W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

EurJOC > .
doi.org/10.1002/ejoc.202400949

European Journal of Organic Chemistry

www.eurjoc.org

Case Studies of Dimensionality in Chemical Data

Alex Blokhuis*™® <9 and Robert Pollice*™

The ambition to relate intrinsic features of chemical data to the
underlying chemical reaction networks (CRNs) is not new, but
has experienced only modest success. This may partly be
attributed to a lack of theoretical groundwork connecting
idealized theory to actual experimental data with added
complexity. In particular: i) many CRNs have species that cannot
be directly observed experimentally; ii) the apparent number of
underlying reactions is a function of the resolution of the data;
iii) chemical phenomena can change the number of discernable
independent processes of the data. In this work, we illustrate
the application of the recently introduced concept of data

Introduction

Chemical reaction networks (CRNs) constitute the core of
mechanistic models for catalytic reactions such as
hydroformylation” and complicated atmospheric processes
such as photochemical ozone production? The ability to
deduce complex CRNs directly from experimental data in a
systematic manner influences our understanding and prediction
capabilities. Furthermore, the extent to which we can build
reaction networks a la carte, for instance in chemical reservoir
computation,” DNA computing,” and enzymatic reaction
networks,”! is constrained by our capacity to capture and
validate the CRNs we end up constructing.

Several cues in data are commonly used to deduce CRNs.
Isosbestic points,®” for instance, are used to characterize the
absence of side reactions. Keeping track of the mass balance
allows spotting hidden reactions.” Phase rules relate the

[a] Dr. A. Blokhuis, Dr. R. Pollice
Stratingh Institute for Chemistry, University of Groningen,
Nijenborgh 3, 9747 AG Groningen, The Netherlands
E-mail: alex.blokhuis@hotmail.com

r.pollice@rug.nl
Dr. A. Blokhuis
Groningen Institute for Evolutionary Life Sciences,
University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

[c] Dr. A. Blokhuis
University of Strasbourg & CNRS, UMR7140,
67083 Strasbourg, France

Dr. A. Blokhuis
Instituto IMDEA Nanociencia,
Calle Faraday 9, 28049 Madrid, Spain

B3 Supporting information for this article is available on the WWW under

https://doi.org/10.1002/ejoc.202400949

© © 2024 The Author(s). European Journal of Organic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

=

=

Eur. J. Org. Chem. 2025, e202400949 (1 of 12)

dimension, which quantifies the linearly independent dimen-
sions the system composition in a CRN can change. We perform
case studies inspecting the dimensionality of chemical data
characterizing CRNs, and outline how it can be used for
mechanistic interpretation. In some instances, these extended
considerations allow us to directly recover the CRN proposed in
the literature without any fitting. This demonstrates that, with
incomplete information, important clues about CRN structure
can still be recovered. Additionally, our approach detects critical
subtleties, preventing important candidate reactions from being
discarded in mechanistic studies.

number of phases to the number of components and degrees
of freedom in a system.”

Significant advances have been made in automated
computational exploration®'? of CRNs, and in both analytical
techniques™ and automation™ to monitor an ever larger
number of species in ever smaller concentrations simultane-
ously. In addition, hybrid computational and analytical ap-
proaches have emerged, for instance combining mass spec-
trometry with simulations based on density functional
theory.™® However, systematic approaches to agnostically
deduce structural information about underlying CRNs from
experimental data — without prior knowledge about the system
- are currently limited to small CRNs and rely on simplified
models.[7'

For systematic CRN elucidation to scale to large CRNs in a
robust manner, a solid theoretical foundation is indispensable.
CRN theory provides this foundation®® but has largely been
constructed under the assumption of a known CRN,”" which
tends to be the exception rather than the rule in the study of
chemical reactions and their mechanisms. Recently, relying on
the concept of the dimension of CRN data,”? we formalized the
impact of common experimental complexities such as irrever-
sibility and so-called concealed, that is undetectable, species.””
This provides the basis for analyzing CRN data to distinguish
feasible from infeasible mechanistic models from the first
experiment.

In this work, we test the utility of these approaches by
applying both CRN theory and the analysis of the dimension-
ality of experimental data to four diverse case studies in organic
chemistry. Our framework enables the extraction of hitherto
overlooked structural information of mechanisms from minimal
experimental data. In some instances, this enables direct CRN
elucidation, in other instances further clues are needed for
complete CRN deduction (similar to how molecular structures
may be elucidated by a combination of techniques). Our
findings illustrate the power and generality of systematic CRN
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deduction for mechanistic studies and lay the foundation to
more general application.

Chemical Reaction Network Data

We will work with either series of concentrations directly or
properties that can be linearly related to concentrations such as
UV-VIS, IR, or NMR signals. These concentration series are either
related in time, characterizing the time evolution of chemical
reaction networks, or related through small perturbations
applied to the underlying systems such as the gradual addition
of chemical species.

When monitoring the concentrations of s species in a CRN,
which are collected in a system composition vector [X]=
(%], 3], -y [X])T, it can be directly related to the data
dimension d. The composition can be expressed in terms of an
initial condition composition vector [X]°, and d linearly
independent? extents of reaction £V, ¢, ..., £,

d

X] = X+ A, M

k=1

where A, corresponds to signed stoichiometric coefficients of a
reaction. Intuitively, d is the number of linearly independent
directions in which the system composition can change. For a
deeper discussion of data dimension, we refer to the Support-
ing Information and the Ref. [23].

Various spectroscopic techniques such as UV-VIS and IR
provide signals that are linearly related to concentrations via
the Lambert-Beer law.”” Absorbance A; at wavelength A is
obtained by multiplying the concentration of each species with
its molar extinction coefficient ¢,(1) at 4,

=L, ij[m &) @
=L,[X]-€(4) 3)

where L, is a path length. Similar to Eq. (1), spectral changes
can then be written in terms of (up to Ref. [25]) d changes due
to independent reactions, which corresponds to the corre-
sponding data dimension.

Each spectroscopic technique differs in its ability to differ-
entiate between distinct species and characterize processes
taking place at specific timescales. To enhance their differ-
entiating capacity, they may be coupled with separation
methods such as chromatographic techniques. In doing so,
some species may only be indirectly visible, e.g., loosely bound
complexes may disassemble during separation and only be
observed as their constituents. Accordingly, what is visible to
any analytical technique has direct consequences to the
dimension of the data it provides.
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Fundamental Law for Dimension

In Eq. (1), dimension d corresponds to the number of observ-
able independent reactions. A system may have more observ-
able reactions than the value of d., i.e., some combinations of
reactions accomplish identical composition changes. To illus-
trate, in the CRN:

XisX,sX5sX,
1 2 3

(4)
where reaction numbers are marked under the reaction arrows,
reaction R; leads to the same change as both R, and R, in
reverse. Performing all three reactions successively in the
forward direction leaves the composition unchanged, and is
called a cycle. A fundamental law relates the theoretical

dimension d, of a CRN to reactions, cycles,?®*** species, and
linear constraints on their abundances:
d,=s,—4,=r—¢ (5)

s, number of species (X, ..., X,)

£, number of stoichiometrically conserved quantities
r, number of reactions (R, ..., R)

¢, number of cycles

This law captures the theoretical dimensionality CRN data
can have, assuming i) reaction rates are independent, ii) all
species are independently observed, and iii) sufficient resolution
to quantify them.” In experimental practice, chemical data
frequently does not match all these assumptions. For instance,
irreversible reactions can have collinear rates, and some species
may be hidden or indistinguishable, leading to an alternative
formulation that is immediately applicable to experimental
data:®

d=s—l=r—c (6)

s number of observable species

£ number of conserved quantities in observable species
r number of observable independent reactions

¢ number of observable cycles

This extension introduces additional conserved quantities,
which provide key mechanistic information.
Conserved Quantities
In general, a linear conserved quantity L for a CRN is a linear

combination of concentrations [X,] with coefficients ¢, that
remains constant with respect to time:
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doax)=t 7)

Among the most elementary conserved quantities are mass
balances, linear combinations of species amounts with integer
coefficients £ conserved by reactions, for instance:

AB=A+B 9)
L™ = [AB] + [A] (10)
L® = [AB] + [B] (1m

Experimentally, concentrations and related quantities are
measured with limited precision. Hence, there is some level of
experimental error 7. Conserved quantities are then only
conserved up to the experimental error:

|ALl <7 (12)

This implies that for details to manifest in the dimension d
of the underlying data, they need to be observed with sufficient
resolution, i.e, with low enough 7. For larger values of 7,
additional quantities may appear as conserved that would not
appear as conserved with higher precision.?®

Isosbestic Points

The dimensionality of a CRN has immediate implications for the
structure of the data that can be observed experimentally,
especially for low numbers of dimensions. For a CRN with d =1
that is monitored spectroscopically via UV-VIS or IR, the
composition can be characterized in terms of a single reaction
extent ¢ and an initial condition A%. The absorbance A;({) then
becomes:

Ai(Q) = Al +CAA, (13)

where AA; is the change in absorbance associated with the

reaction extent . From this expression, we can directly see the

following properties, which are intrinsic to CRN data with d =1

(cf. Figure 1):

¢ |sosbestic point: When two distinct spectra intersect at
wavelength 1%, all of them do. That is, A;*(§;) = A;#(E,),
(&#E,), then AA;» =0 and we will have an intersection at
A* for all spectra (i.e., for all £).

e Strict non-intersection: When two distinct spectra do not
intersect at wavelength 1, no distinct spectra do. As AA,*=£0
implies A;x (&) #A* (&) if & #8,.

While d, =1 guarantees the above properties, deducing

d = 1 from spectra requires that enough species absorb at the

Eur. J. Org. Chem. 2025, e202400949 (3 of 12)

Absorbance
© o o
= = N
o 0,1 o

o
o
]

0.00+ ! ! ! ! ‘ !
330 340 350 360 370 380 390 400
A (nm)

Figure 1. Artificially generated spectra over the course of a hypothetical
reaction for a system with d,=1, illustrating two isosbestic points, and strict
non-intersection everywhere else. Red curve: reaction start, blue curve:
reaction end.

wavelengths under consideration. We can use this to our
advantage to discover more structure.

From Eq. (13), we can directly see that an isosbestic point
implies a conservation law with positive coefficients:

Fan 0 (14)
5 A
Zskg(o )=t (15)

k=1

where ¢° =1 is a constant with identical units as &(1) that is
introduced to obtain dimensionless coefficients. Such conserva-
tion laws with d = 1 have several other visual signatures. For
instance, in a reaction:

A=B+C(, (16)
changes in [A] exactly mirror changes in [B] and [C]:

[A] + [B] = L, (17)

A[A] = —A[B] (18)

When we observe the concentrations of A and B to
counterbalance each other (cf. Eqg. (18)), we can immediately
infer a d =1 conservation law. We could make the same
inference from the observation of an isosbestic point.

In general, a d =1 conservation law can be detected by
plotting absorptions at two distinct wavelengths 4, and 4,
against each other. All points will fall on a straight line:

AA, A% AA)H
( ) = +& < ) (19)
Alz Agz AAA-Z
For d = 2, points no longer form a straight line, but, when
plotting three wavelengths against each other, all data fall on a

plane. This feature generalizes to arbitrary dimensions but is
increasingly hard to visualize. A more general approach to
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reveal these signatures is performing singular value decom-
position (SVD) of mean-subtracted data.*

Arbitrary Dimensions
Our goal is to analyze experimental concentration series to

unravel d.. We define a matrix IM with data monitoring the
concentrations of s species at n time points (t;, t,, .., t,):*

X)) X)) (X](t)
Xi](tz)  [Xa](t2) (X](t,)
[Xd(tn) [XZ](tn) [Xs](tn)

We substract the mean of each species to get:

AXIE) ARG - AXI()
AL AXE) . AXI)

AM =
AXIE) AXEG) - AXI(®)

where:

AXE) = K(6) — -3 %) @

j=1

By performing SVD of the s-by-n matrix AM, we can
decompose the time trajectories of each species into a linear
combination of independent contributions of decreasing rela-
tive weight. We can use this to determine the discernible
dimensions of CRN data by finding the number of independent
contributions that separates noise from genuine time trajecto-
ries. Then, we let the discernable dimension d be the number of
contributions above a threshold value that directly results from
the experimental precision. Consequently, in our case studies, d
will be qualitatively evident from visual inspection of the results
of SVD. A detailed derivation is provided in the Supporting
Information.

The discernable dimension d is an intrinsic property of the
data being analyzed. For the trivial case of data that only
consists of noise, the discernable dimension d = 0. As soon as
there is 1 independent reaction that can be discerned and is
significantly different from noise, d = 1. The upper bound of
the discernable dimension d is dictated by the theoretical
dimensionality d, of underlying CRN.
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Case Studies

In this section, we will go through several case studies of
increasing mechanistic complexity and investigate what mech-
anistic information can be deduced based on analyzing the
dimensionality in experimental data. Whereas in the simplest
case study, all the mechanistic information obtained can be
readily obtained via alternative kinetic data analysis methods,
for the more complex case studies our methodology allows
extracting information that is otherwise inaccessible. All the
data analyzed here was originally obtained through experi-
ments and is taken from the literature. We will refer to specific
species as X, where n is the number indicated below the
structures in the corresponding figures.

Case Study 1: Molecular Walkers

First, we will inspect data extracted from Ref.[30] regarding
molecular walkers. We selected this as our first case study
because the underlying mechanism is simple and the analysis
of data dimension alone allows to deduce the CRN proposed in
the literature, but without any data fitting. Figure 2a shows
three isomeric structures of a molecular walker, a molecule
harboring a moiety that can be exchanged among binding
sites.

Figure 2b shows kinetic data monitoring walkers X; to X; in
time using "H-NMR.B” Let us inspect properties of the data that
allow us to propose a CRN and eliminate alternative hypotheses
without fitting specific CRNs, independent of molecular struc-
tures. In the absence of chemical reasons for irreversibility (e.g.,
photochemistry, radiochemistry, strongly favored reactions), for

1 2 1 2
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Figure 2. Case Study 1: (a) Molecular walker structures. (b) Relative abun-
dance of species X;, X,, and X; against time, taken from the Ref. [30]. Inset:
close-up of early reaction times. Initially, changes in X; are not discernable.
Transiently, X, and X, counterbalance and, thus, follow a d = 1 conservation
law.
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ease of instruction, candidate reactions are introduced as
reversible reactions.

As we monitor three species, s = 3. Using SVD on the full
data, we find d = 2 through 2 smooth trajectories, and 1 noisy
one, which coincides with mass conservation:

L= X4+ ]+ X, 22)

i.e., a stoichiometric conservation law, and ¢ = 1.

Confined to short times, only the consumption of species X,
and the production of species X, can be resolved. Consumption
and production counterbalance, i.e., intermittently, the follow-
ing quantities appear to be conserved:

L= [X]+ [X)] 23)

L;=[X]=0 (24)

Deviations from L, are initially too small to be distinguish-
able from noise. This also follows from a d = 1 conservation law
in the initial reaction period (cf. Figure 2b). Spectroscopically, it
could give rise to a genuine transient isosbestic point, a feature
also commonly used to study the isomeric states for photo-
chemical motors®" and switches.®?

An interpretation consistent with these observations is that
X, reacts to form X,, for instance according to the following
equation:

XisX, (25)

This is the simplest possibility, but not the only one. Any
reaction that accomplishes the same stoichiometric transforma-
tion is, a priori, consistent with the same conservation laws.
More complex candidate reactions that are still consistent with
these observations would be:

X, + X, =2X, (26)

2X, =X+ X 27)

Distinguishing these cases requires more information. For
instance, reaction (26) requires initial X, and, thus, should not
occur here. Additionally, the presence of hidden species,
denoted as m, cannot be excluded. Eq. (25) may derive from X,
+ m=X,+m. Yet, CRN descriptions with missing species are still
insightful and common.

At longer reaction times, species X, accumulates, and
species X starts to form in detectable quantities. L, L are no
longer conserved, but their sum still is:

L= LT 4 L3 = X+ X +[Xs] 28)

The simplest candidate network consistent with these
conservation laws is:

XisX,5X,, (29)
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which coincides with the CRN proposed in Ref. [30].

To highlight how this is useful, let us consider hypotheses
that we can eliminate with this information, using only the data
in Figure 2b and its analysis in Figure 3. This is an important
question to answer for characterizing whether a species is a
motor or a switch.®® As there are three isomers to be
considered, there are 3-2-0.5 = 3 distinct pairs of isomers, 3
candidate isomerizations, and, thus, 2° = 8 theoretical candi-
date CRNs (see also the Supp. Matt. for candidate CRN
combinatorics).

Let us consider the following candidate CRNs:

X, sXisX; (30)

X, sX sX5X, (31

At short times, both networks behave like:
X, — X, = X5 (32)

We would measure s =3 species at short times. This
network exhibits co-production,”® and would give rise to a
non-integer conservation law, with the coefficients o, and o,
being real numbers:

L? = 0,[X,] — 0,[X,] (33)

We would expect ¢ =2 conserved quantities in total. As
these are not observed, these networks can be excluded.
Additionally, to explain the data over the entire measurement
time, CRNs consisting of only one reaction can be excluded as
this would lead to d = 1 with two conservation laws.
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Figure 3. Case Study 1: (a) Singular vectors with 2 non-noisy singular vectors,
(b) singular values, (c) conservation law L, and transient conservation laws
Ly, L.
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We may not, a priori, know that an isomerization takes
place, and so reactions with more than one reactant or product
are in general relevant. For instance, the single reaction:

XisX, + X5 (34)
satisfies two conservation laws:

L= [X1]+[X2] (35)

LP = [X,]+[Xs] (36)

Here, we can rule this CRN out. At short times, the data
matches L but not L@, At long times, the data in Figure 3b is
too high-dimensional (d = 2) as Eq. (34) would provide data
with d = 1. Alternatively, the CRN:

XisX; + X3, X=X (37)

would transiently provide data with d = 1, and d = 2 would be
expected for the full data, so far consistent with the observed
data. At long reaction times, however, the unique conserved
quantity would be:

¥ =2 [Xg ]+ [Xa)+[Xs] (38)

For the observed data there is a unique conservation law
L = [X;]+[X,]+[X5] that holds at all times. Since L® is different,
we can also eliminate this candidate CRN.

Thus far, we used concentrations, not molecular structure,
to infer the underlying CRN, highlighting how much mecha-
nistic information is contained in this data. In practice, we often
know more. For instance, the composition of our species may
be characterized spectroscopically. We could use the informa-
tion that all species involved are isomers to dismiss some
candidate CRNs like Egs.(34) and (37). Generally, molecular
structure and conserved quantities give complementary insight
(cf. Case Study 4).

Case Study 2: Ruthenium Hydrides

Our next case study involves conservation laws similar to those
in Case Study 1. However, CRN deduction is considerably more
non-trivial, which is why we selected it as our second case
study. Additionally, it demonstrates that the insight obtained
from dimensional analysis tends to increase with mechanistic
complexity. We consider 4 N-heterocyclic carbene (NHC)-ligated
ruthenium hydride complexes (Figure 4a), 3 of which are
isomeric, which interconvert photochemically® at low temper-
ature (cf. Figure 4b).

Due to the low temperature, thermal reactions are slow
and, hence, at the timescale of the experiment, some isomer-
izations may not be appreciably observed. As species intercon-
vert in a stoichiometric one-to-one relationship, we expect the
following mass balance to hold at all times:

Eur. J. Org. Chem. 2025, e202400949 (6 of 12)
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Figure 4. Case Study 2: (a) Structures of NHC-ligated ruthenium hydride
complexes. (b) Abundance of 4 NHC-ligated ruthenium hydride complexes

under illumation at T=223 K, monitored using '"H-NMR. Kinetic data were
taken from the Ref. [35].

Ly = X+ [Xs]+[Xs]+[X7] (39)

Formation of X, releases H,, which is a hidden species.
Looking at the first 20 minutes, we find that our s=4
observable species yield data with d =1 dimensionality (cf.
Figure 5a-b). This requires that all changes are collinear, which
is consistent with three irreversible reactions of X, forming X,
Xe, and X,, respectively. These reactions are not linearly
independent and can be merged into one effective reaction,”
which we refer to as R, and indicate its number under the
reaction arrow. The corresponding fractional stoichiometric
coefficients p,, p,, and p; are obtained directly from SVD:

Xs TP1 Xs + P, Xe + P3 X7,
(40)
p, ~ 0.575, p, ~ 0.275,vp; ~ 0.150

From this, we get two additional conservation laws, L} and
L, due to co-production:

L; = P, [Xs] — p1[Xe] 41

LY = (1=pi = p2) [Xs] = pa[X5] (42)

In Case Study 1, all co-production conservation laws were
transient. Here, we find d =2 observable dimensions for the
full data (Figure 5c-d). From the singular vectors, we identify
the conserved quantity:
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Figure 5. Case Study 2: (a-b) SVD of the data in Figure 4b. For the first
20 minutes, we find dimensionality d = 1 and ¢ = 3 conservation laws. (c-
d) SVD of the full data, revealing d = 2 and ¢ = 2. (e) Observed variation for
(transiently) conserved quantities L,, L}, L3, and L. Variations are depicted
with an ordinate offset of 10%, 20%, and 30% for AL,, AL}, and AL},
respectively. Both L} and L] are only initially conserved.

LY = pi[Xg+[Xs] = piLy 4+ L3 + LT, 43)

which is a linear combination of L;, L, and L] (Figure 5e). From
Ly, we deduce that, at the timescale of the experiment, X; does
not react further. Accordingly, there is no other reaction in the
CRN that forms X, or X5.*? As data dimension d changes from 1
to 2 at longer timescales, the same cannot be true for X5 and X.
The following two candidate reactions R, and R; remain, where
the reaction number is indicated under the corresponding
reaction arrow:

Eur. J. Org. Chem. 2025, e202400949 (7 of 12)

Xs - X% (44)

X5 %s (45)

As the abundance of species X, eventually changes from
increasing to decreasing, X; must react further, for which the
only candidate reaction is Rs. X; keeps increasing and, hence, R,
is slow. Thus, we propose the following minimal CRN, with rate
constants noted over the reaction arrows:

Xs 25 Xs, Xa 25 Xg, X4 23X, X2 X, (46)

When R; is significant, the last reaction has a reverse:

Xo 25 X5, Xa 28 X, X4 3%, Xo 5%y, Xy 2 X 47)

Letting k, be the total rate constant for first-order
consumption of [X,], we can then directly estimate rate
constants k,s = p; - ks, kg = p, - k, and k,; = p; - k,. We denote
with an asterisk the abundances at the time where X, reaches
its maximum, i.e., [X,]*. We can then find:

0 = kyy[X,] *—ke; (Xe] * (48)

Overall, from inspecting the data and its conservation laws,
we could infer a candidate model and provide a quick estimate
of its parameters. A priori, there are 12 possible candidates for
irreversible photochemical isomerizations, and, hence, 2=
4096 possible CRNs. Analysis of data dimensions for kinetic data
under one set of reaction conditions reduced this to only 2
related candidate CRNs. This is in marked contrast to most
current kinetic analysis methods that either need kinetic data
under multiple conditions or are based on assuming specific
kinetic models (vide infra).

Case Study 3: Buchwald-Hartwig Coupling

Next, we inspect data for a Buchwald-Hartwig coupling from
the Ref.[38], depicted in Figure 6 with concentration changes
for species Xg to X;;. We selected this data because it showcases
how dimensional analysis immediately uncovers data dimen-
sionality that is unexpectedly small for a mechanism that would
normally be expected to be best modeled as a multi-step
catalytic process, thus providing guidance to kinetic data
interpretation. One of the a priori expected products does not
form and we can choose to ignore species X;,. When its
concentration is introduced as a variable, it will satisfy a trivial
conservation law:

Ly =[X,]=0 (49)

We have s = 4 observed species, derived from peak areas
after chromatographic separation. To a good approximation, we
have four collinear curves, i.e., observed dimensions d = 1 and
observed conserved quantities ¢ = 3 (Figure 5a-b). Following
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Figure 6. Case Study 3: (a) Buchwald-Hartwig amination performed in

Ref. [38] (R=p-MeO-Ph). Compound 12, was expected to form, but not
observed. (b) HPLC reaction monitoring data for this reaction.

the molecular structure and mechanistic considerations from
the original reference,”® one would assume that doubly
functionalized X;; would naturally form from monofunctional-
ized X,,. The direct reaction of X, with two molecules of X; to
form X;; was not considered a plausible candidate reaction in
the original work.”® Accordingly, one would expect 2 independ-
ent reactions leading to d = 2 data. We would write:

Xg + Xg — Xi0, Xg + Xi0 — Xi4 (50)
This CRN has ¢, = 2 stoichiometric conservation laws:

Ly = [Xg]+[Xs0]+2 [Xy4] (51)

Ly = [Xo]+[Xyo]+[Xu] (52)

While one might anticipate independent successive reac-
tions, X;, and X;;, appear to form in a collinear fashion that
appears to be zeroth order in reactants, with an emergent co-
production conservation law:

LY = [Xip]—q:[X:1] = 0 (g = 0.6) (53)

Unlike L, and L, a conserved quantity caused by co-
production can have negative and non-integer coefficients.
Figure 7d confirms that these quantities are all conserved
throughout the experiment. A single effective reaction consis-
tent with these conserved quantities is (Figure 5¢):

q 1
(2—-q) X3+X9Hm X1o+m X (54)
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Figure 7. Case Study 3: SVD of the data in Figure 6b. (a) Trajectories v,(t),
only v, (t) shows meaningful variation. (b) Singular values ;. The second
singular value is comparable to noise. (c) Composition vectors u;(k). Since
dimensionality d = 1, singular vector u, (k) coincides with the reaction
stoichiometry. (d) Variation in conserved quantities L,, L,, and L] . Variations
are depicted with an ordinate offset of 0.1 M and 0.2 M for AL, and AL},
respectively. All quantities are conserved throughout the experiment.

Concentration (M)

This reaction involves several species, including catalyst,
and, to a good approximation, follows a rate law that appears
to be zeroth order in both X and X,.

A more in-depth look via SVD (cf. Figure 7a-b) reveals a
single non-noisy dimension, which accounts for 95% of the
variation in the data. The low dimension suggests a mechanism
that should simultaneously enable such a non-trivial outcome,
yet be'simple’ enough to yield experimental data with d = 1 (by
default, additional reactions increase d). It is reasonable to
expect that this mechanism involves species that are not
monitored. Hence, the inferences that can be made based on
the present data alone are limited.

To illustrate another mechanism by which the data
dimension d =1 and the conservation law in Eq.(53) may
emerge, let us consider one alternative scenario. A dependence
between eluted species may also be introduced when they
were previously part of the same species, e.g., a complex or
pseudophase. For instance, when the catalyzed reaction
produces one net product complex:

© 2024 The Author(s). European Journal of Organic Chemistry published by Wiley-VCH GmbH

85UBD| SUOWILLIOD dAIER1D 3|qedt|dde ayy Ag pausenob a1e sajoie YO ‘8sn JO 3N 1o ArlqiTauljuO A8]IAA UO (SUORIPUOD-PUe-SWRI W0 A3 1M A1 1pUI|UO//SANY) SUORIPUOD PUe SWd L 8U1 35S *[5Z02/20/0T] uo Ariqiauliuo A8|im ‘pLpe N 8Q BwouoINY pepsieAN Ad 676007202 90B/200T 0T/10p/wod A3 1M ARid 1 putjuoadoine-Ans iweyd//sduy wouy papeojumod ‘0 ‘0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC > .
doi.org/10.1002/ejoc.202400949

European Journal of Organic Chemistry

11 Xg +8 Xy — (X10)5(X11)3l (55)

then such a complex might disassemble during chromatogra-
phy and give two distinct peaks. The effective variables [X;,]*
and [X;]*, which are deduced from peak heights, then originate
from the same species:

[(Xi0)s(X41)s] :% [Xw]*:% X" (56)

In such a scenario, the conservation law L is not caused by
co-production, but rather by the composition of a complex or
pseudophase. Notably, based on further experiments and
subsequent work, this reaction is currently thought to proceed
through a ring-walking mechanism.*

Case Study 4: Thiophenol Chlorination

We now consider kinetic data for a thiol chlorination™” where
all but one species is monitored through 'H-NMR (Figure 8a).
Nevertheless, this one hidden species is critical, which is one of
the reasons we selected this case study. Additionally, it also
shows how dimensional analysis allows quantifying the concen-
tration of a hidden species through an emergent conservation

Net Reaction ¢ Intermediates

0 s 0 ar
+ [ N-c1t IEBy + [ N-H s-S HCl
Ar DCM A
Vo zrec r

0.081

0.06

0.041

Concentration (M)

0.021

0.001 SR a——

0 500 1000 1500 2000
Time (s)

Figure 8. Case Study 4: (a) Thiophenol chlorination studied in Ref. [40]. Cl, is
also produced, but not captured by "H-NMR. (b) Kinetic data for this
reaction.*” 18 is added in the first 30 seconds under agitation.
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law. The following CRN was proposed in Ref. [40], with reaction
numbers indicated below the reaction arrows:

ArSH + Cl, = HCl + ArsCl (57)
NCS + HCl =2-NHS + Cl, (58)
NCS + ArSH - NHS + ArsCl (59)
ArSCl + ArSH = HCI + Ar,S, (60)
Ar,S, + Cly == 2 ArsCl (61)

From stoichiometry, ¢ =4 conservation laws arise, with
observable species s =7, observable reactions r=25, and
observable cycles ¢ = 2. As any linear combination of conserva-
tion laws is also conserved, we can choose an orthogonal basis.
A convenient choice with positive coefficients and a minimal
number of species in each equation is:

L, = [NHS] + [NCS]
L, = [ArSH] + [HCI] + [NHS]
Ly = [ArSCI] + 2 [Ar,S;] + [ArSH]

L, = [ArSCI] + [HCI] + [NCS] + 2 [Cl,]

Without emergent conservation laws, i.e., when all species
are monitored, we could extract L, to L, from the data, and
consider candidate reactions that leave L, to L, unchanged. R,
to R,, involve the fewest reactants and products that do so. This
can be readily shown based on linear algebra, which is
demonstrated in the Supporting Information.

This CRN was constructed through extensive experiments
with various techniques. Here, we only consider the data of
Figure 8b, where species were monitored via 'H-NMR and Cl,
cannot be observed. As it is typical for individual experiments
that not all species can be monitored, let us consider some
consequences of this hidden species.

Without Cl,, we only see s =6 species. This may either
remove a conservation law or a dimension. For a closed system,
the first missing species will always break a conservation law.”!
Consequently, L, is no longer conserved but L, to L; remain.
When we rewrite the CRN above only in terms of visible species,
the resulting CRN respects the remaining conservation laws.
Reaction numbers with asterisk mark modified equations with
hidden species l:

ArSH -+ m == HCl + ArSCl (62)
NCS + HCl == NHS + = (63)
NCS + ArSH - NHS + Arscl (64)
ArSCl + ArSH == HCl + Ar,S, (65)
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Ar,S, + = <T—1>2 ArSCl (66) Ve(t) 1
vs(t) 1
v4(t)
In the corresponding concentration data, we can readily see 5223
a mass defect in reactions R;, R}, and R, which can be resolved il = —
through the inclusion of Cl,. Upon inclusion of Cl,, the CRN 0 500 1000 1500 2000
acquires a genuine conservation law. Hence, we can write [Cl,] Time (s)
as a linear combination of observable species. Because [Cl,] is 100
not independent, it follows that we can quantify this hidden b
variable. This resolution is not obvious when we are agnostic 1071, *
about elemental composition: 5
10724 3 1
Xz + =2 X5 + Xig (67) 10-3 | . *
1 2 3 4 5 6
Xia + X5 ?Xw + = (68) k
Xia + X33 iﬁ Xi7 + Xig (69) Ul(k) '__ — — T -
Up(K) | = — _— —
Xio o Xi5 5 X+ X 70) uzzk;_ 1 S = 1
X16+.T?2 Xis (71) ug(k) 1 == —— -1

In such a case, we can still recover all reactions as
candidates, but R,#, Rgx, and R;;* will be incomplete. When we
find the dimension of the CRN and the number of species by
another technique, we can directly deduce that one species
and one conservation law are missing.

However, experimental conditions may lead to data with
less dimensions. Figure 8b shows 'H-NMR data for 6 species,
with 3 monitored species present at the outset. Two additional
species start being produced at t = 0, whereas the final product
X,5 is first detected only after t=200s, coinciding with the
exhaustion of species X,s. Using SVD, we find d = 2 significant
dimensions and 4 dominated by noise, with a possible
exception in the first few datapoints (Figure 9). We can find four
independent positive integer combinations of species that are
conserved:

LY = [NHS] + [NCS]
Ly = [ArSH] + [HCI] + [NHS]
Ly = [ArSCI] + 2 [Ar,S,] + [ArSH]

L = [ArSCl] + [HCI] + [NCS]

Compared to our initial analysis, we have one more
conservation law than expected. In addition to the expected L,
to L, we obtain L}, which is similar to L, except for the [Cl,]
term (Figure 9). This law is emergent and can only hold
approximately. The distinction between approximate and strict
constraints is important because candidate reactions should be
consistent with L; to L;, but not necessarily L;. Indeed, reactions
R, and R, conserve L,, but not L.

To leverage such emergent conservation laws, we need to
interpret them. One explanation consistent with our previous
considerations is that [Cl,] is approximately constant due to its
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Figure 9. Case Study 4: (a—-c) SVD for data shown in Figure 8b.1Y (a) Trajecto-
ories v;(t). (b) Singular values g;. (c) Compositions u;(k). (d) Observed
variation for conserved quantities L}, L}, L}, and L. Variations are depicted
with an ordinate offset of 0.01 M, 0.02 M, and 0.03 M for AL}, AL}, and AL},
respectively.

slow production and rapid consumption. In the full CRN with 7
species, L::[CIZ] holds approximately, within experimental
error 77. Consequently, we have:

L, = [ArSCI] + [HCI] + [NCS] + L

Ly =L,—Lf

Thus, at the experimental resolution, L; appears as con-
served. Emergent conservation laws demonstrate that care
must be taken in infering reactions from observed conserved
quantities. At the same time, emergent conservation laws are
informative. Here, the emergent conservation law L; allows us
to infer the concentration of a hidden species.

Discussion

The four case studies discussed in this work illustrate that the
dimensionality of reaction monitoring data provides structural
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information about the underlying CRNs. Data dimensions can
be extracted without prior knowledge about the corresponding
mechanisms, unraveling clues about both the possible and the
impossible structural features of candidate CRNs. One distin-
guishing feature of this approach is that this analysis can be
performed based only on data recorded in a single reaction
monitoring experiment, supporting data- and hypothesis-driven
mechanistic derivation from the beginning of such a research
endeavor.

This is in marked contrast to most both classical and
advanced analysis methods of kinetic data, which typically
require at least two independent kinetic experiments under
perturbed reaction conditions. For instance, the determination
of reaction orders requires the measurement of reaction rates
or kinetic profiles with modified concentrations of the sub-
strates of interest. Such approaches include the classical
method of initial rates and more modern approaches such as
reaction progress kinetic analysis (RPKA)“'*? and variable time
normalization analysis (VTNA),*™* the latter of which enables
visual data analysis.“®

Other important methods for CRN elucidation rely on using
pairs of analogous substrates in varying ratios such as the
investigation of nonlinear effects (NLEs)”™*” and the delayed
addition of an alternative substrate under continuous reaction
monitoring, delayed reactant labeling.”® Nevertheless, there are
a few advanced methods that allow for kinetic analysis for
deriving specific features of CRNs based on kinetic data from
individual experiments such as assessing the concentration
ratios of reaction intermediates to obtain information about
which one is formed first and infer the corresponding local CRN
structure"! Yet, the only approach that is as generally
applicable as the study of kinetic data dimension is kinetic
modeling, that is fitting a system of ordinary differential
equations to reproduce kinetic data, with the key difference
that kinetic modeling relies on a proposed kinetic model. The
more complex the underlying CRN, the more potentially viable
kinetic models need to be assessed, making this approach not
scalable without other mechanistic information.

The only prerequisite for the analysis of dimensionality of
kinetic data to be fruitful is to have access to more than one
independently measured concentration-time profile for a given
chemical process. This is because this method analyzes the
linearly independent contributions present in kinetic profiles.
Any kinetic data consisting only of a kinetic profile for a single
species, with statistically significant concentration changes over
time, will result in a data dimension d = 1. In the trivial case
that this data only consists of noise, the data dimension would
be d = 0. As soon as a second independently measured set of
concentrations is available, the analysis of data dimensions will
provide valuable insight to deconvolute the underlying CRN.

While any of the methods for mechanistic elucidation based
on kinetic analysis mentioned above provides information
about the underlying CRN, analyzing data dimensionality is not
meant to replace any of them but should rather be seen as
complement that leverages information that has hitherto been
neglected. Its general applicability to any kinetic time course
data and its agnostic character with respect to prior mechanistic
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information make it an attractive tool for studying complex
reaction mechanisms in organic chemistry.

Conclusions

Chemistry has a few well-established dimensional observables
(e.g., isosbestic points) that are well-established for mechanistic
inferences. Here, we have discussed extensions thereof for
interpreting chemical observations. Such extensions require a
physical theory that connects dimensionality to both observ-
ables and chemical phenomena, and the experimental context
they are observed in. Additionally, experimental resolution
needs to be accounted for. By formalizing these aspects, data
dimensionalities become observations themselves. For instance,
the number of conservation laws, their nature, and how species
participate therein reveals abundant mechanistic information.
This information can be used to filter hypotheses and guide
interpretations. In the case studies outlined above, we have
shown how it can be leveraged in the search for CRNs. In some
cases, this allowed us to directly propose an underlying CRN,
without fitting. In other cases, it allowed us to characterize non-
trivial chemical behavior and formulate hypotheses explaining
such behavior, some of which might not have been considered
otherwise. Overall, isosbestic points remain an indispensible
source of mechanistic information for interpreting chemical
experiments. By generalization, we surmise that deeper dimen-
sional considerations, such as the ones leveraged here, will
equip chemists to extract powerful new insights from experi-
ments and lead to ever more accurate reaction mechanisms.
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In this work, we use kinetic data
dimension analysis, which is
grounded in chemical reaction
network theory, to analyze reaction
monitoring data and extract the
number of linearly independent

reactions. We demonstrate the power
of this approach for mechanism eluci-
dation on 4 case studies with experi-
mental data from the literature by
deriving new insights.
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