).  

 

Figure B.2: Top: 1H NMR of [PPN]+[P(Ph)2(C6H4SO3)]–, (300 MHz, MeOD-d4) δ 7.83 (t, J = 9.0 Hz, 2H), 7.72 – 
7.43 (m, 30H), 7.41 – 7.16 (m, 12H). Bottom: 31P NMR of [PPN]+[P(Ph)2(C6H4SO3)]–, (122 MHz, MeOD-d4) δ 

20.20, -5.99 (d, J = 2.1 Hz). 
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Figure B.3: 1H NMR of [Na]+[IC6H4CH2SO3]–, (300 MHz, MeOD-d4) δ 7.76 – 7.56 (m, 2H), 7.29 – 7.07 (m, 2H), 

3.99 (d, J = 2.8 Hz, 2H). 

 

  



   
 

 
172 

MS/MS Reaction Species Characterization 
All MS/MS spectra were collected using PSI-ESI-MS technique with the same tuning 

parameters as in full scan conditions. In addition, the optimised CID collision energies for 

each identified species are listed in Table B.1. The product ions detected in each CID 

experiment along with isotope pattern matching were diagnostic for identifying the 

catalytically relevant species in each experiment.  

 

Table B.1: CID scan specifications for relevant Hg and Pd reaction intermediates. 

Precursor Ion / m/z Product Ion(s) / m/z Collision Energy / V 

[1]– 341.0 [P(Ph)(C6H4SO3)]– 

[P(C6H4SO3)(MeOH]– 
264.0 
218.9 

20 
25 

[Pd(1)]– 446.9 
[Pd(1)+(MeOH)]– 
[Pd(P(Ph)(C6H4SO3))]– 
[1]– 

478.9 
369.9 
341.1 

0 
1 
1 

[Pd(1)(dba)]– 681.0 
[Pd(1)]– 
[Pd(1)+(MeOH]– 
[Pd(P(Ph)(C6H4SO3))]–  

446.9 
478.9 
369.9 

1 
5 

10 

[Pd(1)2(dba)]2– 511.0 
[Pd(1)(dba)]-  
[1]– 
[Pd(1)2]2– 

681.0 
341.1 
393.9 

2 
2 
1 

[Pd(1)2]2– 393.9 [1]– 
[Pd(1)]– 

341.1 
446.9 

1 
1 

[Pd(1)(Ph)(I)]– 650.9 [1]– 
[Pd(1)]– 

341.1 
446.9 

0 
12 

[Pd(1)2Ph]– 865.0 

[Pd(C6H4SO3)(P(Ph)2(C6H4SO3))]– 
[1]– 
[Pd(1)]– 
[P(Ph)2(C6H4SO3)2]– 

602.9 
341.1 
446.9 
497.0 

5 
8 

15 
22 

[Pd(PPh3)(C6H4CH2SO3)(I)]– 664.9 
[P(Ph)2(C6H4CH2SO3)]– 

[Pd(I)(C6H4CH2SO3)]– 

[IC6H4CH2SO3]– 

355.1 
402.8 
296.9 

8 
8 

16 

[Pd(PPh3)2(C6H4CH2SO3)(I)]– 923.0 [Pd(PPh3)(C6H4CH2SO3)(I)]– 
[P(Ph)2(C6H4CH2SO3]– 

664.9 
355.1 

1 
12 

[Hg(I)(C6H4CH2SO3)]– 498.9 
[IC6H4CH2SO3]–  
[I]– 
[C6H4CH2SO3]– 

296.9 
126.9 
170.0 

13 
15 
15 

[Hg(I)2(Ph)]– 532.8 [I]– 126.9 1 

[Hg(I)3]– 582.7 [I]– 126.9 2 

[Hg(I)2Cl]– 490.7 [I]– 126.9 2 

Key: 1 = C18H14O3PS; dba = C₁₇H₁₄O  
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Additional MS Reaction Monitoring Data 
 

 

Figure B.4: Relative abundances of monoligated and bisligated catalyst activation resting states 
[Pd(1)n(dba)m]n– showing good stability in MeOH for at least 25 min. Insets show the predicted isotope 

patterns (bars) overlaid on the experimental mass spectra (lines). 

 

 

Figure B.5: The predicted isotope patterns (bars) overlaid on the experimental mass spectra (lines) of key 
palladium and mercuric ion observed upon addition of mercury. 
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Figure B.6: Kinetic plot of ln(intensity) vs time for [Pd(1)n(dba)m]n– species. 

 

Rate constant for [Pd(1)n(dba)]n– 

slope = –0.2079. First order, therefore k = 0.2079 min–1 

t1 2⁄  = 
0.693

k
 = 

0.693
0.2079 min–1  = 3.3 min 
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Redox-transmetallation 
In addition to [Hg(I)3]–, [Hg(I)2Cl]– was also observed to form in redox-transmetallation 

experiments, following similar kinetic profiles (Figure B.7). Formation of [Hg(I)2Cl]– is 

attributed to residual chloride counterions presumably from the synthesis of [PPN][2], 

competing for mercury coordination with iodide ions. These species intensities are 

summed as shown in Figure 4.5. All species were characterized thoroughly using isotope 

pattern matching and MS/MS experiments. 

 

Figure B.7: 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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C – Supporting Information for Chapter 5 
 

The manuscript for Chapter 5 was featured as a Front Cover in Organometallics (Figure C.1). 

ICC conceptualised this cover, with initial sketches aimed at depicting the catalyst 

activation in action. Discussions with JSM evolved this concept into making a 3D render. 

Molecule geometries were then constructed and optimized in Avogadro, and further refined 

in Mercury, before exporting as .stl files into Fusion 360. Initial renderings were done by 

JSM, with ICC refining the design with colours and lighting. 

 
Figure C.1: Front Cover feature artwork for Organometallics by Ian C. Chagunda  and J. Scott McIndoe. 
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MS/MS Reaction Species Characterization  
All MS/MS spectra were collected using the same instrument parameters as in full scan 

experiments. The optimised collision-induced dissociation (CID) transfer collision energies 

for each identified species are listed in Table C.1. The collision energy (CE) for each 

precursor ion was chosen such that the ion fragmented to <10% of its initial intensity at CE 

= 0 V. The product ions detected in each CID experiment along with isotope pattern 

matching were diagnostic for identifying the catalytically relevant species in each 

experiment. Experimental and overlaid calculated isotope patterns for relevant catalytic 

intermediates are shown in Figure C.2. 

 

Table C.1: CID scan specifications for relevant (DMPDAB)Pd(CH2SiMe3)2 reaction intermediates. 

Precursor Ion / m/z Product Ion(s) / m/z Collision Energy / V 

[3]– 489.20 
[3−((PCy)(OMe))]– 

[3−(PCy2)]– 

375.09 

292.01 
40 

[3+O]– 505.19 
[3]– 

[3−((Cy)(OMe))]– 

489.15 

391.09 
45 

[Pd(3)]– 595.09 [3]– 489.19 20 

[Pd(3)2]2– 542.10 
[Pd(3)]– 

[3]– 

595.04 

489.16 
7 

[Pd(3)+O]– 611.09 
[3+O]– 

[Pd(3)+O−(C6H10)]– 

505.19 

529.02 
22 

[(DMPDAB)Pd(3)(CH2SiMe3)2]– 1033.54 

[Pd(3)(CH2SiMe3)2]– 

[Pd(3)]– 

[3]– 

769.36 

595.09 

489.20 

3 

[Pd(3)(CH2SiMe3)2]– 769.36 
[Pd(3)]– 

[3]– 

595.09 

489.17 
5 

[(DMPDAB)Pd(3)]– 859.25 
[Pd(3)]– 

[3]– 

595.03 

489.08 
25 

[Pd(3)(MAH)]– 693.09 [Pd(3)]– 595.20 13 

[1]– 341.04 
[1−(C6H5)]– 

[1−(PPh)]– 

264.01 

156.00 
40 

[1+O]– 357.04 [1+O−(C6H5)]– 280.00 47 

[Pd(1)]– 446.96 [1]– 341.05 15 
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[Pd(1)−(C6H5)]– 369.91 

[Pd(1)2]2– 437.98 
[Pd(1)]– 

[1]– 

446.92 

341.04 
10 

[Pd(1)(CH2SiMe3)2]– 621.07 Abundance too low for CID 
trapping   

[(DMPDAB)Pd(1)(CH2SiMe3)2]– 885.24 Abundance too low for CID 
trapping   

[4]2– 368.06 

[4−(O)]2– 

[4−(C6H5)]2– 

[4−PPh2]2– 

360.54 

329.53 

275.02 

23 

[4+O]2– 376.04 [4]2– 368.06 24 

[Pd(4)]2– 421.24 [4]2– 368.05 10 

[Pd(4)+O]2– 437.01 
[Pd(4)]2– 

[Pd(4)−(O(C6H5))]2– 

421.01 

381.98 
12 

[Pd(4)(CH2SiMe3)2]2– 509.06 Abundance too low for CID 
trapping   

[(DMPDAB)Pd(4)(CH2SiMe3)2]2

– 641.14 Abundance too low for CID 
trapping   

[5+H]+ 411.24 [(5)-(HPCy2)]+ 213.00 22 

[5+H+O]+ 427.26 
[(5+H+O)−(Cy2)]+ 

[(5+H+O)−(HCy)]+ 

261.11 

343.19 
35 

[Pd(5+H)]+ 517.14 

[Pd(5−Cy)]+ 

[Pd(5−Cy2)]+ 

[Pd(PCy)]+ 

434.05 

351.00 

219.97 

30 

 

[Pd(5+H+O)]+ 533.48 
[Pd(5+H+O)−Cy2]+ 

[Pd(PCyO)]+ 

367.32 

235.22 
33 

[Pd(5)(CH2SiMe3)]+ 603.19 

[Pd(PCy)(CH2SiMe3)]+ 

[Pd(PCy2)(CH2SiMe3)]+ 

[Pd(5−Cy)]+ 

[Pd(5)]+ 

307.03 

389.11 

433.05 

516.15 

19 

[(DMPDAB)Pd(5+H)]+ 781.30 [Pd(5+H)]+ 517.16 15 

[Pd(5)(Ar)]+ 635.15 
[5]+ 

[Pd(5)]+ 

410.23 

516.15 
32 

[Pd2(5)2(Ar)2Br]+ 1349.30 Abundance too low for CID 
trapping   

[ArR+Na]+ 249.10 
[(C6H4COCH3)+Na]+ 

[(C6H4CO)(C6H4OCH3)+Na]+ 

142.98 

235.01 
10 

Key: 1 = C18H14O3PS; 3 = C26H34O5PS; 4 = C39H30O7P2S2; 5 = C26H35O2P; DMPDAB = C18H20N2;                                  

Ar = C8H7O; R = C7H7O; MAH = C4H2O3 
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Figure C.2: Additional calculated isotopic distribution patterns (bars) overlaid on the experimental isotopic 

distribution (lines) for relevant catalytic species. 
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Supporting Investigations of LPd(0) Formation 
Control experiments for the activation of (DMPDAB)Pd(CH2SiMe3)2 to promote the formation 

of the bisligated [Pd(3)2]2– complex by adding an excess (2 equiv.) of sSPhos (3). The excess 

phosphine was introduced either in a single aliquot prior to adding the precatalyst, or as a 

second equivalent aliquot following precatalyst addition. Figure C.3 shows a representative 

example of these experiments. Despite monitoring the reaction species after adding excess 

[PPN][3], no detectable [Pd(3)2]2– species were observed (Figure C.3B).  

 
Figure C.3: A) PSI-ESI(–)-MS reaction monitoring of catalyst activation upon addition of 

(DMPDAB)Pd(CH2SiMe3)2 (10 μM, 1.0 equiv, at 2.6 min) to a solution of [PPN][3] (10 µM, 1.0 equiv) in MeOH. 
Subsequent addition of [PPN][3] (10 µM, 1.0 equiv) was done at 5 min. B) Cumulative mass spectra 

collected at 7 min, showing no detectable bisligated [Pd(3)2]2– (m/z 542). Inset: zoomed-in experimental 
isotopic distribution (lines) with calculated isotopic distribution patterns (bars) for spectra region m/z 540-

546, showing no diagnostic Pd-pattern. 
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CID of [(DMPDAB)Pd(3)(CH2SiMe3)2]– at various collision voltages of an applied transfer 

collision energy ramp (0 to 30 V, in 1 V increments) resulted no [(DMPDAB)Pd(3)]– fragment 

ion detected (Figure C.4). This absence of a [(DMPDAB)Pd(3)]– fragment ion suggests a 

sequential pathway involving the ligand dissociation and reductive elimination of DMPDAB 

and (CH2SiMe3)2, leading to the formation of LPd(0). 

 
Figure C.4: ESI(–)-MS/MS CID of [(DMPDAB)Pd(3)(CH2SiMe3)2]– at collision energies 0, 5, and 10 V. 
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