u

) <

The University of Osaka
Institutional Knowledge Archive

Title Comprehensive Mapping of Compositional Dynamics
in the Formose Reaction Network

Author (s) gishijima, Hiroaki; Tabata, Hiro; Hase, Yoko et

Angewandte Chemie - International Edition. 2025,

Citation 0. 625258

Version Type|VoR

URL https://hdl.handle.net/11094/103715

This article is licensed under a Creative
rights Commons Attribution-NonCommercial-NoDerivatives
4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



W) Check for updates

GDCh
A -

Chemical Reaction Network

Comprehensive Mapping of Compositional Dynamics in the Formose
Reaction Network

Angewandte
imermationalediiony Cermie
www.angewandte.org

Communication

How to cite: Angew. Chem. Int. Ed. 2025, €25258
doi.org/10.1002/anie.202525258

Hiroaki Nishijima, Hiro Tabata, Yoko Hase, Rika Miyake, and Shuji Nakanishi*

4 )

Abstract: A chemical reaction network (CRN) can generate complex molecules from simple starting materials through
multiple interconnected reactions. The formose reaction, which produces monosaccharides from formaldehyde (HCHO),
is a prototypical non-enzymatic CRN. Although more than half of the feedstock in this reaction is converted into non-target
products (products other than the target monosaccharides), traditionally referred to as “tar,” the compositional evolution of
these products has remained unexplored. In this study, we visualized the formose reaction’s compositional landscape (target
and non-target products) by applying van Krevelen (VK) diagrams and Kendrick mass defect (KMD) plots using data from
high-resolution mass spectrometry, enabling comprehensive visualization of the products’ composition without structural
identification of individual compounds. Under NaOH catalysis, various side reactions proceeded with low selectivity,
leading to a wide variety of non-target products, whereas under Ca(OH), catalysis, dehydration-type side reactions became
predominant in the later stages. These findings reveal that the product distribution in the formose reaction is highly catalyst-
and stage-dependent. The developed visualization framework provides a powerful tool for understanding complex CRNs
and suggests rational strategies for reaction control, such as suppressing dehydration to improve the yield of target products

in the presence of Ca(OH), catalyst.
-

J

Chemical reaction networks (CRNs), which generate com-
plex molecules from simple starting materials through
multiple interconnected reactions, have attracted growing
interest in recent years.'””71 The formose reaction, which
produces monosaccharides from formaldehyde (HCHO)
(Figure 1a),8! is a prototypical example of a non-enzymatic
CRN and has contributed significantly to the advancement
of related research.*!!l In this reaction system, various
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reactions—including aldol and retro-aldol reactions, isomer-
ization, and disproportionation—proceed in parallel under
basic conditions starting from HCHO. Notably, even in the
absence of enzymes, monosaccharides are formed autocat-
alytically. Several reaction pathways have been proposed,
including the Breslow autocatalytic reaction cycle, which
involves the regeneration of glycolaldehyde.['>1] Because
of this non-enzymatic formation of monosaccharides, the
formose reaction has long been regarded as a plausible
prebiotic pathway for sugar production.l'’-?!] More recently,
it has attracted attention as a potential carbon fixation
route for converting HCHO (obtained via CO, reduction)
into sugars.[’>>] Detailed analyses of the monosaccharides
produced, including branched-chain monosaccharides, have
revealed that the product distribution strongly depends on the
catalyst species and reaction conditions.[!!]

In the formose reaction, monosaccharides are generally
set as the target products; however, they constitute only a
subset of the products within the CRN. In fact, the yield of
monosaccharides strongly depends on the reaction conditions,
and in typical base-catalyzed systems, it can remain below
50%:[2627] thus, more than half of the feedstock is converted
into non-target products. These non-target products are
highly diverse, and the separation and identification of their
isomers is often infeasible because of the lack of available
standards. Consequently, previous studies have collectively
referred to these complex mixtures as “tar,”l'*?"] and their
detailed chemical compositions have remained unexplored.
However, achieving higher yields of target products gener-
ally requires a comprehensive understanding of the overall
dynamics of the CRN, including not only the pathways
leading to target products but also the formation behavior of

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Overview of the formose reaction and analysis workflow. a) The central circle illustrates the formation of target products (C,H2,0,) via the
Breslow cycle. The surrounding ring represents the diverse non-target products, with colored zones highlighting key side-reaction pathways:
reduction (blue), dehydration (green), and oxidation (red). Note that the chemical structures shown are illustrative examples of plausible products
and have not been individually confirmed. b) Schematic of the experimental and data analysis workflow.

non-target products.’**3!] For example, in oscillatory CRNS,
even seemingly irrelevant side reactions can decisively
influence the overall system dynamics.[*"] In ethylene oxychlo-
rination, analyzing the whole reaction network (including side
products) revealed target/byproduct interrelationships, guid-
ing rational catalyst design and process optimization.’'! Thus,
to improve the yield of monosaccharides, it is essential to
comprehensively understand not only the formation pathways
of monosaccharides themselves but also those of non-target
products, thereby gaining an overview of the entire reaction
network.

In this study, we specifically focused on the formose
reaction as a representative non-enzymatic CRN to elucidate
its entire compositional landscape, including the non-target
products that have received little attention. On the basis
of high-resolution mass spectrometry data, we visualized
the compositional distributions of target products (chemical
composition C,H,,0,, including branched-chain monosac-
charides) and non-target products using van Krevelen (VK)
diagrams and Kendrick mass defect (KMD) plots and
quantitatively evaluated their evolution through numerical
indicators. This approach enables a comprehensive char-
acterization of the chemical composition of both target
and non-target products without requiring the structural
identification of individual compounds. The methodology
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was applied to reaction samples catalyzed by NaOH and
Ca(OH),, and the temporal evolution of their compositional
distributions was compared (Figure 1b).

Figure 2a,b show the consumption of HCHO at 80 °C
when NaOH and Ca(OH), were used as catalysts, respec-
tively. Under Ca(OH),-catalyzed conditions, HCHO was
consumed more rapidly than under NaOH catalysis. Subse-
quently, product analyses were conducted at four represen-
tative stages: the initial stage (Stage I, HCHO conversion:
~10%), the middle stage (Stage II, ~40%), the late stage
(Stage III, ~85%), and the final stage (Stage IV, ~98%).
High performance liquid chromatography (HPLC) analy-
sis of the reaction mixtures confirmed the formation of
monosaccharides at each stage and revealed that the product
distributions varied depending on the catalyst used (Figure S1
and S2). The samples collected at each stage were further
analyzed by the electrospray ionization in negative-ion mode—
mass spectrometry (ESI(—)-MS) to evaluate the molecular
formula richness (MFR; total number of different molecular
formulas, Figures S3 and S4; Table S1),’>**] which reflects
the molecular diversity of the products. The MFR increased
from 24 to 50 under NaOH catalysis and from 15 to 84 under
Ca(OH), catalysis as the reaction proceeded from Stage I
to Stage IV (Figure 2c,d). At all of the stages, the MFR
of non-target products (other than C,H,,0,) was 4-7 times
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Figure 2. HCHO consumption and molecular-formula richness (MFR) at 80 °C. a), b) HCHO conversion versus time under a) NaOH and b)
Ca(OH); catalysis; large markers denote sampling points (Stages I-1V: ~10%, ~40%, ~85%, ~98%). c), d) MFR at each stage for c) NaOH and d)
Ca(OH); catalysis; orange and blue bars = monosaccharides (C,H2,0,), gray = non-target species.

higher than that of monosaccharides (C,H,, 0,), highlighting
the remarkable diversity of these non-target products. Each
molecular formula corresponds to multiple isomers (both
structural and stereoisomers). For instance, CsH;,Og includes
structural isomers such as glucose and fructose, as well as
stereoisomers such as glucose and galactose. Therefore, the
total number of chemical species present in the reaction
mixture is expected to exceed the MFR values. Although
gas chromatography—mass spectrometry (GC-MS) is gen-
erally effective for identifying compounds, its application
to the formose reaction is highly challenging and labor-
intensive. The analysis is confounded by an extremely large
number of peaks (Figures S5 and S6), highly similar mass
spectra between isomers, and the difficulty of acquiring or
synthesizing standards. Consequently, rather than identifying
each product individually, obtaining an overview of how the

Angew. Chem. Int. Ed. 2025, e25258 (3 of 7)

feedstock is dynamically distributed between target and non-
target products provides valuable insights for understanding
the formose reaction network.

In this study, we used the VK diagram and the KMD
plot as methodological tools to obtain an overview of the
dynamic behavior of the reaction products. In the VK
diagram, compounds are mapped onto a two-dimensional
plane on the basis of their elemental composition ratios (H/C
and O/C), enabling the visualization of the compositional
distribution of complex mixtures (Figure 3a).3*! In this plot,
all monosaccharides (C,H,,0,) occupy the same position at
H/C =2 and O/C = 1, hereafter referred to as the monosac-
charide coordinate. For example, compounds formed through
dehydration from monosaccharides appear toward the lower
left, whereas reduced compounds are plotted upward. Thus,
the VK diagram provides an intuitive visualization of the
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Figure 3. VK diagrams of product compositions. a) Schematic showing
the monosaccharide coordinate (H/C = 2, O/C = 1) and expected shifts
for reduction, oxidation, and dehydration. b), c) Stages |-V under b)
NaOH and c) Ca(OH); catalysis; open circles = species persisting from
the previous stage; filled circles = newly appearing; black circles =
monosaccharides.
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overall compositional trends in the formose reaction. The
KMD plot visualizes structurally related compounds using the
KMD and nominal Kendrick mass (NKM), calculated with
a specific repeating unit (CH,O in this study, Figure 4a)."]
In this representation, compounds that differ only in the
number of CH,O units share the same KMD value and
therefore appear as horizontally aligned series (Table S2).
These two analytical methods are complementary: both allow
rapid and comprehensive characterization of the composi-
tional distribution of complex mixtures on the sole basis
of high-resolution mass information, without the need for
separating or structurally identifying individual isomers.[3¢-4]
While this MS-based approach offers a powerful overview
of compositional diversity, it does not directly provide quan-
titative information, and ESI-MS is inherently susceptible
to non-covalent aggregate formation. These methodological
considerations are discussed in detail in the Supporting
Information.

Figure 3b shows the VK diagram obtained for the
reaction catalyzed by NaOH. Each point corresponds to
a detected molecular formula, with newly appearing com-
pounds (filled circles) distinguished from those that persist
from the previous stage (open circles). The black point
indicates the monosaccharide coordinate. In Stage I, products
were observed both at the monosaccharide coordinate and
other positions, visualizing the coexistence of the target
product (monosaccharides) and other non-target products
in this initial stage. In Stage II, the distribution expanded
upward (increasing H/C ratio), rightward (increasing O/C
ratio), and toward the lower left (decreasing H/C and O/C
ratios) from the monosaccharide coordinate. These trends
correspond to the accumulation of products formed through
reduction, oxidation, and dehydration, respectively. In the
late stage (Stage III), this multidirectional spread became
more pronounced, clearly demonstrating the diversification
of reaction products as the reaction progressed. At Stage
IV, the distribution was nearly identical to that at Stage
III, suggesting that the product composition was no longer
substantially evolving. As shown in Figure 4b, the KMD plot
exhibited a similar trend: relative to the dashed line at KMD
~ 0 corresponding to monosaccharides, the plotted points
expanded in both the upward and downward directions as the
reaction proceeded. This expansion indicates the concurrent
formation of reduced products (KMD < 0) and oxidized or
dehydrated products (KMD > 0).

We quantitatively evaluated these qualitative trends by
defining a coordinate system on the VK diagram with the
monosaccharide coordinate as the origin and treating the
position of each product as a position vector. Each vector
was normalized, and the length of the resultant vector was
calculated as the mean resultant length (R). The value of R
ranges from 0 to 1, where smaller values indicate an isotropic
distribution and larger values indicate a directional bias.
For the non-target products that newly appeared between
Stages I and IV under NaOH catalysis, we obtained R =
0.18, indicating a nearly isotropic distribution around the
monosaccharide coordinate (Tables S3 and S4). In addition,
on the basis of the KMD plot, another parameter was defined
as the fraction of compounds (excluding monosaccharides,
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Figure 4. KMD plots (CH,O base) of related series. a) Schematic: axes
are nominal Kendrick mass (NKM) and KMD; the black dashed line
(KMD =~ 0) marks monosaccharides; lines indicate theoretical shifts for
reduction, oxidation, and dehydration. b), c) Stages I-IV under b)
NaOH and c) Ca(OH); catalysis; black line = monosaccharides (KMD
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C,H,,0,) with KMD > 0. This value remained constant
at 40%-52%, demonstrating nearly equivalent numbers of
dehydrated/oxidized and reduced compounds (Table S5).

By contrast, when Ca(OH), was used as the catalyst, a
distinctly different pattern was observed. As shown in the
VK diagram (Figure 3c), the distribution in Stage I was
similar to that under NaOH catalysis and the formation
of monosaccharides and several non-target products was
detected. In Stage II, although the number of plotted points
slightly increased, the overall distribution pattern remained
almost unchanged from that in Stage I, in contrast to the
broad compositional expansion observed under NaOH catal-
ysis. This lack of change in the distribution pattern indicates
limited emergence of new non-target compositions during the
early to middle stages. In Stage III, the distribution changed
markedly, expanding anisotropically toward the lower left
from the monosaccharide coordinate, indicating increased
formation of dehydrated products. This trend became more
pronounced in Stage IV, where dehydration-derived products
were predominantly formed. Corresponding to this distinct
change in the VK diagram, the KMD plot also revealed dense
clustering of points in the region with KMD > 0, forming a
characteristic band structure (Figure 4c). These bands were
spaced at intervals of approximately 0.004 in KMD, reflecting
the formation of a series of compounds with repeating CH,O
units that underwent stepwise dehydration, such as —-H,O,
—ZHQO, and —3H20.

To quantitatively evaluate these observations, we calcu-
lated the same numerical indicators used for the NaOH-
catalyzed system. For the set of newly appearing plots
observed between Stages I and IV on the VK diagram,
the mean resultant length R was 0.68, indicating a strong
directional bias, in contrast to the nearly isotropic distribution
observed under NaOH catalysis (R = 0.18) (Tables S3 and S4).
The mean direction of the resultant vector was —100° (taking
the positive O/C axis as 0°), in reasonable agreement with the
theoretical angle for dehydration (—116.6°). In addition, the
occupancy ratio of the region with KMD > 0 among the non-
target products increased from 54% to 78% as the reaction
progressed (Table S5). This increase contrasts with the
nearly constant occupancy (~50%) observed under NaOH
catalysis. These results suggest that, under Ca(OH), catalysis,
dehydration reactions proceed predominantly from Stage III
to Stage IV, leading to an increased diversity of non-target
products. The distinct differences in compositional trends
between the two catalytic systems are likely attributable to
differences in catalytic activity, variations in pH during the
reaction, and/or the contribution of monosaccharide-metal
complex formation.[*#] For example, in contrast to Na*,
which exhibits minimal specific interactions with sugars, Ca>*
is known to form stable complexes with monosaccharides and
enediol intermediates.[**#°] Such interactions could facilitate
substrate activation and thereby contribute to the preferential
formation of dehydrated products under Ca(OH), catalysis.
Notably, the trends observed in both the VK diagrams and
KMD plots for NaOH- and Ca(OH),-catalyzed reactions
were reproduced when independently prepared samples were
analyzed using different instruments (Figures S7 and S8). Fur-
thermore, we examined additional reaction conditions under
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the Ca(OH),-catalyzed system: lower temperature, reduced
initiator concentration, and reduced substrate concentration.
The VK diagrams revealed that certain parameters, partic-
ularly temperature, exert a pronounced influence on the
product-distribution patterns (see Figures S11-S13).

Although more than half of the feedstock in the formose
reaction is converted into non-target products rather than
monosaccharides, these products have conventionally been
collectively referred to as “tar,” and their detailed character-
ization has rarely been attempted. At present, the individual
chemical components contained in the “tar” have not yet been
identified, and further investigation will be required from
this perspective. However, we demonstrate for the first time
that the distribution of these non-target products changes in
a distinct and systematic manner depending on the catalyst
species and reaction stage, as revealed by the VK diagram
and KMD plot. Specifically, under NaOH catalysis, non-
target products diversified isotropically on the VK diagram,
whereas under Ca(OH), catalysis, products with dehydrated
compositions became predominant in the middle to late
stages of the reaction. Such a comprehensive understanding
of the entire reaction network enables system design that
considers the formation dynamics of non-target products. For
instance, because dehydration-derived non-target products
markedly increase in the late stage under Ca(OH), catalysis,
halting the reaction earlier or introducing additives that
suppress dehydration could reduce the carbon flux toward
non-target products, thereby improving the yield of the
target products. Previous studies have empirically shown that
chemical intervention at intermediate reaction stages narrows
the product distribution.!*!]

The framework presented in this study is expected to
be applicable not only to the formose reaction system but
also more broadly to complex CRNSs, including biological
metabolic pathways. For other complex reaction networks
as well, a global view of the time-evolving compositional
distributions of both target and non-target products provides
valuable insights into the overall behavior of the system.
We anticipate that the framework developed in this study
will advance future research aimed at elucidating such
network-level characteristics.

Supporting Information

The authors have cited additional references within the
Supporting Information.[*’-#1
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