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utomatic VTNA platform for
determination of global rate laws†‡

Daniel Dalland, Linden Schrecker * and King Kuok (Mimi) Hii

The ability and desire to collect kinetic data has greatly increased in recent years, requiringmore automated

and quantitative methods for analysis. In this work, an automated program (Auto-VTNA) is developed, to

simplify the kinetic analysis workflow. Auto-VTNA allows all the reaction orders to be determined

concurrently, expediting the process of kinetic analysis. Auto-VTNA performs well on noisy or sparse

data sets and can handle complex reactions involving multiple reaction orders. Quantitative error analysis

and facile visualisation allows users to numerically justify and robustly present their findings. Auto-VTNA

can be used through a free graphical user interface (GUI), requiring no coding or expert kinetic model

input from the user, and can be customised and built on if required.
Introduction

The study of chemical kinetics supports our mechanistic
understanding of chemical reactions and is crucial for the
development of safe and efficient synthetic procedures on
scale.1–5 Chemical kinetics is also utilised extensively to under-
stand and optimise the behaviour of reaction systems, partic-
ularly complex catalytic reactions.5–10 The global rate law is
a mathematical expression that correlates the rate of a reaction
with the concentration of each reaction species, with the
general form:

Rate = kobs[A]m[B]n[C]p (1)

where [A], [B], and [C] = the molar concentrations of the
reacting components (reactants, catalyst, products); kobs =

observed rate constant; and m, n and p = the orders of the
reaction with respect to each reaction component.

A global rate law can be constructed empirically from
experimental data, without explicit considerations of the
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reaction mechanism or mass transfer effects.11,12 Traditionally,
kinetic experiments include “ooding”13,14 or the initial rates
method.15,16 While these methods are generally easy to analyse
(as the data can be linearised), the results must be treated with
caution, as they are either performed under non-synthetically
relevant conditions,4,17 or cannot detect changes in reaction
orders associated with more complex mechanisms, such as
catalyst deactivation or product inhibition.18,19

In the past few decades, modern advances in process
analytical tools and computing power have greatly accelerated
the development of data-rich kinetic experiments under
synthetically relevant conditions. In the late 1990's, Blackmond
pioneered the development of Reaction Progress Kinetic Anal-
ysis (RPKA),20 which greatly streamlines the determination of
rate laws from a series of “same excess” and “different excess”
experiments.21–23 The experimental data can be manipulated in
an electronic spreadsheet to obtain overlays between rate vs.
concentration plots to obtain individual reactant order. Later,
a “time adjusted” concentration vs. time plot method was
developed,7 followed by the Time Normalization Analysis (TNA)
method for determining catalyst order, further expanding the
suite of visual kinetic analysis tools.24 Later in the same year,
this was further extended to all reacting species as “Variable
Time Normalization Analysis” (VTNA).25 One of the most
attractive features of these visual kinetic analysis tools is that
reaction orders can be derived without the need for bespoke
soware or signicant complex mathematical calculations,
hence making them more accessible to the synthetic chemistry
community than previously available kinetic tools.26–29

In the last few years, the widespread popularity of Python as
a general programming language has greatly accelerated the
automation of machine-readable tasks.30–33 Recently, Hein and
co-workers have developed a Python package “Kinalite”,
a simple API for performing VTNA.34–36 Kinalite requires kinetic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 VTNA overlay plots from literature with the reported order
values giving concentration profile overlay.39–42
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data from each experiment to be imported as individual csv
les, containing time–concentration data of different reaction
species. The user selects a reaction species and two relevant
experimental data to determine the reaction order automati-
cally. For multiple species, or for more than two data series, this
process must be performed sequentially, determining one
species order at a time. The package presents the result as a plot
of ‘errors’ associated with different order values for a specic
reaction species, demonstrating the best order value. These
individually calculated orders can be combined to yield the
global rate law. By removing the need for visual inspection,
Kinalite removes human bias. However, other challenges
remain, such as:

(1) Analysing more than two experiments at a given time.
(2) Determining the order of multiple or all reaction species

concurrently.
(3) Robustly quantifying error in the reaction orders

computed.
In this work, the development of a new and more robust

Python package to perform VTNA is described, which can
elucidate the reaction orders of several species simultaneously.
As well as enabling signicant time saving, an unlimited
number of initial concentrations can be altered between
experiments by computationally assessing the overlay across
a wide range of order value combinations. This presents a novel
way of carrying out “different excess” experiments which
improves the amount of kinetic information obtained per run.
Method

The Auto-VTNA program offers the following features:
(1) Manual and automatic VTNA in a more time efficient

manner.
(2) VTNA with several normalised reaction species.
(3) Visualisation of overlay score across different reaction

orders.
(4) Quantication of overlap and error.
(5) Improved accessibility.
Each of these features will be presented below as a ‘unique

selling point’ (USP) of the package, followed by a Results and
discussion, where the application of Auto-VTNA is showcased
with several examples.
USP1: automatic VTNA in Python

Traditionally, VTNA involves normalising the time axis of
concentration time data with respect to a particular reaction
species, whose initial concentration varies across different
experiments. Several reaction orders are entered in a spread-
sheet by trial-and-error, until the order giving the best visual
overlay of the concentration proles is identied. Concentra-
tion proles linearise if the time axis is normalised with respect
to every reaction component raised to its correct order.10,37,38

However, most examples of VTNA involve overlay of non-linear
monotonically increasing or decreasing product or reactant
concentration proles (Fig. 1).39–42
© 2024 The Author(s). Published by the Royal Society of Chemistry
To develop a robust automated method, a Python script was
developed to emulate the manual VTNA routine which calcu-
lates the transformed time axis for a chosen reaction species
and corresponding order value(s) using a selected subset of the
kinetic data, tested on selected literature examples (see ESI
Appendix SA2‡).25 Subsequently, a robust automatic method of
assessing the overlay of reaction progress proles was devel-
oped, removing the need for manual visual inspection. This
method involves tting all proles to a common exible func-
tion and utilising a goodness-of-t score (e.g. RMSE), as an
‘overlay score’, to quantify the degree of overlay.

In order to process non-linear tting, a 5th degree monotonic
polynomial tting, a statistical method with several scientic
applications,43–45 was selected as the default method. Although
a more computationally efficient non-monotonically con-
strained polynomial tting can be selected that is circa. 10 times
faster, there is an increased risk of overtting effects for reac-
tion proles with few datapoints. Additionally, Auto-VTNA
allows linear tting, which is particularly useful when reac-
tion proles linearise upon complete normalisation of the time
axis, and can evaluate the kobs of the global rate law (see ESI,
Section S6.2‡).

The ‘overlay score’ of Auto-VTNA, based on total tting to
a exible function, is different from that employed in Kinalite,
which relies on the difference in y-axis values of datapoints
when sorted by transformed time value (‘error’) (see ESI, Section
S2.2‡). This ‘error’ measure can in some cases yield incorrect
order values that do not reect optimal concentration prole
overlay, especially if the density of the two compared data series
is different.36 In contrast, Auto-VTNA reliably yields the order
value(s) that maximise concentration prole overlay as judged
by visual inspection on all tested examples (see ESI, Section
S6.3‡), thus successfully automating the visual part of VTNA.

Upon establishing a robust method for computationally
assessing the degree of concentration prole overlay, an algo-
rithm was developed to perform automatic VTNA and
embedded into a Python package named “Auto-VTNA”.
Digital Discovery, 2024, 3, 2118–2129 | 2119
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Fig. 2 Flowchart illustrating the basic workflow of the Auto-VTNA algorithm including the inputs required for the algorithm and the iterative
steps the algorithm progresses through to return the overlay score of all reaction order combinations trialled as well as the order values that gave
the best overlay score.
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USP2: VTNA with several normalised reaction species

Unlike previousmethods, Auto-VTNA can be used to identify the
order values which optimise concentration prole overlay for
several reaction species in the same calculation. The basic
workow is demonstrated in Fig. 2. Firstly, a mesh with
a selected number of order values within a specied range is
dened, e.g. from −1.5 to 2.5 (step 1). Secondly, a list of every
combination of reaction order values for each normalised
species is created (step 2). For each combination of orders, the
time axis is normalised, and the transformed concentration
proles tted to obtain the overlay score (step 3 and 4). This
reveals the optimal order combination around which a new
collection of order value combinations is generated to increase
the precision with which the optimal reaction orders are
determined (steps 5 and 6). This procedure is repeated
a selected number of times to increase precision without an
unacceptably high processing time (see ESI, Section S7‡).

Traditional “different excess” experiments only alter the
initial concentration of one reaction species at a time. Auto-
VTNA can simultaneously determine the reaction orders of
several reaction species efficiently. This reduces researcher
analysis time and facilitates more efficient “different excess”
experiments, where the initial concentrations of several
Fig. 3 Different representations of VTNA results: (a) Overlay plots for sim
including catalyst decomposition.25 (b) Plot showing the overlay scores (R
in catalyst obtained using Auto-VTNA. (c) Corresponding “error plot” ob

2120 | Digital Discovery, 2024, 3, 2118–2129
reaction species are altered between experiments at the same
time. Potentially, such an experimental method could reduce
the number of experiments required to determine all reaction
species orders in a complex reaction mixture. However, the
penalty on accuracy of determined orders with reduction in the
number of experiments should be considered and could be
assessed through Auto-VTNA.
USP3: visualising the results of automatic VTNA

Conventionally, VTNA results are presented by comparing “bad”
with “optimal” overlays (Fig. 3a). In contrast, Auto-VTNA offers
a more detailed visualisation of how changing order values
affects overlay (Fig. 3b). As the degree of reaction prole overlay
is calculated for a range of different order values, a plot of
overlay score against order value(s) can be produced. Thus,
researchers utilising this method can justify the optimal reac-
tion order in a quantiable manner. As a general guide, the
value of the optimal overlay score (when set to RMSE) can be
classied as excellent (<0.03), good (0.03–0.08), reasonable
(0.08–0.15) or poor (>0.015).

Through its “error” metric, Kinalite can also produce
a rudimentary overlay score (Fig. 3c and ESI Section S2.2‡),
which produces almost the same order assignment as Auto-
ulated data involving the catalytic conversion of reactants A + B / P,
MSE of 5th degreemonotonic polynomial fits) against the reaction order
tained using Kinalite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 VTNA overlay plots generated using kinetic data on the aza-Michael reaction between methyl itaconate (1) and piperidine (2).46 The
overlay plots are generated by right-clicking on the contour plot.
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VTNA for the simulated kinetic data in Fig. 3a. However, its
reduced reliability becomes evident from the erratic curve
produced, particularly at negative order values.36

When utilising Auto-VTNA to determine the orders of two
species, the correlation between the overlay score and the
combinations of order values can be visualised by a contour plot
(Fig. 4, central plot). If the algorithm is set to obtain the reaction
orders of three or more species, overlay scores can be tabulated
for a selected number of order value combinations. However, in
this case, the results are challenging to visualise due to the
higher dimensionality of the data. Alternatively, if a reaction
order in a species is already known, this can be inputted as
a xed value, if desired. The algorithm then calculates the
overlay score as a function of the remaining species. This lowers
the dimensionality of the results obtained so that they can be
visualised by a graph or contour plot.

The graphs and contour plots generated by Auto-VTNA (Fig. 3
and 4, respectively), allow individual overlay plots to be
produced in an interactive manner through mouse clicks
(Fig. 4). By le-clicking on the graph or contour plot, a tradi-
tional overlay plot is generated, whereas right-clicks show the
plot with normalised y axis, the tted function, and the overlay
score of the click order value(s). This allows the operator to
interrogate the overlay score landscape obtained by Auto-VTNA
and verify that the calculated reaction order(s) give optimal
concentration prole overlay.
Fig. 5 (a) Overlay score vs. order in catalyst for simulated kinetic
data.25 (b) Contour plot illustrating the degree of concentration profile
overlay across different reaction order values in 1 and 2 for data on the
aza-Michael addition in EtOH (Scheme 1).27 The blue dots illustrate the
order combination values with overlay scores within 15% of the
optimal point at (1.03, 1.02).
USP4: error analysis

Certainty in a set of order values can also be assessed through
automatic calculation of the range in which the overlay score for
a set of order values is no greater than 15% (by default) from the
optimal overlay score. For example, the assigned order of 0.94
© 2024 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 5b has a 15% overlay score interval of (0.912,
0.987) whereas the corresponding interval for Fig. 5a is (0.937,
1.084) in 1 and (0.973, 1.059) in 2. Noisier kinetic data will give
wider intervals, whereas kinetic datasets with good variation in
initial concentrations and high signal-to-noise ratio will give
narrower intervals, indicating greater certainty in the calculated
order values (see ESI, Section S8.2‡). The range of order value
combinations within this cut-off can be represented by an
Digital Discovery, 2024, 3, 2118–2129 | 2121

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dd00111g


Digital Discovery Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/1
3/

20
26

 7
:4

9:
53

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
orange line if the order in only one species is calculated (Fig. 5a)
or visualised as blue dots in a contour plot (Fig. 5b).

The absolute optimal overlay score can also provide valuable
information about the reaction under study. High optimal
RMSE overlay scores reect effects that can lower the condence
in the global reaction order afforded by VTNA, such as noisy
kinetic data, incorrectly cropped data, or insufficient data point
density for accurate numerical integration, as well as more
complex reaction mechanisms giving changing order values,
e.g. catalyst deactivation. To improve the utility of absolute
overlay score values, it is necessary to limit the inuence of
factors other than the degree of concentration prole overlay.
For example, to prevent the concentration scale from inu-
encing goodness-of-t values, Auto-VTNA normalises the y-axis
prior to generating the overlay score. Moreover, the effect of
over- and under-tting on the overlay score is limited by
employing a exible 5th or 7th degree monotonic polynomial t
(see ESI, Section S6‡). Lastly, to facilitate the comparison of
optimal overlay scores obtained with different datasets, RMSE
has been set as the default goodness-of-t measure.
USP5: improved accessibility

Last but not least, an open-source graphical user interface (GUI)
named “Auto-VTNA Calculator” was developed using PySim-
pleGUI (Fig. 6).47 This provides access to the benets of Auto-
VTNA without requiring knowledge of Python coding. Upon
uploading kinetic data as an Excel le or multiple csv les,
dropdown menus allow the experiments, reaction species for
time axis normalisation, and the output species to be selected
for VTNA or Auto-VTNA analysis. Calculation and data visual-
isation features can be adjusted in settings menus, and the
results from automatic VTNA can be saved as an Excel or csv le.
A “Crop Data” feature can be used to streamline the modica-
tion of the input data to investigate the impact on reaction order
values, for example, to remove outliers, or to truncate excess
data points recorded aer reaction completion. The tting
function can also easily be modied and the monotonic
constraint removed if the inputted kinetic data requires. By
Fig. 6 The graphical user interface of the Auto-VTNA Calculator.

2122 | Digital Discovery, 2024, 3, 2118–2129
clicking “show + info”, the user can also view the overlay score
intervals of each reaction species for a selected% from the
optimal overlay score (see ESI, Section S5‡). In comparison to
Kinalite, which can be accessed via a website, we provide Auto-
VTNA as an open source executable le. This facilitates
handling of more complex calculations, implementation into
automated systems, and further development to add to Auto-
VTNA. A tutorial video has also been created to improve
accessibility.

Results and discussion

The reliability and functionality of Auto-VTNA were evaluated by
the analysis of kinetic data previously reported in literature and
comparing the results. The rst selected example was the aza-
Michael addition of piperidine 2 to dimethyl itaconate 1
(Scheme 1) reported by Clark et al.27,46 Interestingly, the order of
the reaction was reported to change in different solvents: the
reaction order in the piperidine was found to be 1 in ethanol, 2
in DMSO, 2 in THF, but 1.6 in IPA.

Utilising the Auto-VTNA Calculator with default settings (5th

degree monotonic tting with an RMSE overlay score), reaction
orders in 1 and 2 were identied for the ethanol, IPA, THF, and
DMSO datasets (Table 1) within 3 minutes. Generally, the Auto-
VTNA derived order values match the orders reported within 0.1
and gave equal or better concentration prole overlay than that
obtained using reported orders (see ESI, Fig. SA38‡). An
exception is the reaction in DMSO, for which the computed
reaction orders of 0.77 and 1.86 deviated more signicantly
from the reported order values of 1 and 2. This is attributed to
the sparsity of kinetic data obtained from the reaction DMSO (3
experiments with 4 time points each), which leads to a greater
inuence of random errors and inaccurate numerical integra-
tion. The results from each calculation can be represented as
contour plots (Fig. 7), showing well-dened overlay score
minima around the best order values, in particular for the
ethanol dataset (Fig. 7a).

Overall, this example illustrates that Auto-VTNA reliably
computes order values based on optimal concentration prole
Scheme 1 Aza-Micheal addition of piperidine 2 to dimethyl itaconate
1.46

Table 1 Comparison of reported and reanalysed reaction orders for
the aza-Michael reaction of dimethyl itaconate 1 and piperidine 2

Solvent Reported value Auto-VTNA

EtOH [1]1[2]1 [1]1.03[2]1.01

IPA [1]1[2]1.6 [1]1.00[2]1.66

DMSO [1]1[2]2 [1]0.77[2]1.93

THF [1]1[2]2 [1]0.94[2]1.86

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dd00111g


Fig. 7 Contour plots for the aza-Michael reaction of dimethyl itaco-
nate 1 and piperidine 2 in (a) ethanol; (b) IPA; (c) THF; and (d) DMSO
illustrating the degree of concentration profile overlay as the RMSE of
the total fit against the reaction order in dimethyl itaconate 1 and
piperidine 2.
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overlay that match reported orders obtained by visual inspec-
tion. It also emphasises the importance of a suitable quality and
quantity of kinetic data for application of any kinetic analysis
technique.
Automatic determination of rate equations using Auto-VTNA

Following from this, Auto-VTNA was applied to kinetic data
from a further 23 selected publications,6,9,10,39–42,48–63 including
stoichiometric and catalytic reactions (Table 2, entries 1–14)
containing up to 6 reaction species (reactants, reagents, cata-
lyst, and additives).

The current approach to VTNA experimentation involves
performing a “standard” reaction, under synthetically relevant
conditions, followed by “different excess” experiments, where
only the initial concentration of each reaction species is altered.
This experiment design we dene as “sequential VTNA”, as the
orders are obtained for one reaction species at a time by iden-
tifying the order that makes the standard and relevant different
excess proles overlay. Pleasingly, we found that Auto-VTNA
could identify the order values giving optimal overlay in all
cases using sequential VTNA. A monotonic polynomial degree
of 5 was sufficient in most instances to avoid inaccurate order
values due to undertting. However, for concentration proles
exhibiting signicant curvature, a 7th degree polynomial was
necessary to ensure convergence to the optimal overlay order
value (see ESI, Section S6.4‡).

In “total-VTNA”, all experiments are combined and normal-
ised with respect to every species for which an order has been
obtained via sequential VTNA. If every species contributing to
the rate has been normalised, linearisation occurs so that the
observed rate constant can be derived.8,10,48,50–53,63 However,
despite previous VTNA methods supporting total-VTNA, such
methods have been utilised only occasionally to derive reaction
orders.51,56 As Auto-VTNA signicantly reduced the time and
effort to determine the reaction orders of an unlimited number
© 2024 The Author(s). Published by the Royal Society of Chemistry
of reaction species rapidly through one single calculation, it
facilitates a simultaneous total-VTNA approach. Researchers
can vary multiple initial concentration at a time, increasing the
information content per reaction run, and lowering the signal to
noise ratio for the total VTNA calculation. This change from
sequential to total VTNA is analogous to the improvement
offered by design of experiments (DoE) over one-factor-at-the-
time (OFAT) approaches for reaction optimisation in terms of
accuracy and speed.64

Currently, there are few reported kinetic studies with
different excess experiments in which more than one initial
concentration is varied at a time.46,56 Nonetheless, as long as the
concentration proles of every reaction species have been
measured or can be inferred from the product proles, total
VTNA can also be applied to ordinary VTNA datasets. This was
performed for kinetic data obtained from 17
publications.6,10,40,41,48–57,61–63 Two of these publications were
omitted as sequential VTNA had revealed that reaction orders
change with the initial concentrations of reactants.39,49 Kinetic
data from the remaining 15 publications was re-analysed by
Auto-VTNA sequentially and by automatic total VTNA (Table 2).

For entries 1–8 of Table 2, Auto-VTNA for both sequential
and total VTNA yielded order values in close agreement with the
reported values. The 15% overlay score intervals for the optimal
order values were also moderate for these datasets (see ESI,
Fig. S47‡). For entries 9–14 of Table 2, the order values obtained
by automatic total VTNA deviate more signicantly from the
reported values. However, the calculated order values demon-
strate closer overlay than the reported values, as evidenced by
their superior overlay scores. This supports the claim that Auto-
VTNA yields the order values that maximise concentration
prole overlay without human bias. This allows calculated order
values and a measure of error (15% overlay score intervals) to be
reported alongside rounded order values, even if the latter is
believed to be the “true” order (see ESI, Section S8‡). Entry 15 of
Table 2 produced broad order intervals both in sequential and
total VTNA, suggesting that more experiments may be needed to
conrm the true order, particularly in the pyrrolidine substrate
(see ESI, Fig. SA34‡). Entry 16 of Table 2 yielded order values in
close agreement with those reported, with the exception of the
order in the alkyne which was found to be 1.05 rather than 2.05
(see ESI, Fig. SA35 and SA36‡).
Case studies

Kinetic data on the cyclopropanation of styrene with dirhodium
tetracarboxylate catalysts recorded byWei et al.6 was re-analysed
to obtain orders consistent with the reported values, although
with a catalyst order of 1.12 (15% overlay score interval: 1.09–
1.16) rather than 1.0 which could indicate catalyst inhibition
(Fig. 8 and Table 2, entry 8).6 This Auto-VTNA result suggests
further experiments should be performed to investigate this
potential catalyst inhibition. The same excess run was included
in the calculation to further improve reaction order accuracy,
illustrating the power of varying more than one initial concen-
tration per run. Auto-VTNA was also applied to the analogous
kinetic dataset recorded by Wei et al. in dimethylcarbonate
Digital Discovery, 2024, 3, 2118–2129 | 2123
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Table 2 Reaction systems for which kinetic data was available in the literature with reported order values derived via conventional VTNA as well
as reaction order values calculated by automatic sequential and total VTNA using Auto-VTNA. The order values in the sequential VTNA column
were calculated using a 5th degree monotonic polynomial apart from the orders in 6, 33, 34, 39, 40 and 49 which were calculated using a 7th

degree monotonic polynomial (see ESI, Sections S6.3 and S6.4). The order values in the total VTNA column were calculated in one calculation
using an ordinary 5th degree polynomial using the quick algorithm settings (see ESI, Section S7). The RMSE overlay scores at the reported and
calculated order values are also shown to illustrate that the calculated order values are more precise than the reported values

Entry Reaction system Reported orders

Calculated orders
Total VTNA overlay
score with

Sequential VTNA Total VTNA
Reported
orders

Total Auto-
VTNA orders

156 [4]1[5]1[6]1[7]0[8]1
[4]1.00[5]1.13[6]0.82

[7]−0.03[8]1.04
[4]1.00[5]1.04[6]1.02

[7]−0.02[8]1.01
0.0379 0.0378

248 [11]1[12]1[13]−0.5 [11]0.85[12]0.92

[13]−0.48
[11]0.94[12]0.99

[13]−0.49 0.0174 0.0143

352
[14]0.9[12]1.0

[15]1.0[16]0
[14]0.85[12]1.04

[15]1.07[16]0.09
[14]0.95[12]1.02

[15]1.06[16]0.04
0.0178 0.0162

463 [18]1[19]1[20]1
[18]1.06[19]0.98

[20]1.02
[18]1.00[19]0.95

[20]0.91
0.0356 0.0338

557
[22]0.85[23]−0.6

[24]0.9
[22]0.95[23]−0.58

[24]0.94
[22]0.90[23]−0.58

[24]0.94
0.0729 0.0590

654 [27]1[28]1[29]1
[27]0.91[28]0.97

[29]0.90
[27]0.92[28]0.97

[29]0.96
0.0308 0.0231

753
[31]1.5[32]1

[33]0.15
[31]1.59[32]0.89

[33]0.15
[31]1.51[32]1.18

[33]0.20
0.0114 0.0055

86 [34]−1[35]1[36]1
[34]−1.10[35]1.05

[36]1.14
[34]−1.07[35]1.05

[36]1.12
0.1157 0.0537

96 [34]−1[35]1[36]1
[34]−0.43[35]1.60

[36]1.08
[34]−0.44[35]0.99

[36]1.19
0.3911 0.2866

1062 [38]1[39]1[40]1
[38]1.04[39]0.97

[40]0.83
[38]1.10[39]0.95

[40]0.83
0.0557 0.0455

1110
[42]1[43]0.75[44]1

[45]0.5[46]0[47]1
[42]1.05[43]0.77

[44]1.02[45]0.36

[46]0.04[47]0.94

[42]1.07[43]0.60

[44]1.02[45]0.30

[46]−0.04[47]0.99
0.1163 0.1015

1256
[49]0[50]0.9

[51]1.1[52]1
[49]0.11[50]0.79

[51]1.24[52]0.91
[49]−0.03[50]0.62

[51]1.26[52]0.86
0.1250 0.0912

1350
[54]1[55]0

[56]0[57]1
[54]0.85[55]0.13

[56]−0.07[57]0.95
[54]0.76[55]0.10

[56]−0.10[57]1.07
0.0618 0.0359

1461 [60]1[61]1[62]1
[60]0.74[61]0.96

[62]0.96
[60]0.71[61]0.95

[62]0.86
0.1412 0.1013

1541 [64]0[65]1[66]1
[64]0.32[65]1.02

[66]0.98
[64]0.53[65]0.92

[66]0.79
0.1231 0.1102

1651
[68]2.05[69]0.78

[70]−0.03

[71]0.20[23]0.02

[68]0.97[69]0.60

[70]0.11

[71]0.18[23]0.10

[68]1.05[69]0.62

[70]−0.04

[71]0.18[23]0.03
0.1275 0.0230
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Fig. 8 VTNA overlay plots illustrating the degree of concentration
profile overlay achieved by total VTNA using: (a) the reported order
values; (b) and those calculated using Auto-VTNA.6 Every colour refers
to a different experiment.

Fig. 9 VTNA overlay plots obtained utilising Auto-VTNA for the
catalytic asymmetric alkene bromoesterification reaction reported by
Lancaster et al.55 analysed for: (a) all reactants and catalyst, with the
relevant different excess experiments; and (b) all species present in the
reaction including product, by-product, and internal standard, with
both different excess, same excess and product addition experiments.

Fig. 10 Graphs illustrating overlay score versus order in catalyst and
VTNA overlay plots with catalyst order values found to maximise
concentration profile overlay for kinetic data on a Heck reaction re-
ported by Newton et al.9 for (a) and (b) low catalyst loadings; and (c)
and (d) high catalyst loadings.
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(Table 2, entry 9) which was found to be less consistent.6 We
hypothesised that by including all experiments indiscrimin-
ately, the noise caused by poorly controlled factors such as
water concentration would cancel out to reveal the true orders.
While the calculated order in diazo compound matched the
© 2024 The Author(s). Published by the Royal Society of Chemistry
reported value of 1, the order in styrene was lower than initially
reported, suggesting that styrene inhibition is less severe in
dimethylcarbonate. The order in catalyst was again found to be
greater than the reported value of 1 (see ESI, Fig. SA22‡).

A kinetic study by Lancaster et al. on a catalytic asymmetric
alkene bromoesterication reaction (Table 2, entry 1) is a good
demonstrator of the power of automatic total VTNA for eluci-
dating rate equations for catalytic reaction systems (Fig. 9a).
Using Auto-VTNA the analysis could be expanded to include same
excess and product doping experiments, revealing an order of
−0.75 in the amide by-product and an order of 0 in the desired
product (Fig. 9b). The linearisation achieved by also normalising
the time axis with respect to the inhibitory by-product indicates
that the complete rate equation has been elucidated.

In the nal example, Auto-VTNA was applied to analyse
product concentration proles for kinetic data by Newton et al.
for the Heck reaction between iodobenzene and methyl acrylate
catalysed by varying amounts of Pd(OAc)2,9 where it was re-
ported that the catalyst order is dependent on catalyst loading,
due to the presence of more than one active catalyst species and
different catalyst deactivation rates. Investigation utilising
Auto-VTNA emulated the reported results: for low catalyst
loading experiments (30, 50, 100, and 200 ppm), a catalyst order
of 1.73 was identied, close to the reported value of 1.7; while
a lower catalyst order of 0.87 was obtained for higher catalyst
loadings (200, 400, 600, 800, and 1000), similar to the reported
value of 0.9. The concentration proles with high catalyst
loadings exhibited a wider interval of reaction order values with
overlay scores only 15% above the minimum (0.79 to 0.94 vs.
1.70 to 1.77) as well as a higher overlay score at the optimal
catalyst order (0.041 vs. 0.023) (Fig. 10).

To investigate whether the reported catalyst order step
change at 200 ppm is supported by Auto-VTNA, order values
were calculated for pairs of experiments with consecutive cata-
lyst loadings (Fig. 11). Indeed, a step change is observed at
200 ppm in catalyst order value, although the catalyst order
Digital Discovery, 2024, 3, 2118–2129 | 2125
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Fig. 11 Calculated reaction orders in catalyst for pairs of reaction
profiles with consecutively higher loadings of Pd(OAc)2 from the
kinetic data collected by Newton et al. on a Heck reaction with low
catalyst loadings.9 Open circles and dashed lines represent visual VTNA
performed in the original work by Newton et al. on four “low catalyst
loadings” and five “high catalyst loadings”.
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obtained from the 600 and 800 ppm experiments appears to be
an outlier. The equivalent plots for order values obtained from
groups of 3 or 4 experiments with consecutive catalyst loadings
also indicate a step change from high to low catalyst orders,
although less pronounced as the mid-range order values are
obtained from concentration proles from both the high and
low catalyst loading domains (see ESI, Fig. SA40–SA42‡). This
demonstrates the power of Auto-VTNA to quickly and accurately
provide kinetic analysis with robust quantied justication.
Best practice

To aid standard reporting of Auto-VTNA results, we recommend
that calculated order values should be quoted to two decimal
places with the range of order values which fall within 15% of
the minimum overlay score also quoted. This reporting repre-
sents an “error bar” for the result. If then desired a rounded
order value can be suggested with greater condence if it falls
within this error range. As Auto-VTNA becomes more widely
used, we encourage others to develop more detailed statistical
methods for assessing uncertainty in orders based on the data
produced by Auto-VTNA. Overlay plots, minimum overlay score,
or overlay score vs. order plots should also supplement these
reported values and can be interpreted as discussed in USP 4
(for more detail see ESI, Section S8‡).
Conclusions

In summary, a robust method has been developed to automate
VTNA. This mode of analysis simplies data handling and
enables automatic identication of the reaction order values
giving concentration prole overlay for “different excess”
experiments. Auto-VTNA utilises a robust method for compu-
tationally assessing the degree of concentration prole overlay
through a monotonic polynomial tting procedure. To mini-
mise processing time, the algorithm iteratively tests reaction
order combinations, honing in on the optimal reaction order
values. The results from Auto-VTNA can then be visualised as
2126 | Digital Discovery, 2024, 3, 2118–2129
a graph or contour plot for 1 and 2 normalised reaction species
respectively, providing an efficient justication of the reported
reaction order values. Furthermore, Auto-VTNA can improve the
assessment of error ranges in assigned order values via overlay
score intervals. The absolute overlay score can be used as an
indicator of the uncertainty in the assigned orders.

Auto-VTNA was tested on kinetic data obtained from litera-
ture to demonstrate the key features and advantages. The ability
to compute several reaction orders, utilising kinetic data ob-
tained from multiple experiments, (total-VTNA) is especially
highlighted. The application of the method in a Heck reaction
that involves changes in the catalyst order at different catalyst
loadings was also demonstrated.

Last but not least, a graphical user interface has been con-
structed and made freely available, as well as the underlying
code, to facilitate the use of Auto-VTNA by researchers. The
program has been optimised for efficiency of use and does not
require coding experience. It includes several features, such as
removal of selected datapoints, kinetic data visualisation, and
interactive representation of Auto-VTNA results. We hope that
this work will encourage wider adoption of VTNA by researchers
and enable the justication of assigned reaction order values in
a more informative and efficient manner.

Data availability

The code for the Auto-VTNA Python package and the executable
le for the Auto-VTNA Calculator GUI can be found at https://
github.com/ddalland/Auto-VTNA. All data used in this work is
from published papers as referenced throughout.
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I. Vogels, K. Peeters and S. Lemaire, Toward the
Development of a Manufacturing Process for Milvexian:
Scale-Up Synthesis of the Side Chain, Org. Process Res. Dev.,
2023, 27, 680–691.

3 K. Wang, L. Han, J. Mustakis, B. Li, J. Magano, D. B. Damon,
A. Dion, M. T. Maloney, R. Post and R. Li, Kinetic and Data-
Driven Reaction Analysis for Pharmaceutical Process
Development, Ind. Eng. Chem. Res., 2020, 59, 2409–2421.

4 V. Farina, How to Develop Organometallic Catalytic
Reactions in the Pharmaceutical Industry, Org. Process Res.
Dev., 2023, 27, 831–846.

5 L. Schrecker, J. Dickhaut, C. Holtze, P. Staehle,
M. Vranceanu, K. Hellgardt and K. K. Hii, Discovery of
unexpectedly complex reaction pathways for the Knorr
pyrazole synthesis via transient ow, React. Chem. Eng.,
2023, 8, 41–46.

6 B. Wei, J. C. Sharland, P. Lin, S. M. Wilkerson-Hill,
F. A. Fullilove, S. McKinnon, D. G. Blackmond and
H. M. L. Davies, In Situ Kinetic Studies of Rh(II)-Catalyzed
Asymmetric Cyclopropanation with Low Catalyst Loadings,
ACS Catal., 2020, 10, 1161–1170.

7 R. D. Baxter, D. Sale, K. M. Engle, J. Q. Yu and
D. G. Blackmond, Mechanistic rationalization of unusual
kinetics in Pd-catalyzed C-H olenation, J. Am. Chem. Soc.,
2012, 134, 4600–4606.

8 D. C. Braddock, B. C. Rowley, P. D. Lickiss, S. J. Fussell,
R. Qamar, D. Pugh, H. S. Rzepa and A. J. P. White, On the
Use of Triarylsilanols as Catalysts for Direct Amidation of
Carboxylic Acids, J. Org. Chem., 2023, 88, 9853–9869.

9 O. J. Newton, K. Hellgardt, J. Richardson and K. K. M. Hii,
Homeopathic’ palladium catalysis? The observation of
distinct kinetic regimes in a ligandless Heck reaction at
(ultra-)low catalyst loadings, J. Catal., 2023, 424, 29–38.

10 J. I. Higham and J. A. Bull, Amine-Catalyzed Copper-
Mediated C-H Sulfonylation of Benzaldehydes via
a Transient Imine Directing Group, Angew. Chem., Int. Ed.,
2022, 61, e202202933.
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