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Abstract: We report a computer vision strategy for the extraction and colorimetric analysis of catalyst degradation and product-formation 

kinetics from video footage. The degradation of palladium(II) pre-catalyst systems to form ‘Pd black’ is investigated as a widely relevant case 

study for catalysis and materials chemistries. Beyond the study of catalysts in isolation, investigation of Pd-catalyzed Miyaura borylation 

reactions revealed informative correlations between colour parameters (most notably ∆E, a colour-agnostic measure of contrast change) and 

the concentration of product measured by off-line analysis (NMR and LC-MS). The breakdown of such correlations helped inform conditions 

under which reaction vessels were compromised by air ingress. These findings present opportunities to expand the toolbox of non-invasive 

analytical techniques, operationally cheaper and simpler to implement than common spectroscopic methods. The approach introduces the 

capability of analyzing the macroscopic ‘bulk’ for the study of reaction kinetics in complex mixtures, in complement to the more common study 

of microscopic and molecular specifics. 

Introduction 

Catalyst degradation 

Despite the broad implications of homogeneous catalyst deactivation, it oftentimes presents a less rewarding pursuit than the design 

and application of new catalyst modalities.1–4 However, the problem of degradation affects homogeneous metal-catalysed processes 

spanning cobalt-catalysed H2 evolution,5 nickel-catalysed polymerisation of ethylene,6  rhodium-catalysed heteroarene hydrogenation7 

and aryl silylation,8 iridium-catalysed hydrogenation9 and hydrogen-isotope exchange,10 and ruthenium-catalysed transfer 

hydrogenation11,12 and olefin metathesis.13,14 This list is by no means comprehensive. In balance, it is well-known that such catalyst 

degradation processes can represent formation of catalytically-competent heterotopic clusters,4,7,15–18 and not exclusively precipitation 

of catalytically inactive solid(s). 

Among all known homogeneous catalyst degradation challenges, palladium is arguably among the most widely studied.15,16,25–34,17,35,18–

24 The formation of palladium black (hereafter ‘Pd black’, a term used colloquially to refer to the black precipitate of elemental Pd, 

formed via decomposition of various Pd complexes) is notorious for decreasing available active catalyst for the intended chemistry, 

complicating reaction work-up, and leading to expensive waste.25,36 From the perspective of mechanistic investigation, a wealth of 

specific analytical methods have been expertly applied to understand the pathways through which Pd catalyst degradation occurs. 

Common techniques in the study of catalyst degradation mechanisms, include  the use of dip probes (e.g. ATR-IR, Raman),20 cuvette-

based methods (e.g. UV-vis, calorimetry),37,38 NMR,39,40 small angle neutron scattering,40 mass spectrometry,41 X-ray diffraction 

(XRD),18,36 and auto-sampling for offline gas or liquid chromatography.42,43 These methods are often used in combination to provide the 

fullest possible reaction understanding, covering different levels of analyte specificity and limits of detection.44 In this study, we 

investigated the development and application of computer vision as a camera-based method (an in-line complement to existing off-line 

analytical methods) for providing data-rich, real-time, and non-contact kinetic information on the widespread problem of Pd catalyst 

degradation processes. Our colorimetric kinetics method is explored as an operationally cheap and simple method (relative to the set-

up of more common spectroscopic reaction monitoring methods) of obtaining macroscopic kinetic information from the reaction bulk. 

 

Computer vision for analytical chemistry 

Computer vision (with related imaging technology) is the science of digitally quantifying real-world objects using camera 

technologies and algorithms.  It has been widely applied across many industries, including the art,45 astronomy,46 automotive,45 and 

defence sectors.45 Computer vision for analytical chemistry (CVAC)47,48 is a subdivision of the broader space, providing a promising 

means of non-invasive analysis. Indeed, as a single image analysis technique, CVAC has notable precedent in chemical and related 

subdisciplines, including metallurgy,49 fruit drying process,50–53 meat quality control,54–57 trace element58–61 and illicit sample analyses,62 

and monitoring the crystallization process (Scheme 1, left).53,63,64 Comparatively, video analysis for the extraction of time-dependent 
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colorimetric information in chemistry applications is underdeveloped.50,65–71 Colour changes are ubiquitous across chemistry-related 

processes.72 And yet, in synthesis, colour itself is arguably more often qualitatively reported by eye, than (semi-)quantitatively assessed 

with help of colour charts, for example.47 However, CVAC, through the extraction of camera or camcorder pixel data, enables 

unambiguous quantification of colour, captured by the camera sensor, using colour models such as RGB (red-green-blue), HSV (hue-

saturation-value), and CIE-L*a*b* (lightness, red to green, and blue to yellow).47 It is with these metrics that we investigated the ability 

to generate kinetic analysis of catalytic reaction bulk media and investigate possible correlations with established offline analytical 

techniques (Scheme 1, right). Using our in-development video analysis platform, Kineticolor, we sought to investigate this analytical 

method using Pd-catalyzed Miyaura borylation as a far-reaching case study (Scheme 2). 

 

Scheme 1. Left: Exemplary breadth of known computer vision applications. Right: investigative philosophy of the current work to develop computer vision analysis 

for chemical kinetics. 

 

Scheme 2. Left: Representative mechanism of Miyaura borylation, showing key analytes for off-line and camera-enabled tracking. Right: Simplified conceptual 

overview of the Kineticolor software driving the computer vision kinetic analysis. 

Results and Discussion 

Proof-of-concept Analysis of Pd Black Formation 

Inspired by the work of Wei et al. on the activation process of Pd(II) precatalysts for aryl halide borylation,31 we began our 

investigation using the same Pd bisphosphine system as an exploratory case study (Scheme 2). The attempted reduction of 

[Pd(OAc)2(PCy3)2] precatalyst toward the active Pd(0) catalyst was carried out under air to deliberately trigger catalyst deactivation. 

The degradation process presented an often instantaneous colour change, transitioning from a clear homogeneous yellow solution, 

characteristic of the pre-catalyst, to an opaque black heterogeneous suspension, signalling Pd black formation.  The colour change 

illustrated (at least partial) catalyst failure. This assumption was corroborated by 31P NMR analysis revealing phosphine speciation 

differences for the colorimetrically distinct reaction samples (yellow versus black; Scheme 3). All Pd-ligated phosphine had been 

oxidised to phosphine oxide during the recorded degradation processes. 
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Scheme 3. Deactivation of the selected Pd catalyst precursor. The active Pd catalyst is supposed to be generated in situ but instead degrades to form ‘Pd black’ 

under air. 31P NMR of pre- (yellow) and post-activation (black) reaction mixtures confirm complete oxidation of all ligated phosphine (red spectrum) to phosphine 

oxide (green spectrum). 

We captured and quantified the colorimetric kinetic profile of this often rapid yellow to black colour transformation using camera-

enabled computer vision methods. Specifically, we used Kineticolor – a software platform under development in our group – to analyse 

colour data from a selected region of interest in a video recording of a reaction over time. An exemplar output graph of the deactivation 

process is shown in Scheme 4. The selected area of video footage (the white rectangles in Scheme 4, right, inset photos) analysed 

by Kineticolor aimed to minimise background and stirrer bar interference (see Figure S4 for more details). From the CIE L*a*b* colour 

model, an intuitive measure of overall colour displacement known as Delta E (E) is derived. E is a measure of Euclidean (i.e. straight 

line) displacement in the CIE L*a*b* colour space, and can be thought of as a measure of contrast change, as measured against the 

colours at time, t0 = 0 s (i.e. video frame 1).73 The higher the E quantity at a given point in time, the greater and more visually obvious 

the colour change is relative to t0, irrespective of the exact colour change occurring. In the case of recording the events leading to the 

formation of Pd black, the E versus time profile captures both slow and subtle colour changes (up to ca. 180 s) as well as rapid and 

obvious colour change events (at ca. 200 s). Kineticolor was also used to capture more granular colour change detail evident in RGB, 

HSV, and related colour models, beyond CIE-L*a*b* and E. See SI for further details. 

 

 

Scheme 4. Left: Representation of the CIE L*a*b* colour space, showing the geometric calculation of ∆E – the contrast change between 2 colours irrespective of 

the colour itself. Right: ∆E profile of the [(Pd(OAc)2(PCy3)2] degradation reaction. Conditions: [(Pd(OAc)2(PCy3)2] (0.015 mmol), B2Pin2 (0.2 mmol), toluene (2 mL), 

70  ⁰C, 250 rpm. White rectangle on each reaction image represents the region of interest isolated for analysis. 
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Visually Recording the Physical & Chemical Factors Impacting Pd Black Formation 

The proof-of-concept colour analysis showed that the acute colour change of the isolated Pd catalyst degradation experiments 

could be recorded and quantified, across various known colour models, using our computer vision-enabled analysis of the reaction 

bulk.  We next applied the method to more fully assess the physical and chemical conditions affecting the colorimetric rate of Pd black 

formation in the same simplified system involving only the precatalyst. The ∆E versus time profiles in Scheme 5 demonstrate the ability 

to comprehensively capture and quantify the visible changes over time. The technique was applied to explore a range of synthetically 

relevant conditions. Increased B2Pin2 and Pd precatalyst concentrations decreased the time taken to reach the instantaneous 

degradation event. Above an approximate threshold of 40 °C in limited timeframe of analysis, elevated temperature also served to bring 

about a faster visible formation of Pd black. The paired effects of stirring rate and vessel positioning on the catalyst degradation process 

showed less obvious trends, but served to demonstrate the acute sensitivity of the system to changes in these parameters. Additional 

colour kinetic data versus time are available in the supporting information. 

 

The more subtle impact of stirrer speed on the rate of catalyst deactivation requires further discussion. When a 3-in-1 clamp was 

used on the stirrer hotplate, the ∆E profiles shown in Scheme 5 (bottom right) illustrate that the degradation rates of three parallel runs 

were not reproducible. The temperature of each vial was measured by a thermometer, and recorded a range of 5 oC across three vials, 

and thus presumably contributed to the observed rate differences. However, through re-examination of the video, the stirring pattern of 

the stirrer bar in each vial (dictated by the central single magnet mechanism of the hotplate itself) was identified as another possible 

contributor to the notably distinct degradation patterns across the three vials. Specifically, the stirrer bar in vial 2 was set against the 

wall all the time, leading to inefficient mixing of the solution. Poor mixing, in turn, presumably hindered the degradation process and the 

observed lack of any pronounced yellow to black colour change. The stirrer bars within vials 1 and 3 behaved in a similar way, providing 

more vigorous mixing versus vial 2. However, vial 3, the hottest of the vials, turned to black only after 1 minute while vial 1 (5 oC cooler 

than vial 3) stayed at this reddish-brown colour for 6 minutes. The extreme sensitivity of catalyst deactivation to stirring profile is 

consistent with stirring-enabled changes in gas-liquid mass transport, allowing oxygen dissolution in solution at different rates. 

Alternatively, these data may point to a nucleation event that triggers the instantaneous degradation event, with more vigorous stirring 

causing more microscopic glass shearing and glass surface defects.74 See Scheme S6 for further data and discussion on mixing. 
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Scheme 5. Results of time-based ∆E analysis exploring broader conditions affecting Pd precatalyst degradation. Benchmark conditions from which all modifications 

were generated: [(Pd(OAc)2(PCy3)2] (0.015 mmol), B2Pin2 (0.2 mmol), toluene (2 mL), 70  ⁰C, 250 rpm. 
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Recording Inert- versus Open-atmosphere Effects 

 Next, the bulk colours of the catalyst solutions were compared when run under inert atmosphere (argon supply, dry Schlenk 

tube) versus exposed to air (Scheme 6). Once again, ∆E-time profiles were employed to track comparative changes over time. As 

became insightful in later statistical analysis (vide infra), Scheme 6 also serves to show that other colour parameters (in this case, the 

blue channel from the RGB space) that are extractable from the same video source can be used to describe the catalyst degradation 

kinetics. Intriguingly, the colour transition was quantifiably more gradual under inert conditions than in air, as captured by our Kineticolor 

computer vision workflow. The colour in the inert flask remained transparent brown after 30 minutes. The air-exposed mixture followed 

the sudden yellow to opaque black colour change of Pd black formation, consisted with vial-based experiments (above). A related 

experiment was carried out at the higher temperature of 72 oC, and showed a similar but faster pair of trends, again consistent with 

earlier vial-based experiments (Scheme S8). Interestingly, the brown solution formed under argon instantly turned to black when it is 

exposed to air (Figure S7). These experiments provided our first evidence supporting the visual observation that the integrity of an inert 

atmosphere for a sensitive catalytic process could be recorded and quantified using our computer vision method, without the need to 

use specific extraneous indicators.75  

 

Scheme 6. Top: Selected frames exemplifying the progress of Pd precatalyst degradation under argon (left Schlenk tube) and air (right Schlenk tube). Bottom left: 

E degradation profiles showing different progression of contrast change in each case. Bottom right: Blue channel (RGB) profiles showing a complementary analysis 

for that shown in the E profile. Conditions: [(Pd(OAc)2(PCy3)2] (0.05 mmol), B2Pin2 (0.90 mmol), toluene (6 mL), 56  ⁰C, 600 rpm.  

Applying computer vision kinetics to Pd-catalysed Borylation 

Preliminary studies focused on analysing catalyst degradation in isolation. Our investigation next looked at the analysis of more 

synthetically-relevant catalytic Miyaura borylation reactions, using the same catalyst. For this, we primarily focused on recording the 

colorimetric differences emerging from borylation reactions performed in inert versus air atmospheres. To cross-validate any 

interpretation of the colorimetric data derived from our computer vision method, samples of the reaction mixtures were taken for off-line 

analysis by 1H NMR and LC-MS. Both borylation reactions (one each under air or argon) started off with a visibly similar yellow hue. 

Over 3 hours, the reaction under air turned black, whereas the reaction under argon maintained a more vibrant yellow coloration 

(Scheme 7). Consistent with these observations, the maximum measured concentration of borylation product was approximately 1.8-

fold higher in the argon atmosphere than under air. The results of computer vision-derived ∆E for each reaction were overlaid with 

independently measured concentrations for both aryl bromide decay and boronate ester evolution. Based on ∆E, the reaction under air 

displays a higher degree of contrast change (∆Emax ≈ 45; Scheme 7, right) throughout the whole process versus the reaction under 

argon (∆Emax ≈ 23; Scheme 7, left). This part of our investigation showed that  the computer-vision-derived data from ex situ video 

recordings of the reaction bulk was able to provide useful and complementary information to that exposed by off-line concentration 

measurements. 
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Scheme 7. The kinetic profiles of the Miyaura borylation reaction under air (right) and argon (left). 1H NMR concentration data are shown as hollow datapoints linked 

by dashed lines, plotted on the primary y-axis. E data are coplotted on the secondary y-axis in each case. Conditions: [(Pd(OAc)2(PCy3)2] (0.01 mmol, 1 mol%), 

B2Pin2 (1.2 mmol), PhBr (1.0 mmol), DMSO/dioxane (7:1, 4 mL total), KOAc (3.0 mmol), 1,3,5-trimethoxybenzene (0.5 mmol, internal standard), 70  ⁰C, 600 rpm. 

Left Schlenk: under argon. Right Schlenk: under air. 

The results of ∆E (shown in Scheme 8B) exhibit a different but intriguing trend within the first hour of reaction. It revealed an 

additional quick colour change happening within 10 mins of precatalyst addition, then the reaction mixture nearly turns to its original 

colour at around 40 mins, and the remainder of the ∆E profile is similar to the one in Scheme 8A. The additional colour change, not 

observed when the component solutions are all pre-heated, is presumably associated with thermally-promoted coordination of DMSO 

to the palladium catalyst.76,77 In this way, analysis of the reaction via computer vision, with its higher temporal resolution versus off-line 

sampling, captures hidden unrecorded kinetic details hidden in the bulk.  
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Scheme 8. Left: The kinetic profile of Miyaura borylation combined with ∆E and calculated concentration data (substrate and product). Right: The combined kinetic 

profile of Miyaura borylation using a non-preheated catalyst solution. Bottom: screenshots from the video of the catalyst solutions at various time points. Conditions: 

See SI for detailed breakdown of pre-heated versus non-pre-heated distinction. 

Investigating correlations between analytical datasets 

Having found qualitative complementarity between the computer vision and concentration datasets, we investigated possible 

quantitative correlations between colour and off-line concentration data. The latter had primarily been collected to validate the 

interpretation of the colour kinetics derived from our computer vision workflow. Following a brief reaction optimization process (see SI 

for details), the borylation reactions, under air, nitrogen and argon, were monitored for 3-hour period. Once again, off-line samples were 

collected for 1H NMR and LC-MS analysis.  Under argon and nitrogen, there were relatively subtle colour changes, visible to the eye, 

even with only 0.2 – 0.5 mol% of catalyst used. Product concentration profile was qualitatively consistent with the ∆E profiles, where 

most of the recorded contrast change occurred before 60 mins. The ∆Emax ≈ 20 was consistent with the subtle contrast of the pale-

yellow to dark yellow colour change observed over time. The kinetic information made available by the computer vision work flow could 

also be visualised from additional, more specific colour model plots versus time, beyond the contrast changes captured in ∆E (see 

Figure S8). 

To investigate possible correlations between computer vision and off-line concentration datasets, time-matched samples from 

each independent dataset were curated (see Table S1). Importantly for reactions under argon and nitrogen, the selected correlations 

between off-line concentration and colour measurements were consistent with the the highest ranking Mutual Information (M.I.)78 scores. 

As a probabilistic and non-parametric complement to regression modelling, M.I. ensured that the colour features modelled were those 

with the most likely overlap in information relative to concentration data, without necessarily assuming the relationships were linear. 

This calculation alone provides compelling evidence that bulk non-contact measures of reaction colour can provide useful information 

on reaction progress, complementary to direct measures of particular analyte concentration. 

Scheme 9 exemplifies the correlation using those colour parameters calculated to carry high M.I. with product concentration. To 

assess potential predictive power in these correlations, cross-validated single-component linear regression for each colour-

concentration pairing are also shown in Scheme 9. For those reactions under argon and nitrogen, off-line NMR-measured product 

concentration showed statistically significant correlation and prediction of concentration using the blue parameter from the RGB colour 

space. Such correlations, predictive power, and mutual information between colour and concentration measures were broken for 

comparable reactions under air. In air, reactions turned more noticeably black compared to subtler changes under argon and nitrogen. 

Variable time normalization analysis (VTNA)79 evidenced first order reactions in catalyst under argon and comparable reactivity under 

nitrogen. Compared to argon, the same reaction under air stalled at 2.5-fold lower product conversion in the same time. The correlations 
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with the blue parameter are exemplified here on account of their higher ranking by M.I. analysis. The trends are qualitatively consistent 

with those measurable by the more intuitive E metric used throughout this investigation (see SI for details). 

 

 

Scheme 9. Top left: Exemplar of stalled product formation under air (red squares) versus under argon (blue circles at 0.5 mol% catalyst loading. Top right: VTNA 

analysis consistent with first order kinetics in catalyst under argon. See SI for comparable nitrogen data. Bottom left: Concentration vs Colour parameter of maximum 

mutual information, and leave-one-out cross validated linear model of concentration prediction from the same colour parameter for borylation under an argon 

atmosphere. Bottom right: The same correlation analysis for a comparable borylation under a nitrogen atmosphere. The trends displayed here are consistent with 

those concluded by use of the more widely used E metric. 

Conclusion 

We have demonstrated the analytical power of computer vision-based kinetic profiling of reaction bulk to follow reaction progress. 

The method was demonstrated for analyses of both isolated catalyst solutions and more analytically complex Miyaura borylation 

reactions of broad utility under synthetically-relevant conditions. In the study of inert versus air atmospheres, modelling of colour kinetic 

data versus off-line NMR and LC-MS sampling data evidenced a means of diagnosing successful versus failed reactions based on 

recorded colour. Mutual information (M.I.), single-component linear regression, and variable time normalization analysis were used in 

combination to ensure that the most relevant colour-concentration data were modelled. Thus, strong evidence has been provided 

showing that bulk colour data recorded by non-contact video recording contains valuable information complementary to that obtained 

by more traditional sampling for off-line concentration measurements. It is envisaged that computer vision-enabled reaction monitoring 

will have a broader range of applications of colorimetric kinetic analysis of reaction bulk, in and beyond catalysis, at various reaction 

scales. Broader applications of non-invasive camera-based reaction monitoring are now ongoing in our laboratories. 

 

 

Acknowledgements 

MR, MK, and MG thank the Centre for Process Analytics & Control Technology (CPACT) and the Analytical Chemistry Trust Fund for 

seed funding. MR thanks UK Research & Innovation for Future Leaders Fellowship funding (MR/T043458/1).  

Keywords: computer vision • kinetics • palladium • degradation • borylation 



9 

 

References 

(1)  Crabtree, R. H. Deactivation in Homogeneous Transition Metal Catalysis: Causes, Avoidance, and Cure. Chem. Rev. 2015, 115 (1), 127–150. 

https://doi.org/10.1021/cr5004375. 

(2)  Blackmond, D. G. Kinetic Profiling of Catalytic Organic Reactions as a Mechanistic Tool. J. Am. Chem. Soc. 2015, 137 (34), 10852–10866. 

https://doi.org/10.1021/jacs.5b05841. 

(3)  Burés, J. A Simple Graphical Method to Determine the Order in Catalyst. Angew. Chemie - Int. Ed. 2016, 55 (6), 2028–2031. 

https://doi.org/10.1002/anie.201508983. 

(4)  Gärtner, D.; Sandl, S.; Wangelin, A. J. von. Homogeneous vs. Heterogeneous: Mechanistic Insights into Iron Group Metal-Catalyzed Reductions from 

Poisoning Experiments. Catal. Sci. Technol. 2020, 10 (11), 3502–3514. https://doi.org/10.1039/D0CY00644K. 

(5)  Wang, P.; Liang, G.; Reddy, M. R.; Long, M.; Driskill, K.; Lyons, C.; Donnadieu, B.; Bollinger, J. C.; Webster, C. E.; Zhao, X. Electronic and Steric 

Tuning of Catalytic H2 Evolution by Cobalt Complexes with Pentadentate Polypyridyl-Amine Ligands. J. Am. Chem. Soc. 2018, 140 (29), 9219–9229. 

https://doi.org/10.1021/JACS.8B05108. 

(6)  Cruz, T. F. C.; Figueira, C. A.; Veiros, L. F.; Gomes, P. T. Benzylnickel(II) Complexes of 2-Iminopyrrolyl Chelating Ligands: Synthesis, Structure, and 

Catalytic Oligo-/Polymerization of Ethylene to Hyperbranched Polyethylene. Organometallics 2021, 40 (15), 2594–2609. 

https://doi.org/10.1021/ACS.ORGANOMET.1C00297. 

(7)  Kim, S.; Loose, F.; Bezdek, M. J.; Wang, X.; Chirik, P. J. Hydrogenation of N-Heteroarenes Using Rhodium Precatalysts: Reductive Elimination Leads 

to Formation of Multimetallic Clusters. J. Am. Chem. Soc. 2019, 141 (44), 17900–17908. https://doi.org/10.1021/JACS.9B09540. 

(8)  Keske, E. C.; West, T. H.; Lloyd-Jones, G. C. Analysis of Autoinduction, Inhibition, and Autoinhibition in a Rh-Catalyzed C–C Cleavage: Mechanism of 

Decyanative Aryl Silylation. ACS Catal. 2018, 8 (9), 8932–8940. https://doi.org/10.1021/ACSCATAL.8B02809. 

(9)  Crabtree, R. H. Iridium Compounds in Catalysis. Acc. Chem. Res. 1979, 12 (4), 331. 

(10)  Brown, J. A.; Cochrane, A. R.; Irvine, S.; Kerr, W. J.; Mondal, B.; Parkinson, J. A.; Paterson, L. C.; Reid, M.; Tuttle, T.; Andersson, S.; Nilsson, G. N. 

The Synthesis of Highly Active Iridium(I) Complexes and Their Application in Catalytic Hydrogen Isotope Exchange. Adv. Synth. Catal. 2014, 356 (17), 

3551–3562. https://doi.org/10.1002/adsc.201400730. 

(11)  Hall, A. M. R.; Dong, P.; Codina, A.; Lowe, J. P.; Hintermair, U. Kinetics of Asymmetric Transfer Hydrogenation, Catalyst Deactivation, and Inhibition 

with Noyori Complexes As Revealed by Real-Time High-Resolution FlowNMR Spectroscopy. ACS Catal. 2019, 9 (3), 2079–2090. 

https://doi.org/10.1021/ACSCATAL.8B03530. 

(12)  Medina, J.; Sasson, L. The Nature of the True Catalyst in Transfer Hydro-Genation with Alcohol Donors Using (Arene) 2 Ru 2 Cl 4 (II)/TsDPEN 

Precursor. 2014, 3, 68–88. https://doi.org/10.4236/mrc.2014.33010. 

(13)  Ton, S. J.; Fogg, D. E. The Impact of Oxygen on Leading and Emerging Ru-Carbene Catalysts for Olefin Metathesis: An Unanticipated Correlation 

Between Robustness and Metathesis Activity. ACS Catal. 2019, 9 (12), 11329–11334. https://doi.org/10.1021/ACSCATAL.9B03285. 

(14)  Rufh, S. A.; Goudreault, A. Y.; Foscato, M.; Jensen, V. R.; Fogg, D. E. Rapid Decomposition of Olefin Metathesis Catalysts by a Truncated N-

Heterocyclic Carbene: Efficient Catalyst Quenching and N-Heterocyclic Carbene Vinylation. ACS Catal. 2018, 8 (12), 11822–11826. 

https://doi.org/10.1021/ACSCATAL.8B03123. 

(15)  Scott, N. W. J.; Ford, M. J.; Schotes, C.; Parker, R. R.; Whitwood, A. C.; Fairlamb, I. J. S. The Ubiquitous Cross-Coupling Catalyst 

System ’Pd(OAc)2’/2PPh3 Forms a Unique Dinuclear PdI Complex: An Important Entry Point into Catalytically Competent Cyclic Pd3 Clusters. Chem. 

Sci. 2019, 10 (34), 7898–7906. https://doi.org/10.1039/c9sc01847f. 

(16)  Baumann, C. G.; De Ornellas, S.; Reeds, J. P.; Storr, T. E.; Williams, T. J.; Fairlamb, I. J. S. Formation and Propagation of Well-Defined Pd 

Nanoparticles (PdNPs) during C-H Bond Functionalization of Heteroarenes: Are Nanoparticles a Moribund Form of Pd or an Active Catalytic Species? 

Tetrahedron 2014, 70 (36), 6174–6187. https://doi.org/10.1016/j.tet.2014.06.002. 

(17)  Lee, A. F.; Ellis, P. J.; Fairlamb, I. J. S.; Wilson, K. Surface Catalysed Suzuki–Miyaura Cross-Coupling by Pd Nanoparticles: An Operando XAS Study. 

Dalt. Trans. 2010, 39 (43), 10473. https://doi.org/10.1039/c0dt00412j. 

(18)  Ellis, P. J.; Fairlamb, I. J. S.; Hackett, S. F. J.; Wilson, K.; Lee, A. F. Evidence for the Surface-Catalyzed Suzuki-Miyaura Reaction over Palladium 

Nanoparticles: An Operando XAS Study. Angew. Chemie Int. Ed. 2010, 49 (10), 1820–1824. https://doi.org/10.1002/anie.200906675. 

(19)  Fasman, A. B.; Perkas, N. V. Heterogenized Metal Complex Catalysts Based on Pd Black. J. Mol. Catal. 1989, 55 (1), 220–228. 

https://doi.org/10.1016/0304-5102(89)80255-X. 

(20)  Kragten, D. D.; Van Santen, R. A.; Crawford, M. K.; Provine, W. D.; Lerou, J. J. A Spectroscopic Study of the Homogeneous Catalytic Conversion of 

Ethylene to Vinyl Acetate by Palladium Acetate. Inorg. Chem. 1999, 38 (2), 331–339. https://doi.org/10.1021/ic980399g. 

(21)  Mukhopadhyay, S.; Rothenberg, G.; Lando, G.; Agbaria, K.; Kazanci, M.; Sasson, Y. Air Oxidation of Benzene to Biphenyl - A Dual Catalytic Approach. 

Adv. Synth. Catal. 2001, 343 (5), 455–459. https://doi.org/10.1002/1615-4169(200107)343:5<455::AID-ADSC455>3.0.CO;2-O. 

(22)  de Vries, A. H. M.; Mulders, J. M. C. A.; Mommers, J. H. M.; Henderickx, H. J. W.; de Vries, J. G. Homeopathic Ligand-Free Palladium as a Catalyst in 

the Heck Reaction. A Comparison with a Palladacycle. Org. Lett. 2003, 5 (18), 3285–3288. https://doi.org/10.1021/ol035184b. 

(23)  Tromp, M.; Sietsma, J. R. A.; van Bokhoven, J. A.; van Strijdonck, G. P. F.; van Haaren, R. J.; van der Eerden, A. M. J.; van Leeuwen, P. W. N. M.; 

Koningsberger, D. C. Deactivation Processes of Homogeneous Pd Catalysts Using in Situ Time Resolved Spectroscopic TechniquesElectronic 

Supplementary Information (ESI) Available: EXAFS Data and Fourier Transform. See Http://Www.Rsc.Org/Suppdata/Cc/B2/B206758g/. Chem. 

Commun. 2003, No. 1, 128–129. https://doi.org/10.1039/b206758g. 

(24)  Trzeciak, A. M.; Wojtków, W.; Ziółkowski, J. J. Catalytic Activity of Palladium Complexes, PdCl2(COD) and PdCl2(P(OPh)3)2, in Methoxycarbonylation 

of Iodobenzene. Inorg. Chem. Commun. 2003, 6 (7), 823–826. https://doi.org/10.1016/S1387-7003(03)00105-9. 

(25)  Garrett, C. E.; Prasad, K. The Art of Meeting Palladium Specifications in Active Pharmaceutical Ingredients Produced by Pd-Catalyzed Reactions. Adv. 

Synth. Catal. 2004, 346 (8), 889–900. https://doi.org/10.1002/ADSC.200404071. 



10 

 

(26)  Iwasawa, T.; Tokunaga, M.; Obora, Y.; Tsuji, Y. Homogeneous Palladium Catalyst Suppressing Pd Black Formation in Air Oxidation of Alcohols. J. Am. 

Chem. Soc. 2004, 126 (21), 6554–6555. https://doi.org/10.1021/ja031936l. 

(27)  Kawamura, Y.; Imai, T.; Hosokawa, T. Palladium(II)-Catalyzed Synthesis of 2-Alkoxytetrahydrofurans from Allylic Alcohols and Vinyl Ethers: 

Stereospecificity and Catalysis. Synlett 2006, 2006 (18), 3110–3114. https://doi.org/10.1055/s-2006-951513. 

(28)  Steinhoff, B. A.; King, A. E.; Stahl, S. S. Unexpected Roles of Molecular Sieves in Palladium-Catalyzed Aerobic Alcohol Oxidation. J. Org. Chem. 2006, 

71 (5), 1861–1868. https://doi.org/10.1021/jo052192s. 

(29)  Iwasaki, M.; Hayashi, S.; Hirano, K.; Yorimitsu, H.; Oshima, K. Microwave-Assisted Palladium-Catalyzed Allylation of Aryl Halides with Homoallyl 

Alcohols via Retro-Allylation. Tetrahedron 2007, 63 (24), 5200–5203. https://doi.org/10.1016/j.tet.2007.03.165. 

(30)  Guo, L.; Gao, H.; Guan, Q.; Hu, H.; Deng, J.; Liu, J.; Liu, F.; Wu, Q. Substituent Effects of the Backbone in α-Diimine Palladium Catalysts on Homo- 

and Copolymerization of Ethylene with Methyl Acrylate. Organometallics 2012, 31 (17), 6054–6062. https://doi.org/10.1021/om300380b. 

(31)  Wei, C. S.; Davies, G. H. M.; Soltani, O.; Albrecht, J.; Gao, Q.; Pathirana, C.; Hsiao, Y.; Tummala, S.; Eastgate, M. D. The Impact of Palladium(II) 

Reduction Pathways on the Structure and Activity of Palladium(0) Catalysts. Angew. Chemie Int. Ed. 2013, 52 (22), 5822–5826. 

https://doi.org/10.1002/anie.201210252. 

(32)  Böck, K.; Feil, J. E.; Karaghiosoff, K.; Koszinowski, K. Catalyst Activation, Deactivation, and Degradation in Palladium-Mediated Negishi Cross-

Coupling Reactions. Chem. – A Eur. J. 2015, 21 (14), 5548–5560. https://doi.org/10.1002/CHEM.201406408. 

(33)  Reay, A. J.; Hammarback, L. A.; Bray, J. T. W.; Sheridan, T.; Turnbull, D.; Whitwood, A. C.; Fairlamb, I. J. S. Mild and Regioselective Pd(OAc)2-

Catalyzed C–H Arylation of Tryptophans by [ArN2]X, Promoted by Tosic Acid. ACS Catal. 2017, 7 (8), 5174–5179. 

https://doi.org/10.1021/ACSCATAL.6B03121. 

(34)  Balcells, D.; Nova, A. Designing Pd and Ni Catalysts for Cross-Coupling Reactions by Minimizing Off-Cycle Species. ACS Catal. 2018, 8 (4), 3499–

3515. https://doi.org/10.1021/ACSCATAL.8B00230. 

(35)  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. 

(36)  Sarioǧlan, Ş. Recovery of Palladium from Spent Activated Carbon-Supported Palladium Catalysts. Platin. Met. Rev. 2013, 57 (4), 289–296. 

https://doi.org/10.1595/147106713X663988. 

(37)  Ferretti, A. C.; Mathew, J. S.; Blackmond, D. G. Reaction Calorimetry as a Tool for Understanding Reaction Mechanisms: Application to Pd-Catalyzed 

Reactions. Ind. Eng. Chem. Res. 2007, 46 (25), 8584–8589. https://doi.org/10.1021/IE070050D/SUPPL_FILE/IE070050DSI20070306_065434.PDF. 

(38)  Ruiz-Castillo, P.; Blackmond, D. G.; Buchwald, S. L. Rational Ligand Design for the Arylation of Hindered Primary Amines Guided by Reaction Progress 

Kinetic Analysis. J. Am. Chem. Soc. 2015, 137 (8), 3085–3092. https://doi.org/10.1021/ja512903g. 

(39)  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. 

(40)  Racys, D. T.; Eastoe, J.; Norrby, P. O.; Grillo, I.; Rogers, S. E.; Lloyd-Jones, G. C. Pd-Η3-C6H9 Complexes of the Trost Modular Ligand: High 

Nuclearity Columnar Aggregation Controlled by Concentration, Solvent and Counterion. Chem. Sci. 2015, 6 (10), 5793–5801. 

https://doi.org/10.1039/C5SC01181G. 

(41)  Thomas, G. T.; Ronda, K.; Mcindoe, J. S. A Mechanistic Investigation of the Pd-Catalyzed Cross-Coupling between N-Tosylhydrazones and Aryl 

Halides. Dalt. Trans. 2021, 50 (43), 15533–15537. https://doi.org/10.1039/D1DT03161A. 

(42)  Mennen, S. M.; Alhambra, C.; Allen, C. L.; Barberis, M.; Berritt, S.; Brandt, T. A.; Campbell, A. D.; Castañón, J.; Cherney, A. H.; Christensen, M.; 

Damon, D. B.; Eugenio De Diego, J.; García-Cerrada, S.; García-Losada, P.; Haro, R.; Janey, J.; Leitch, D. C.; Li, L.; Liu, F.; Lobben, P. C.; Macmillan, 

D. W. C.; Magano, J.; McInturff, E.; Monfette, S.; Post, R. J.; Schultz, D.; Sitter, B. J.; Stevens, J. M.; Strambeanu, I. I.; Twilton, J.; Wang, K.; Zajac, M. 

A. The Evolution of High-Throughput Experimentation in Pharmaceutical Development and Perspectives on the Future. Org. Process Res. Dev. 2019, 

23 (6), 1213–1242. https://doi.org/10.1021/acs.oprd.9b00140. 

(43)  Adlington, N. K.; Agnew, L. R.; Campbell, A. D.; Cox, R. J.; Dobson, A.; Barrat, C. F.; Gall, M. A. Y.; Hicks, W.; Howell, G. P.; Jawor-Baczynska, A.; 

Miller-Potucka, L.; Pilling, M.; Shepherd, K.; Tassone, R.; Taylor, B. A.; Williams, A. Process Design and Optimization in the Pharmaceutical Industry: A 

Suzuki–Miyaura Procedure for the Synthesis of Savolitinib. J. Org. Chem. 2019, 84 (8), 4735–4747. https://doi.org/10.1021/acs.joc.8b02351. 

(44)  Zühlke, M.; Sass, S.; Riebe, D.; Beitz, T.; Löhmannsröben, H.-G. Real-Time Reaction Monitoring of an Organic Multistep Reaction by Electrospray 

Ionization-Ion Mobility Spectrometry. Chempluschem 2017, 82 (10), 1266–1273. https://doi.org/10.1002/cplu.201700296. 

(45)  Fernández, A. Facial Attributes Recognition Using Computer Vision to Detect Drowsiness and Distraction in Drivers. Electron. Lett. Comput. Vis. Image 

Anal. 2017, 16 (2), 25–28. https://doi.org/10.5565/rev/elcvia.1134. 

(46)  Elasmar, R. Computer Vision Experiments in Crowdsourced Astronomy. In 2016 New York Scientific Data Summit (NYSDS); IEEE, 2016; pp 1–2. 

https://doi.org/10.1109/NYSDS.2016.7747814. 

(47)  Capitán-Vallvey, L. F.; López-Ruiz, N.; Martínez-Olmos, A.; Erenas, M. M.; Palma, A. J. Recent Developments in Computer Vision-Based Analytical 

Chemistry: A Tutorial Review. Anal. Chim. Acta 2015, 899, 23–56. https://doi.org/10.1016/j.aca.2015.10.009. 

(48)  Ley, S. V.; Ingham, R. J.; O’Brien, M.; Browne, D. L. Camera-Enabled Techniques for Organic Synthesis. Beilstein J. Org. Chem. 2013, 9, 1051–1072. 

https://doi.org/10.3762/bjoc.9.118. 

(49)  Alberto, J.; Tenório, S. RGB Color Evolution: A Digital Tool for Monitoring the Visual Changes of Iron Oxide Pigments Irradiated by Infrared Laser 

Pulses. Metall. Mater. 2011, 64 (2), 187–191. 

(50)  Shahabi, M.; Rafiee, S.; Mohtasebi, S. S.; Hosseinpour, S. Image Analysis and Green Tea Color Change Kinetics during Thin-Layer Drying. Food Sci. 

Technol. Int. 2014, 20 (6), 465–476. https://doi.org/10.1177/1082013213492524. 

(51)  Iheonye, A.; Gariepy, Y.; Raghavan, V. Computer Vision for Real-Time Monitoring of Shrinkage for Peas Dried in a Fluidized Bed Dryer. Dry. Technol. 



11 

 

2020, 38 (1–2), 130–146. https://doi.org/10.1080/07373937.2019.1649277. 

(52)  Udomkun, P.; Nagle, M.; Argyropoulos, D.; Wiredu, A. N.; Mahayothee, B.; Müller, J. Computer Vision Coupled with Laser Backscattering for Non-

Destructive Colour Evaluation of Papaya during Drying. J. Food Meas. Charact. 2017, 11 (4), 2142–2150. https://doi.org/10.1007/s11694-017-9598-y. 

(53)  Kacker, R.; Maaß, S.; Emmerich, J.; Kramer, H. Application of Inline Imaging for Monitoring Crystallization Process in a Continuous Oscillatory Baffled 

Crystallizer. AIChE J. 2018, 64 (7), 2450–2461. https://doi.org/10.1002/aic.16145. 

(54)  Kucha, C. T.; Ngadi, M. O. Rapid Assessment of Pork Freshness Using Miniaturized NIR Spectroscopy. J. Food Meas. Charact. 2020, 14 (2), 1105–

1115. https://doi.org/10.1007/s11694-019-00360-9. 

(55)  Retz, S.; Porley, V. E.; von Gersdorff, G.; Hensel, O.; Crichton, S.; Sturm, B. Effect of Maturation and Freezing on Quality and Drying Kinetics of Beef. 

Dry. Technol. 2017, 35 (16), 2002–2014. https://doi.org/10.1080/07373937.2017.1295051. 

(56)  Barbri, N. E.; Halimi, A.; Rhofir, K. A Nondestructive Method Based on an Artificial Vision for Beef Meat Quality Assesement. IJIREEICE 2014, 02 (10), 

2060–2063. https://doi.org/10.17148/ijireeice.2014.0210001. 

(57)  Taheri-Garavand, A.; Fatahi, S.; Omid, M.; Makino, Y. Meat Quality Evaluation Based on Computer Vision Technique: A Review. Meat Sci. 2019, 156 

(December 2018), 183–195. https://doi.org/10.1016/j.meatsci.2019.06.002. 

(58)  Abbaspour, A.; Mehrgardi, M. A.; Noori, A.; Kamyabi, M. A.; Khalafi-Nezhad, A.; Rad, M. N. S. Speciation of Iron(II), Iron(III) and Full-Range PH 

Monitoring Using Paptode: A Simple Colorimetric Method as an Appropriate Alternative for Optodes. Sensors Actuators, B Chem. 2006, 113 (2), 857–

865. https://doi.org/10.1016/j.snb.2005.03.119. 

(59)  Lopez-Molinero, A.; Liñan, D.; Sipiera, D.; Falcon, R. Chemometric Interpretation of Digital Image Colorimetry. Application for Titanium Determination in 

Plastics. Microchem. J. 2010, 96 (2), 380–385. https://doi.org/10.1016/j.microc.2010.06.013. 

(60)  Zamora, L. L.; López, P. A.; Fos, G. M. A.; Algarra, R. M.; Romero, A. M. M.; Calatayud, J. M. Quantitative Colorimetric-Imaging Analysis of Nickel in 

Iron Meteorites. Talanta 2011, 83 (5), 1575–1579. https://doi.org/10.1016/j.talanta.2010.11.058. 

(61)  Nitinaivinij, K.; Parnklang, T.; Thammacharoen, C.; Ekgasit, S.; Wongravee, K. Colorimetric Determination of Hydrogen Peroxide by Morphological 

Decomposition of Silver Nanoprisms Coupled with Chromaticity Analysis. Anal. Methods 2014, 6 (24), 9816–9824. https://doi.org/10.1039/c4ay02339k. 

(62)  López-Ruiz, N.; Erenas, M. M.; De Orbe-Payá, I.; Capitán-Vallvey, L. F.; Palma, A. J.; Martínez-Olmos, A. Computer Vision-Based Portable System for 

Nitroaromatics Discrimination. J. Sensors 2016, 2016. https://doi.org/10.1155/2016/7087013. 

(63)  Liu, J. J.; Ma, C. Y.; Wang, X. Z. Imaging Protein Crystal Growth Behaviour in Batch Cooling Crystallisation. In Chinese Journal of Chemical 

Engineering; Chemical Industry Press, 2016; Vol. 24, pp 101–108. https://doi.org/10.1016/j.cjche.2015.08.020. 

(64)  Simon, L. L.; Nagy, Z. K.; Hungerbuhler, K. Endoscopy-Based in Situ Bulk Video Imaging of Batch Crystallization Processes. Org. Process Res. Dev. 

2009, 13 (6), 1254–1261. https://doi.org/10.1021/op900019b. 

(65)  Shiri, P.; Lai, V.; Zepel, T.; Griffin, D.; Reifman, J.; Clark, S.; Grunert, S.; Yunker, L. P. E.; Steiner, S.; Situ, H.; Yang, F.; Prieto, P. L.; Hein, J. E. 

Automated Solubility Screening Platform Using Computer Vision. iScience 2021, 24 (3), 102176. https://doi.org/10.1016/J.ISCI.2021.102176. 

(66)  Fitschen, J.; Hofmann, S.; Wutz, J.; Kameke, A. V.; Hoffmann, M.; Wucherpfennig, T.; Schlüter, M. Novel Evaluation Method to Determine the Local 

Mixing Time Distribution in Stirred Tank Reactors. Chem. Eng. Sci. X 2021, 10, 100098. https://doi.org/10.1016/J.CESX.2021.100098. 

(67)  Khalid, M. A.; Ray, A.; Cohen, S.; Tassieri, M.; Andriejus, D.; Tseng, D.; Reboud, J.; Ozcan, A.; Cooper, J. M. Computational Image Analysis of Guided 

Acoustic Waves Enables Rheological Assessment of Sub-Nanoliter Volumes. ACS Nano 2019, acsnano.9b03219. 

https://doi.org/10.1021/acsnano.9b03219. 

(68)  Caramelli, D.; Salley, D.; Henson, A.; Camarasa, G. A.; Sharabi, S.; Keenan, G.; Cronin, L. Networking Chemical Robots for Reaction Multitasking. Nat. 

Commun. 2018, 9 (1), 1–10. https://doi.org/10.1038/s41467-018-05828-8. 

(69)  Knutson, T. R.; Knutson, C. M.; Mozzetti, A. R.; Campos, A. R.; Haynes, C. L.; Penn, R. L. A Fresh Look at the Crystal Violet Lab with Handheld 

Camera Colorimetry. J. Chem. Educ. 2015, 92 (10), 1692–1695. https://doi.org/10.1021/ed500876y. 

(70)  Luna, M. P.; Aguilera, J. M. Kinetics of Colour Development of Molten Glucose, Fructose and Sucrose at High Temperatures. Food Biophys. 2014, 9 

(1), 61–68. https://doi.org/10.1007/s11483-013-9317-0. 

(71)  Briones, V.; Aguilera, J. M. Image Analysis of Changes in Surface Color of Chocolate. Food Res. Int. 2005, 38 (1), 87–94. 

https://doi.org/10.1016/j.foodres.2004.09.002. 

(72)  A Scopus search of 48,318 primary research articles, written in the English language between 1945 and 2022, focussed on Chemistry, containing 

mention of "red", "yellow", "pink", "purple", "orange", or "blue" in the title, abstract, or keyword list was carried out. The word "green" was omitted on 

account of unavoidable conflation with "green chemistry" or "sustainable chemistry" topics. Of those 48,318 articles curated, 54 appeared in 1980, then 

237, 1184, 1966, and 2522 papers appeared in 1990, 2000, 2010, and 2020, respectively. 

(73)  Kuehni, R. G. Industrial Color Difference: Progress and Problems. Color Res. Appl. 1990, 15 (5), 261–265. https://doi.org/10.1002/col.5080150506. 

(74)  Müller, R.; Zanotto, E. D.; Fokin, V. M. Surface Crystallization of Silicate Glasses: Nucleation Sites and Kinetics. J. Non. Cryst. Solids 2000, 274 (1–3), 

208–231. https://doi.org/10.1016/S0022-3093(00)00214-3. 

(75)  Carlson, A. W.; Primka, D. A.; Douma, E. D.; Bowring, M. A. Evaluation of Air-Free Glassware Using the Ketyl Test. Dalt. Trans. 2020, 49 (43), 15213–

15218. https://doi.org/10.1039/d0dt02345k. 

(76)  Diao, T.; White, P.; Guzei, I.; Stahl, S. S. Characterization of DMSO Coordination to Palladium(II) in Solution and Insights into the Aerobic Oxidation 

Catalyst, Pd(DMSO) 2 (TFA) 2. Inorg. Chem. 2012, 51 (21), 11898–11909. https://doi.org/10.1021/ic301799p. 

(77)  Zierkiewicz, W.; Privalov, T. A Theoretical Study of the Essential Role of DMSO as a Solvent/Ligand in the Pd(OAc) 2 /DMSO Catalyst System for 

Aerobic Oxidation. Organometallics 2005, 24 (24), 6019–6028. https://doi.org/10.1021/om0506217. 

(78)  Shannon, C. E. A Mathematical Theory of Communication. Bell Syst. Tech. J. 1948, 27 (3), 379–423. https://doi.org/10.1002/j.1538-

7305.1948.tb01338.x. 

(79)  Burés, J. Variable Time Normalization Analysis: General Graphical Elucidation of Reaction Orders from Concentration Profiles. Angew. Chemie - Int. 

Ed. 2016, 55 (52), 16084–16087. https://doi.org/10.1002/ANIE.201609757. 



12 

 

 


