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Improving reproducibility through condition-based sensitivity 
assessments: application, advancement and prospect
Felix Schäfer,a Lukas Lückemeier a and Frank Glorius*a

Abstract: The fluctuating reproducibility of scientific reports presents a well-recognised issue, frequently stemming from 
insufficient standardisation, transparency and a lack of information in scientific publications. Consequently, the 
incorporation of newly developed synthetic methods into practical applications often occurs at a slow rate. In recent years, 
various efforts have been made to analyse the sensitivity of chemical methodologies and the variation in quantitative 
outcome observed across different laboratory environments. For today's chemists, determining the key factors that really 
matter for a reaction's outcome from all the different aspects of chemical methodology can be a challenging task. In 
response, we provide a detailed examination and customised recommendations surrounding the sensitivity screen, offering 
a comprehensive assessment of various strategies and exploring their diverse applications by research groups to improve 
the practicality of their methodologies.

 Reproducibility and practicality of synthetic protocols form 
fundamental pillars within the realm of experimental science.1 
From basic determinations, like selecting a synthetic procedure 
for starting materials, to strategic judgments such as project 
viability and the evaluation of scientific reports for publication 
or funding decisions, chemists depend on the insights provided 
within scientific literature. Understanding a reaction’s 
sensitivity towards a diverse set of parameters is a key factor 
that ultimately leads to more sustainable and affordable 
chemistry,2 enabling more robust3 and greener reactions4.

The range of reactions utilised in synthetic disciplines like 
medicinal or process chemistry has seen little expansion, 
despite organic chemists consistently devising more efficient, 
selective, and innovative methods.5 Particularly, technologies 
often found in academic research, like photo- and 
electrochemistry, are not frequently employed in complex 
syntheses or medicinal chemistry projects. Scaling up reactions 
is a common task in the chemical industry, while miniaturisation 
of chemical reactions smaller than milligram scale represents an 
entirely different challenge.6 As high-throughput 
experimentation (HTE) becomes increasingly important, 
alongside advancements in data science and molecular machine 
learning, ensuring the quantitative accuracy of chemical 
reactions becomes increasingly vital for building reliable 
datasets.7,8,9

While the general outcome of chemical reactions tends to 
align with existing literature, there is often variability in 
quantitative results such as yield, selectivity, and purity. 
Systematically capturing these variations helps in integrating 
chemical literature into practical industrial processes and 
application across different research domains and academic 
labs. Even with detailed protocols provided in Supporting 

Information, reaction parameters may differ between labs with 
different chemists conducting the experiments and assessing 
this impact on the target value (e.g. yield) is non-trivial.

Depending on the resources, data and time available, a 
chemist may choose between different approaches in 
determining the sensitivity of a process or reaction. Recently, 
data science methods like molecular machine learning have 
emerged as rapid and cost-effective tools for predicting yields, 
but they rely on dense and unbiased datasets, which are often 
unavailable.8,10 Conducting Design of Experiment (DoE) studies 
to explore every aspect of a reaction reveals its sensitivity, but 
this approach is likely the most time-consuming and costly.

a.Universität Münster, Organisch-Chemisches Institut, Corrensstraße 36,
 48149 Münster, Germany. E-Mail: glorius@uni-muenster.de

Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x

Figure 1: Guidelines for conducting a universally applicable sensitivity assessment of 
reaction conditions.
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Convenient experimental sensitivity assessment tools offer 
an advantageous alternative, providing researchers with 
efficient means to evaluate the response of chemical processes 
to various factors. These tools not only streamline the analysis 
process but also empower scientists to swiftly identify critical 
parameters influencing reactions, thereby facilitating more 
informed decision-making in experimental design and 
optimisation (Figure 1).

In response to this challenge, the sensitivity screen was 
developed as a general tool to tackle the aforementioned 
reproducibility problems.11 In this intuitive graphical evaluation, 
the effect of the parameters is plotted on a radar diagram, 
showing their deviation from the target value (usually yield) 
compared to standard conditions. An updated version of the 
sensitivity screen with improved design and the option to use 
an additional target value (e.g. selectivity), together with a 
detailed user guide is provided in the Supporting Information. 
Our own experience showed that, if a synthetic protocol cannot 
be reproduced immediately, the vast number of possible 
sources of error is often overwhelming and thus 
troubleshooting can be incredibly time consuming. This 
especially applied to photochemical methods, as this rapidly 
developing field suffers from many different experimental 
setups, causing reproducibility issues. The basic idea to solve 
this issue was to use a screening approach to identify the crucial 
reaction parameters, which most significantly influence the 
reaction´s behaviour. To do so, single reaction parameters are 
varied in both positive and negative directions, while all other 
parameters are kept constant. The resulting impact on the yield 

provides a valuable clue regarding which parameters to 
prioritize when troubleshooting reproducibility issues. To 
ensure user-friendliness, the method was designed to work 
with standard equipment and a stock solution approach, to help 
minimise experimental effort. As an intuitive graphical 
representation of the respective results, we introduced a 
colour-coded radar/spider diagram, visualising the results and 
highlighting the crucial parameters.

Our innovation was embraced by the scientific community 
and has since been widely adopted for applications beyond the 
originally suggested ones. Originating from a background in 
photochemistry, we initially considered only yield as the target 
value and parameters such as: temperature, concentration, 
oxygen and moisture levels, light intensity, and scale. The use of 
the sensitivity screen within the scientific community, including 
our own group, has led to its adoption modified with additional 
parameters and target values. While the target value was 
formerly only Yield, researchers have suggested and applied 
conversion, product ratio, selectivity, ee, throughput, TON, 
radiochemical yield (RCY), molar/specific activity (Am/As), 
H/D-ratio, purity, space-time yield and enzyme activity,12 and 
the standardisation of these terms has been a central 
achievement of the chemical community (Figure 2).13,14–16 
Especially for industrial processes with more than one desired 
product, the reaction can be steered towards a customised 
product distribution, which might alter given the demand of the 
chemical product. A radar diagram might also be beneficial for 
straightforward product ratio adjustment. 

We have been pleasantly surprised by the diverse 
applications of the sensitivity screen, which have both refined 
the original parameter choices made by other scientists and 
extended its utility into various fields such as electrochemistry, 

hydrogenation, isotope chemistry, and asymmetric synthesis, 
among others, over the past five years.

In some cases, the critical adjustment of parameter values 
served as valuable feedback on the sensitivity screen: We 

Figure 2: Examples showcasing sensitivity screens tailored to diverse research fields.13-16 In instances like hydrogenation, isotope exchange and photocatalysis the sensitivity screen 
was utilised to illustrate two target values, such as yield/deuterium incorporation, yield/enantiomeric excess and yield/E:Z ratio, along with the parameters’ impact on them.  
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acknowledge that our proposed range of ± 10% concentration 
was frequently insufficient for detecting substantial yield 
changes beyond the detection limit of the analytical method 
employed. The widespread adoption of at least a ± 50% 
concentration variation by many groups to demonstrate the 
impact on the target value reflects the valuable feedback from 
scientists in using our screening method.

For the other variables, we want to emphasise that our 
initial sensitivity screen was not intended to function as a 
comprehensive review of control reactions, where parameters 
should be varied significantly to demonstrate drastic yield 
changes. Instead, its purpose is to illustrate how minor 
alterations in various laboratory settings and applications can 
lead to significant yield variations, such as impurities like the 

presence of water in solvents and substrates, or minor oxygen 
ingress.

We continue to value the utilisation of the radar diagram 
depiction and sensitivity approach by all scientists, recognising 
that alternative and unconventional applications of this tool 
contribute significantly to collective efforts aimed at enhancing 
the reproducibility of reactions within the scientific community.

Reviewing and exploring the diverse application of the 
sensitivity screen across various domains of chemical synthesis 
and research, we have compiled a summary of its utilisation by 
various academic and industrial laboratories. Drawing 
inspiration from the extensive adaptations since our initial 
publication, we have included additional recommendations 
aimed at implementing the utilisation of sensitivity-based 
assessments across diverse research fields (Figure 3).

General parameters:
While variations in stoichiometry are typically addressed in 
optimisation tables, the sensitivity screen offers a rapid 
assessment of their significance, particularly in multicomponent 
reactions.17 Catalyst loading and the quantity of additives are 
intriguing parameters pertinent to scaling up processes and 

may have to be varied significantly depending on the intended 
application. Frequently neglected parameters in published 
laboratory procedures encompass stirring rate, reaction 
duration (including "overnight" reactions), and the purity of 
substrates and reagents. 

Figure 3: Suggestions for parameters to include in a sensitivity screen across various research domains. While being established in some fields (hydrogenation, photochemistry, 
electrochemistry), additional recommendations for the application of the sensitivity screen in flow chemistry, mechanochemistry and biocatalysis aim to inspire scientists from these 
areas.
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Bull and co-workers introduced substrate purity as a new 
parameter.18 They repurified their carboxylic acid starting 
material, enhancing its purity from 98.9% to 99.9%. This small 
adjustment, as revealed by their sensitivity screen, led to a 
notable +23% increase in yield, highlighting the significant 
impact even minor parameter changes can have. When Baran 
and co-workers established new anomeric amide reagents for 
electrophilic halogenation, they could demonstrate that these 
are very insensitive to variations in reaction parameters, even 
water and air intake, thus confirming their practicality.19

Electrochemistry: Electrochemical synthesis has experienced a 
renaissance in its use as a tool in organic chemistry, showcasing 
multifaceted utility. The availability of standardised commercial 
electrochemistry equipment, coupled with detailed reaction 
protocols, has significantly contributed to enhancing 
reproducibility in this field. Nevertheless, the myriad of 
additional parameters associated with electrochemical 
processes, such as variations in electrode surface area, 
materials, distances, supporting electrolytes, potential, or 
current, pose challenges in discerning significant deviations 
from the original procedure and those deemed negligible. Hilt 
and colleagues have effectively applied a sensitivity-based 
assessment in their methodology papers, leading to the 
conclusion that larger electrode surfaces significantly decrease 
the yield of their protocols while a smaller electrode distance 
can have variable effects, depending on the specific reaction 
system.14,20 The use of alternating current/polarity instead of 
traditional direct current deserves special attention21 since the 
nature of the alternating current can be widely varied in terms 
of frequency and nature of the potential curve, and future 
electrochemical methodologies might even use pulsating or 
variable current, parameters that can be included in a sensitivity 
screen.

Flow chemistry: Flow chemistry not only facilitates the 
continuous production of chemical reactions but also serves as 
an enabling technology for the transition and upscaling of newly 
developed methodologies, such as photochemistry and gas-
liquid reactions.22 Key parameters in flow chemistry, including 
flow rate, residence time, gas/liquid ratio, and pressure, play 
pivotal roles in process optimisation and control.

Photochemistry: Coming from a background rooted in 
photochemistry, our initial publication on sensitivity screening 
primarily focused on photochemical transformations and their 
corresponding parameters. Since its inception, it has been 
warmly embraced by the photochemical community, finding 
applications spanning from metallaphotoredox23 to direct 
sensitisation24 and energy transfer catalysis.25 However, the 
quest for reproducibility26 and comparative analysis in the 
sensitivity of photochemical reactions remains a daunting 
challenge. As a result, several notable approaches and critical 
evaluations have emerged from the scientific community. 
Ziegenbalg and colleagues, for instance, meticulously 
categorised parameters sorted by how commonly they are 
studied in publications, highlighting crucial factors such as 

reactor type, photocatalyst counter anion, heat and mass 
transport, temperature effects, reactor operation mode, and 
photon flux — some of which are often overlooked or 
inadequately explored.27 Specifically, heat transport was found 
to play a crucial role and can dramatically change reaction 
outcomes when reactions are scaled up. In addition, several 
studies have examined and compared the design and use of 
commercial photoreactors, highlighting differences in 
irradiation uniformity and temperature control between 
different setups.7,28 Despite these insightful analyses, the 
application of photocatalysis must navigate potential pitfalls in 
technology transfer,29 particularly concerning the scalability of 
reactions.

Micellar reactions: The evolution of organic solvent selection in 
chemical processes reflects ongoing efforts to enhance reaction 
efficiency and sustainability.30 This development has sparked 
widespread interest in alternative reaction media, with water 
emerging as a particularly compelling option.31 Micellar 
catalysis and reactions have paved the way for exploring water 
as a promising alternative reaction medium.32 Its use and 
optimisation introduces the key parameters surfactant and 
cosolvent, and collaborative studies have shown good 
reproducibility for several reaction classes.33–36 We propose 
that conducting sensitivity assessments on these reactions, 
comparing different surfactants and conditions, will accelerate 
and simplify their industrial and academic adoption, especially 
since pioneering reactivity approaches on oil-water interfaces 
are on the rise.37

Mechanochemistry: Mechanochemistry shares closer ties with 
traditional thermal energy input methods compared to for 
example photo- or electrochemistry. Various parameters such 
as milling frequency, ball size, filling degree, and even the 
material composition of the vessel and balls can significantly 
influence reaction outcomes.38

Radiochemistry and isotope labelling: Radiochemical Yield 
(RCY), Molar Activity (Am) and Specific Activity (As)39 could all 
be potential target values in sensitivity screen assessments for 
radiochemical reactions. Given the short half-life of many 
isotopes, the duration of reaction time becomes paramount in 
these instances, with sensitivity towards the timing of individual 
steps assisting scientists in optimising radiochemical yield 
across consecutive stages. Van Gemmeren and colleagues 
introduced solvent H/D ratio as a novel reaction parameter for 
β-C(sp3)–H deuteration of free carboxylic acids, showcasing 
their reaction’s adaptability to partially deuterated solvents.15 
In their sensitivity assessment, they combined target values for 
both product H/D ratio and yield, visually capturing the optimal 
compromise temperature in the corresponding radar diagram 
(Figure 2).

Supramolecular chemistry: Meijer and co-workers have aptly 
summarised the most prevalent reproducibility issues in 
supramolecular chemistry, namely:40 compound purity, solvent 
quality, and variations in sample preparation, such as slight 
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temperature fluctuations or differing ramping speeds. 
Considering the sensitivity of many supramolecular applications 
to these minor changes, which may not necessarily affect the 
outcome measurably, we anticipate that the sensitivity screen 
will be beneficial but requires careful calibration for both the 
synthetic assembly of supramolecular complexes and their 
application.

Biocatalysis: Drawing parallels with the utilisation of additive-
based robustness screens in biochemical contexts,41,42 we 
anticipate significant potential for employing the sensitivity 
screen in chemical reactions being applied to biocatalysis, 
proximity labelling, and bioorthogonal chemistry settings.43 
Given the inherently higher complexity of biological systems 
and enzyme activity, we suggest incorporating: variations in 
buffer composition, pH sensitivity, metal/cofactor 
requirements, and substrate loading into a biochemical 
sensitivity screen. Successful transition from chemical 
methodology based screening approaches to other life sciences 
has so far found widespread use by the scientific 
community,41,44 and the sensitivity screen has the potential to 
follow up on these examples.

Hydrogenation: Hydrogenation reactions are some of the most 
widely used transformations, reflected by the fact that 25% 
percent of all chemical value chains in industry include at least 
one hydrogenation step.45 The hydrogen mass transport in 
between the different phases (gas-liquid, liquid-solid) has a 
pronounced impact on the rate and outcome of the reaction. 
Stirring rate as a single parameter has been shown to influence 
both yield46 and enantioselectivity,47 while in other cases 
oxygen had no effect on yield but severely lowered the ee.48 
Hydrogen pressure alters the concentration of dissolved 
hydrogen in the liquid phase, resulting in a higher reaction rate 
and potentially lower selectivity.49 Catalyst poisoning can also 
be a serious problem, especially for industrial processes e.g. oil 
refining, and is the main reason why hydrodesulphurisation is 
often necessary beforehand.50 Consequently, catalytic systems 
resistant to small amounts of poison are sought after,51 and 
evaluating the poisoning sensitivity as a parameter represents 
vital information for synthetic chemists.

Homogeneous catalysis and cross-coupling reactions: 
Similarly, in homogeneous catalysis, variations in catalyst 
properties and quality can be substantial, especially when 
metal-ligand complexes are formed in situ. Gooßen and 
colleagues investigated the impact of different commercial 
palladium precatalyst batches and found considerable yield 
discrepancies among batches, with no single physical or 
spectroscopic descriptor offering reliable discrimination.16 A 
depiction of parts of their study is shown utilising a sensitivity 
radar diagram in Figure 2, demonstrating the significant 
influence of precatalyst selection on the Buchwald-Hartwig 
amination reaction.

Heterogeneous catalysis and surface chemistry: Given the 
inherently complex and unpredictable nature of heterogeneous 

catalytic reactions, sensitivity assessments of these reactions 
require careful consideration, particularly regarding the impact 
of reaction parameters. Catalyst samples can exhibit significant 
variations in particle size and properties. While precise control 
over these parameters may not always be feasible, conducting 
structure-activity relationship studies alongside sensitivity-
based assessments, encompassing batches with diverse 
properties or from different manufacturers, facilitates 
straightforward comparisons of these parameters. These may 
encompass catalyst loading, porosity, surface area, particle size, 
and susceptibility to common catalyst poisons introduced by 
substrate impurities, particularly sulphur-containing 
compounds. Initiatives like rigour and reproducibility (R&R), in 
which Schweitzer and colleagues share best practices on 
reproducibility in thermal heterogeneous catalysis, are crucial, 
subject-specific and orthogonal approaches to the use of the 
sensitivity screen.52

Process chemistry: For industrial processes involving the 
simultaneous synthesis of multiple desired products, the 
reaction can be directed towards a desired product ratio, which 
may change based on the demand for the chemical product. In 
such cases, the operator might need to make adjustments, and 
a sensitivity screen can be useful for facilitating this process, 
allowing a straightforward visualisation of how parameters 
effect the new target value. The changes in overall dimensions 
resulting from variations in pilot scale, reactor type, and 
adjustable parameters can be assessed through sensitivity 
evaluation. For example, this assessment may involve 
comparing different types of stirrers, such as paddle, tooth, 
anchor, frame, ribbon screw, and turbine designs.53 Analysing 
the characteristics of multiphase reactors, Papayannakos and 
co-workers have used the ratio of gas to liquid velocities as the 
central parameter across different reactors, providing a key 
feature for a chemical engineering approach towards sensitivity 
assessment.54

Conclusion and Outlook
Sensitivity evaluation offers a rapid, cost-effective method 

for reaction evaluation, aiding in the adoption and 
implementation of newly developed methodologies by 
providing chemists and scientists from diverse fields with an 
overview of parameter impacts. The preceding discussion and 
suggestions regarding the versatile application of novel 
parameters in assessments across various domains are 
intended to inspire researchers in these fields to utilise the 
sensitivity screen. In doing so, they can shed light on specific 
challenges related to optimisation and sensitivity within their 
respective fields, thus providing valuable insights for the wider 
scientific community.

We want to emphasise that the sensitivity screen is a 
valuable and economic tool, but for an in-depth evaluation of 
reactions it should be followed up by more detailed approaches 
such as Design of Experiments (DoE), mechanistic analysis, and 
advanced process optimisation. It serves as an initial, cost-
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effective and quick guide for chemists in these endeavours. 
Although standardised sensitivity assessments are desirable, 
the need for customisation of parameters specific to each field 
can hinder comparability, especially when the chemistry 
deviates significantly from traditional batch processes. 

Our sensitivity screen has been widely embraced by 
chemists across various disciplines, generating a 
comprehensive dataset of sensitivity information. This data 
serves not only as a reference tool for researchers but also holds 
potential for informing data-driven models for sensitivity 
prediction in the future. We strongly believe that broader 
application across multiple fields will help advance the common 
goal of increasing transparency in newly published research and 
enhancing reproducibility within academia and beyond.

Conflicts of Interest
There are no conflicts to declare.

Acknowledgements
Generous financial support by the Deutsche 
Forschungsgemeinschaft (SPP 2363 – Molecular Machine 
Learning) is gratefully acknowledged. We thank Dr Martin Ernst 
(BASF SE), Dr Felix Schäfers (INEOS Styrolution), Dr Jasper Tyler, 
Debanjan Rana, Dr Alessia Petti and Dr Julius Gemen (all 
University of Münster) for their scientific input and helpful 
discussions.

References

1 R. G. Bergman and R. L. Danheiser, Angew. Chem. Int. Ed., 
2016, 55, 12548.

2 a) I. T. Horváth, Chem. Rev., 2018, 118, 369; b) W. Braje, F. 
Gallou, S. Handa and W. Tang, ChemCatChem, 2019, 11, 
5660. 

3 J. Richardson, J. C. Ruble, E. A. Love and S. Berritt, J. Org. 
Chem., 2017, 82, 3741.

4 a) B. A. de Marco, B. S. Rechelo, E. G. Tótoli, A. C. Kogawa and 
H. R. N. Salgado, Saudi Pharm. J., 2019, 27, 1; b) J. Płotka-
Wasylka and W. Wojnowski, Green Chem., 2021, 23, 8657. 

5 D. C. Blakemore, L. Castro, I. Churcher, D. C. Rees, A. W. 
Thomas, D. M. Wilson and A. Wood, Nat. Chem., 2018, 10, 
383.

6 A. Buitrago Santanilla, E. L. Regalado, T. Pereira, M. Shevlin, 
K. Bateman, L.-C. Campeau, J. Schneeweis, S. Berritt, Z.-C. Shi, 
P. Nantermet, Y. Liu, R. Helmy, C. J. Welch, P. Vachal, I. W. 
Davies, T. Cernak and S. D. Dreher, Science, 2015, 347, 49.

7 B. Pijper, L. M. Saavedra, M. Lanzi, M. Alonso, A. Fontana, M. 
Serrano, J. E. Gómez, A. W. Kleij, J. Alcázar and S. Cañellas, 
ChemRxiv, 2024.

8 F. Strieth-Kalthoff, F. Sandfort, M. Kühnemund, F. R. Schäfer, 
H. Kuchen and F. Glorius, Angew. Chem. Int. Ed., 2022, 61, 
e202204647.

9 a) Z. Tu, T. Stuyver and C. W. Coley, Chem. Sci., 2023, 14, 226; 
b) P. Piacentini, J. M. Fordham, E. Serrano, L. Hepp and M. 
Santagostino, Org. Process Res. Dev., 2023, 27, 798; c) S. H. 
M. Mehr, M. Craven, A. I. Leonov, G. Keenan and L. Cronin, 
Science, 2020, 370, 101; d) S. M. Mennen, C. Alhambra, C. L. 
Allen, M. Barberis, S. Berritt, T. A. Brandt, A. D. Campbell, J. 
Castañón, A. H. Cherney, M. Christensen, D. B. Damon, J. 
Eugenio de Diego, S. García-Cerrada, P. García-Losada, R. 
Haro, J. Janey, D. C. Leitch, L. Li, F. Liu, P. C. Lobben, D. W. C. 
MacMillan, J. Magano, E. McInturff, S. Monfette, R. J. Post, D. 
Schultz, B. J. Sitter, J. M. Stevens, I. I. Strambeanu, J. Twilton, 
K. Wang and M. A. Zajac, Org. Process Res. Dev., 2019, 23, 
1213; e) P. S. Gromski, A. B. Henson, J. M. Granda and L. 
Cronin, Nat. Rev. Chem., 2019, 3, 119; f) S. A. Biyani, Y. W. 
Moriuchi and D. H. Thompson, Chemistry–Methods, 2021, 1, 
323. 

10 W. Beker, R. Roszak, A. Wołos, N. H. Angello, V. Rathore, M. 
D. Burke and B. A. Grzybowski, J. Am. Chem. Soc., 2022, 144, 
4819.

11 L. Pitzer, F. Schäfers and F. Glorius, Angew. Chem. Int. Ed., 
2019, 58, 8572.

12 a) B. Zhang, T.-T. Li, Z.-C. Mao, M. Jiang, Z. Zhang, K. Zhao, W.-
Y. Qu, W.-J. Xiao and J.-R. Chen, J. Am. Chem. Soc., 2024, 146, 
1410; b) Y. Liu, G. Luo, X. Yang, S. Jiang, W. Xue, Y. R. Chi and 
Z. Jin, Angew. Chem. Int. Ed., 2020, 59, 442. 

13 a) F. Zhang, H. S. Sasmal, C. G. Daniliuc and F. Glorius, J. Am. 
Chem. Soc., 2023, 145, 15695; b) X.-D. Su, B.-B. Zhang, Q. Liu, 
J.-T. Cheng, Z.-X. Wang and X.-Y. Chen, Org. Lett., 2021, 23, 
8262; c) L. M. Wickham, R. K. Dhungana and R. Giri, ACS 
Omega, 2023, 8, 1060.

14 J. Fährmann and G. Hilt, Angew. Chem. Int. Ed., 2021, 60, 
20313.

15 A. Uttry, S. Mal and M. van Gemmeren, J. Am. Chem. Soc., 
2021, 143, 10895.

16 P. Weber, A. Biafora, A. Doppiu, H.-J. Bongard, H. Kelm and L. 
J. Gooßen, Org. Process Res. Dev., 2019, 23, 1462.

17 J. Hou, X. Li, K. Yan, L. Zhang, T.-P. Loh and P. Xie, Chem. Sci., 
2024, 15, 1143.

18 M. A. J. Dubois, J. J. Rojas, A. J. Sterling, H. C. Broderick, M. A. 
Smith, A. J. P. White, P. W. Miller, C. Choi, J. J. Mousseau, F. 
Duarte and J. A. Bull, J. Org. Chem., 2023, 88, 6476.

19 Y. Wang, C. Bi, Y. Kawamata, L. N. Grant, L. Samp, P. F. 
Richardson, S. Zhang, K. C. Harper, M. D. Palkowitz, A. 
Vasilopoulos, M. R. Collins, M. S. Oderinde, C. C. Tyrol, D. 
Chen, E. A. LaChapelle, J. B. Bailey, J. X. Qiao and P. S. Baran, 
Nat. Chem., 2024, 1.

20 a) J. Strehl and G. Hilt, Eur. J. Org. Chem., 2022, e202101007; 
b) E. Babaoglu and G. Hilt, Chem. Eur. J., 2020, 26, 8879. 

21 A. G. Wills, D. L. Poole, C. M. Alder and M. Reid, 
ChemElectroChem, 2020, 7, 2771.

Page 6 of 8Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

1/
20

24
 7

:1
5:

39
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4SC03017F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03017f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

22 a) M. B. Plutschack, B. Pieber, K. Gilmore and P. H. Seeberger, 
Chem. Rev., 2017, 117, 11796; b) L. Capaldo, Z. Wen and T. 
Noël, Chem. Sci., 2023, 14, 4230; c) C. A. Hone and C. O. 
Kappe, Chemistry–Methods, 2021, 1, 454. 

23 A. Yanez and A. D. M. Jeanneret, Synlett, 2024.
24 F. Li, W. F. Zhu, C. Empel, O. Datsenko, A. Kumar, Y. Xu, J. H. 

M. Ehrler, I. Atodiresei, S. Knapp, P. K. Mykhailiuk, E. Proschak 
and R. M. Koenigs, Science, 2024, 383, 498.

25 Y.-S. Jiang, S.-S. Li, X.-L. Luo, L.-N. Chen, D.-N. Chen and P.-J. 
Xia, Org. Lett., 2023, 25, 6671.

26 S. Cañellas, M. Nuño and E. Speckmeier, Nat. Commun., 
2024, 15, 307.

27 D. Ziegenbalg, A. Pannwitz, S. Rau, B. Dietzek-Ivanšić and C. 
Streb, Angew. Chem. Int. Ed., 2022, 61, e202114106.

28 a) T. D. Svejstrup, A. Chatterjee, D. Schekin, T. Wagner, J. 
Zach, M. J. Johansson, G. Bergonzini and B. König, 
ChemPhotoChem, 2021, 5, 808; b) E. Kayahan, M. Jacobs, L. 
Braeken, L. C. Thomassen, S. Kuhn, T. van Gerven and M. E. 
Leblebici, Beilstein J. Org. Chem., 2020, 16, 2484; c) P. Kant, 
S. Liang, M. Rubin, G. A. Ozin and R. Dittmeyer, Joule, 2023, 
7, 1347. 

29 T. Noël and E. Zysman-Colman, Chem Catal., 2022, 2, 468.
30 C. Reichardt and T. Welton, Solvents and solvent effects in 

organic chemistry, Wiley-VCH, Weinheim Germany, 2011.
31 B. H. Lipshutz, F. Gallou and S. Handa, ACS Sustain. Chem. 

Eng., 2016, 4, 5838.
32 G. La Sorella, G. Strukul and A. Scarso, Green Chem., 2015, 17, 

644.
33 C. Krell, R. Schreiber, L. Hueber, L. Sciascera, X. Zheng, A. 

Clarke, R. Haenggi, M. Parmentier, H. Baguia, S. Rodde and F. 
Gallou, Org. Process Res. Dev., 2021, 25, 900.

34 F. Gallou, N. A. Isley, A. Ganic, U. Onken and M. Parmentier, 
Green Chem., 2016, 18, 14.

35 N. Borlinghaus, T. N. Ansari, L. H. von Garrel, D. Ogulu, S. 
Handa, V. Wittmann and W. M. Braje, Green Chem., 2021, 23, 
3955.

36 R. J. Fox, J. D. Bailey, J. V. Obligacion, N. Borlinghaus, W. M. 
Braje, X. Li, S. Mukherjee, A. Schoen, T. B. Towne and S. 
Vukelić, Org. Process Res. Dev., 2024.

37 a) Y.-M. Tian, W. Silva, R. M. Gschwind and B. König, Science, 
2024, 383, 750; b) M. Cortes-Clerget, J. Yu, J. R. A. Kincaid, P. 
Walde, F. Gallou and B. H. Lipshutz, Chem. Sci., 2021, 12, 
4237. 

38 a) R. T. O'Neill and R. Boulatov, Nat. Rev. Chem., 2021, 5, 148; 
b) J. L. Howard, Q. Cao and D. L. Browne, Chem. Sci., 2018, 9, 
3080; c) A. M. Belenguer, G. I. Lampronti and J. K. M. Sanders, 
J. Vis. Exp., 2018. 

39 H. H. Coenen, A. D. Gee, M. Adam, G. Antoni, C. S. Cutler, Y. 
Fujibayashi, J. M. Jeong, R. H. Mach, T. L. Mindt, V. W. Pike 
and A. D. Windhorst, Ann. Nucl. Med., 2018, 32, 236.

40 T. Schnitzer, M. D. Preuss, J. van Basten, S. M. C. 
Schoenmakers, A. J. H. Spiering, G. Vantomme and E. W. 
Meijer, Angew. Chem. Int. Ed., 2022, 61, e202206738.

41 L. Anhäuser, M. Teders, A. Rentmeister and F. Glorius, Nat. 
Protoc., 2019, 14, 2599.

42 a) K. D. Collins and F. Glorius, Nat. Chem., 2013, 5, 597; b) K. 
D. Collins and F. Glorius, Acc. Chem. Res., 2015, 48, 619; c) K. 
D. Collins, A. Rühling, F. Lied and F. Glorius, Chem. Eur. J., 
2014, 20, 3800; d) T. Gensch, M. Teders and F. Glorius, J. Org. 
Chem., 2017, 82, 9154. 

43 a) M. A. Emmanuel, S. G. Bender, C. Bilodeau, J. M. Carceller, 
J. S. DeHovitz, H. Fu, Y. Liu, B. T. Nicholls, Y. Ouyang, C. G. 
Page, T. Qiao, F. C. Raps, D. R. Sorigué, S.-Z. Sun, J. Turek-
Herman, Y. Ye, A. Rivas-Souchet, J. Cao and T. K. Hyster, 
Chem. Rev., 2023, 123, 5459; b) E. L. Bell, W. Finnigan, S. P. 
France, A. P. Green, M. A. Hayes, L. J. Hepworth, S. L. 
Lovelock, H. Niikura, S. Osuna, E. Romero, K. S. Ryan, N. J. 
Turner and S. L. Flitsch, Nat. Rev. Methods Primers, 2021, 1, 
46; c) U. Hanefeld, F. Hollmann and C. E. Paul, Chem. Soc. 
Rev., 2022, 51, 594. 

44 C. Wan, Z. Hou, D. Yang, Z. Zhou, H. Xu, Y. Wang, C. Dai, M. 
Liang, J. Meng, J. Chen, F. Yin, R. Wang and Z. Li, Chem. Sci., 
2023, 14, 604.

45 L. Zhang, M. Zhou, A. Wang and T. Zhang, Chem. Rev., 2020, 
120, 683.

46 a) P. A. Rautanen, J. R. Aittamaa and A. O. I. Krause, Ind. Eng. 
Chem. Res., 2000, 39, 4032; b) C. Gelis, A. Heusler, Z. 
Nairoukh and F. Glorius, Chem. Eur. J., 2020, 26, 14090. 

47 Y. Sun, R. N. Landau, J. Wang, C. LeBlond and D. G. 
Blackmond, J. Am. Chem. Soc., 1996, 118, 1348.

48 D. Moock, T. Wagener, T. Hu, T. Gallagher and F. Glorius, 
Angew. Chem. Int. Ed., 2021, 60, 13677.

49 a) T. Wagener, M. Pierau, A. Heusler and F. Glorius, Adv. 
Synth. Catal., 2022, 364, 3366; b) Y. Xu, Y. Luo, J. Ye, Y. Deng, 
D. Liu and W. Zhang, J. Am. Chem. Soc., 2022, 144, 20078. 

50 I. Mochida and K.-H. Choi, J. Jpn. Petrol. Inst., 2004, 47, 145.
51 L. Lückemeier, T. de Vos, L. Schlichter, C. Gutheil, C. G. 

Daniliuc and F. Glorius, J. Am. Chem. Soc., 2024, 146, 5864.
52 a) D. Esposito, Nat. Catal., 2022, 5, 658; b) N. M. Schweitzer, 

R. Gounder and R. M. Rioux, eds., Addressing Rigor and 
Reproducibility in Thermal, Heterogeneous Catalysis, Zenodo. 

53 a) W. Reschetilowski, ed., Handbuch Chemische Reaktoren, 
Springer Spektrum Berlin, Heidelberg, 2019; b) C. Hu, J. Flow 
Chem., 2021, 11, 243; c) Shivaji A Thorat, Like Chen and 
Hongwei Yang, J. Chem., 2022, 11, 1. 

54 A. Vonortas, A. Hipolito, M. Rolland, C. Boyer and N. 
Papayannakos, Chem. Eng. Technol., 2011, 34, 208.

Page 7 of 8 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

1/
20

24
 7

:1
5:

39
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4SC03017F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03017f


Data Availability Statement

This is a Perspective manuscript and the original data is publicly available and can be found in the 
original manuscripts.

Page 8 of 8Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

1/
20

24
 7

:1
5:

39
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4SC03017F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03017f

