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Pyrazolines are attractive scaffolds for fluorescent sensors due to their unique photophysical properties
and the ease of their synthesis from chalcone precursors. While both chalcones and pyrazolines have
been widely explored, a systematic optimization of their synthesis using design of experiments (DoE) has
yet to be reported. Here, we apply a data-driven DoE strategy, evaluating multiple variables across more
than 105 datapoints, to establish highly optimized conditions for the Claisen—Schmidt condensation of
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chalcones and their subsequent conversion to pyrazolines. High-throughput screening of the resulting
library revealed pyrazoline P10 with unusual “turn on” fluorescence at 590 nm in the presence of Zn?*
only. This integrated DoE-HTS workflow demonstrates a powerful approach for accelerating sensor

rsc.li/obc discovery.

Introduction

The integration of modern data-driven methodology into syn-
thetic organic chemistry is streamlining synthetic method
development." Among these, design of experiments (DoE)
enables the systematic identification of optimal parameters
with a minimal number of experiments, offering a powerful
alternative to the traditional one-factor-at-a-time (OFAT) strat-
egy.” For instance, recent examples include the use of DoE in
Heck-Suzuki reactions,” B(OCH,CF;);-mediated direct amida-
tion,* and solvent selection for multicomponent reactions.’ In
parallel, high-throughput screening (HTS) platforms are accel-
erating the discovery process, with improvements reported in
drug development,® enhanced catalyst screening,” and solar
cell optimisation.® Both DoE and HTS approaches benefit
from modular, easily accessible chemical scaffolds. Chalcones
are privileged structures® with a diverse range of pharmaco-
logical properties, including anti-cancer,'® anti-inflamma-
tory,"* and anti-infective properties.'” Typically, chalcones are
prepared via a Claisen-Schmidt condensation'® from commer-
cially available aromatic ketone and aldehyde starting
materials (Fig. 1A). The diverse range of inexpensive, commer-
cially available starting materials enables large modular
libraries of chalcones to be synthesized and screened. Interest
in Claisen-Schmidt condensations has grown considerably
over the past sixty years (Fig. 1B). Importantly, while useful in
themselves, chalcones can also serve as valuable precursors for
pyrazolines (blue in Fig. 1A), another privileged structure with
multiple medicinal properties.’* Pyrazolines with nanomolar
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activities for cancer cell lines" and COX inhibitory activity
have been reported.'® Pyrazolines can be aromatised to pyra-
zoles'” (red in Fig. 1A), providing access to another highly
attractive privileged structure.'® Despite the wealth of appli-
cations chalcones and pyrazolines provide, no DoE study has
optimised access to these scaffolds. This study addresses this
research gap, providing efficient access to chalcone and pyra-
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Fig. 1 Access to pyrazoline and pyrazoles via the chalcone scaffold
(panel A). Claisen—Schmidt condensations reported between 1960 and
2025 via the Reaxys database (panel B).
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zolines via DoE while exploring HTS platforms in pursuit of
novel fluorescent sensors.

Pyrazolines display unique fluorescence properties for the
design of fluorescent sensors for toxic metals such as Zn*",
Cu**, and Hg>"." The modular nature of the pyrazolines
scaffold enables fine-tuning of photophysical properties, a
useful feature for sensor development. The use of pyrazoline®®
and pyrazole®' sensors for detecting toxic metals in biological
environments represents a growing area of interest. Group 12
sensors, which selectively detect and distinguish Zn**, Cd*",
and Hg**, are particularly challenging. Zinc, the second most
abundant transition metal in the human body, is vital for
life,”* cadmium is highly toxic and linked to numerous
cancers,” and mercury displays potent neurotoxicity.”* Few
fluorescent sensors can differentiate between these metals at
different fluorescence wavelengths (4crm).>> Simple pyrazoline A
is a highly selective “turn on” sensor for Zn** and Cd*" in
MeCN (Fig. 2).%° Further studies revealed pyrazole B with
improved selectivity for Zn**/Cd>" (Fig. 2).”” Pyrazoline C is a
“turn on” sensor for Fe**/Fe*" with yellow A.,.>® Substitution
of the pyrazoline N1 methyl for phenyl reversed the fluorescent
response from “turn on” to “turn off” (D in Fig. 2).*® The
hydrazone functional group is commonly incorporated into
multi-analyte fluorescent sensors.”® A recent breakthrough
reported first-in-class hydrazone-pyrazolines sensors dis-
tinguishing Zn** at 560 nm, Cd*" at 510 nm, and Hg*" at
460 nm Aer, in aqueous environments (E in Fig. 2).*° Typical
approaches to chalcones involve the use of polar protic sol-
vents, such as ethanol and methanol, accounting for 50% and
20% of all Claisen-Schmidt condensations reported between
1960-2025 (see SI1 for literature survey). Researchers often use
previous synthetic methodologies with little to no experi-
mental optimisation reported. This study addresses this
research need using a data-driven design of experiments (DoE)
approach. A large-scale chalcone library (>1 g scale) enabled a
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Fig. 2 Fluorescent sensors for toxic metals. This study incorporated
design of experiments (DoE) and high throughput screening (HTS) for
pyrazoline sensor development (inset).
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second DoE study focusing on pyrazoline synthesis. A pyrazo-
line library was generated, screened across multiple analytes
using a HTS platform. This workflow significantly accelerated
the discovery process, providing a valuable case study on incor-
porating data-driven methodology in synthetic organic
chemistry.

Results and discussion

An LC-MS method to monitor the Claisen-Schmidt conden-
sation reaction was established (Fig. 3). An internal standard
(acetaminophen) was added to all reaction aliquots ensuring
injection consistency, and external calibration curves were gen-
erated (see SI3 for full details). A typical chromatogram is dis-
played in Fig. 3 demonstrating the conversion of 2-acetylpyri-
dine and benzaldehyde to C1. A screening study to confirm
the suitability of the LC-MS method and determine the main
DoE parameters was performed (SI4). Solvent, consisting of
the bulk of the reaction mixture, had a significant impact on
chalcone yield. The equivalent of NaOH, temperature, and
time were also identified as significant factors and selected for
DoE analysis. While this one factor at a time (OFAT) approach
identified suitable conditions, it did not identify intercon-
nected variables or provide a system-wide analysis. A DoE
workflow was established (Fig. 4) to screen multiple variables;
each performed in triplicate. This experimental design pro-
vided 45 datapoints to determine the optimum conditions for
the Claisen-Schmidt condensation reaction'® for chalcone syn-
thesis using a system-wide approach.

A least squares fit DoE model was generated with an R*
value of 0.97 and a P-value of <0.001, indicating good statisti-
cal modelling (Fig. 5C). This model was then used to predict
various reaction conditions (Fig. 5A). Solvent was confirmed as
influencing the reaction yield, with the polar protic solvents
MeOH, EtOH, and IPA providing the best yields. Polar aprotic
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Fig. 3 Claisen—Schmidt condensation for C1 monitored via LC-MS,
starting materials 2-acetylpyridine and benzaldehyde to chalcone C1
with acetaminophen used as an internal standard.
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Fig. 5 DoE summary, optimal parameters are displayed in red (panel A),
residuals in panel B. An excellent predictive model (R? = 0.97) was gen-
erated with confidence interval displayed in red (panel C).

solvent MeCN and chlorinated solvent dichloromethane
should be avoided. Interestingly, the use of 0.2 equivalent
NaOH was the most efficient alongside 4 °C reaction tempera-
ture. Further increases in catalyst and temperature were detri-
mental to reaction yield. Time had a minor influence on reac-
tion yield, with 4 h and 8 h the optimal. Using the above

model and the 12 principles of green chemistry,®! particularly
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atom economy and energy efficiency, the following conditions
were selected: EtOH, 0.2 equiv. NaOH, 4 °C and 8 h. These
reaction conditions were then used to synthesise a structurally
diverse library of 27 chalcones in excellent yield. Performing
these reactions on a 10 mmol scale enabled gram-scale purifi-
cation of chalcones directly via recrystallization preventing the
requirement for time-consuming column chromatography
(Scheme 1).

The high yield for chalcones C1-C27 provides further con-
firmation of the predictive properties of the DoE model and
validates the chosen reaction conditions (Table 1). These reac-
tion conditions are likely to be suitable for future chalcone
research beyond sensing, for example medicinal chemistry.”™*?
These chalcones then served as precursors for a pyrazoline syn-
thesis DoE and, in turn, a pyrazoline library. A suitable DoE

40 mL EtOH
5mL H,0 0

R AN

o, jl cc
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8 hrs

2
Scheme 1 DoE optimised chalcone synthesis.

Table 1 Chalcone library using DoE derived conditions
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approach was developed to determine the optimal reaction
conditions for the conversion of chalcone C1 to pyrazoline P1.
The same LC-MS method was utilized to monitor the conver-
sion of C1 to P1 with a DoE workflow established to screen
solvent, phenylhydrazine equivalent, temperature, and time
(Fig. 6).

A least squares fit DoE model was generated with EtOH
identified as the optimal medium for the reaction (Fig. 7).
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Fig. 6 DoE workflow for optimum pyrazoline synthesis using 60 indi-
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Fig. 7 DoE summary, optimal parameters are displayed in red (panel A),
residuals in panel B. A good predictive model (R? = 0.93) was generated
with confidence interval displayed in red (panel C).
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Interestingly, temperature exerted only a minor influence on
pyrazoline formation, with 4 °C providing the best outcome
when used in combination with 3.0 equivalents of hydrazine.

Reaction time showed a linear correlation with product
yield, and 24 hours was determined to be optimal. Guided by
this optimization model and the 12 Principles of Green
Chemistry,>" the final reaction conditions were selected as
EtOH, 3.0 equiv. hydrazine, 4 °C, and 24 h (Scheme 2). Under
these conditions, a structurally diverse pyrazoline library com-
prising 11 potential sensors was synthesized in good to excel-
lent yields (Fig. 8). Reactions performed on a 2 mmol scale
generated sufficient material for purification via recrystalliza-
tion, eliminating the need for time-consuming column chrom-
atography. This approach was essential for achieving rapid syn-
thesis and enabling high-throughput screening for desirable
sensing properties. A preliminary fluorescence screen was per-
formed to identify promising sensors in the presence of Zn**
and Cd** (Fig. 8). Pyrazoline P1-P3, all containing a phenyl-
substituted pyrazoline, displayed negligible changes in fluo-
rescence emission with Zn®>" and Cd>". Interestingly, the pyri-
dine-substituted analogues P7-P9 did display a slight prefer-
ence for Zn** over Cd** with green fluorescence emission. This
observation suggested that the addition of nitrogen may be
beneficial to group 12 metal selectivity. Pyrazoline P11 dis-
played a “turn off” response, indicating the naphthyl unit is
impacting the fluorescence response. The lead sensor was
identified as P10, displaying both a nitro-substituted ring and
pyridyl units. A highly unusual yellow fluorescence emission
was observed in the presence of Zn**, but not with Cd**. The
substitution of an electronegative halogen (as observed in P8
and P9) for a highly electronegative nitro group profoundly
modified the response to Zn*" and Cd** and warrants further
investigation. With a library of 11 pyrazolines in hand, a high-
throughput screening (HTS) assay was developed using a stan-
dard laboratory fluorescence plate reader using a 96-well
format. The responses to eleven different metal ions (250 pM)
across each pyrazoline (50 pM) were measured in duplicate in
acetonitrile.

This approach was designed to rapidly screen for fluo-
rescence sensing properties in the 380-650 nm range using
360 nm excitation (see SI for full analysis, see Fig. 9 for
heatmap summary). Pyrazoline P1, P3-5, P7-P8, and P10 all
displayed a “turn on” response to a range of group 12 metals.
The paramagnetic metals Fe*", Ru**, and Cu** displayed a
“turn off” response across all pyrazolines; this is commonly
observed in the literature.** The biological metals Na*, Li",
and Mg”" did not alter the fluorescence response, and there-
fore these sensors are unsuitable for monitoring these ana-

EtOH
o) 4°C R R2
)v\ 3.0 equiv. hydrazine \
e -
Ry Ra N N\
24 hrs Rs

Scheme 2 DoE optimised pyrazoline synthesis.
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Fig. 9 High-throughput screening (HTS) of pyrazoline P1-P11 using a
fluorescence plate reader, lex 360 nm, each result is average spectra
from duplicate measurements. Colour indicates change in fluorescence,
red represents an increase, blue a decrease and green no change in Aem.

lytes. The metal screen for P10 is of particular interest as there
is a “turn on” response only for Zn>*, not Cd*" or Hg>". The
Stokes shift for P10 is also unusually large, >240 nm and this
is advantageous for sensing applications. This suggests P10
could be a highly useful Zn** specific sensor and will be
explored in future work. In summary, a combined DoE and
HTS workflow has been established to rapidly synthesise a pyr-
azoline library from chalcone precursors in high yield. These
sensors were rapidly screened for desirable sensing properties,
resulting in the unexpected discovery of sensor P10 with future
potential.
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R1/U\ * HJ\RZ oAzm Ry PR, 3.0 équiv_ hyaiazine h\l—N\
8hrs 24 hrs Ry
Parameter Chalcone Pyrazoline

Solvent MeOH/EtOH/IPA/MeCN/DCM | MeOH/EtOH /IPA
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Fig. 10 All DoE factors evaluated, with the best conditions in bold.
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Conclusion

The optimised synthetic conditions for chalcone and pyrazo-
line formation has been determined using a data-driven
design of experiments (DoE) approach (Fig. 10). These con-
ditions (EtOH, 0.2 equiv. NaOH, 4 °C and 8 h) provided a
diverse chalcone library of 27 compounds in good to excellent
yield (60-93%, Table 1). The optimal conditions for pyrazoline
formation (EtOH, 3.0 equiv. hydrazine, 4 °C, and 24 h) were
determined and used to generate a pyrazoline library also in
good to excellent yield (11-94%, Fig. 8).

The establishment of an HTS assay enabled the rapid
identification of fluorescent properties to a range of metals,
resulting in the highly expected discovery of P10 with highly
unusual yellow fluorescent emission in the presence of Zn**
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only. This workflow demonstrates the significant advantages
of incorporating modern data-driven methodology into syn-
thetic organic chemistry. This approach is ideally suited to
machine learning (ML) applications in which a large, structu-
rally diverse, and modular chemical library is synthesized and
screened, resulting in large datasets of consistent data.*® This
dataset can then be used to train ML models to predict and
design novel compounds with specific properties (Fig. 11A).
These, in turn, are generated and screened, and the resulting
data used to improve the model further. A key requirement for
this strategy is easily accessible scaffolds that are highly
modular, using inexpensive reagents. As highlighted within,
pyrazolines are ideally suited to this approach. Potential appli-
cations of such workflows include the generation of ML-
derived sensors for specific metals and the development of
molecular logic gates (Fig. 10B).>* Numerous recent pyrazo-
lines have been reported as logic gates,” and the application
of ML will accelerate development further. This is future work
and will be reported in due course.
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