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ABSTRACT

High-throughput screening (HTS) enables rapid hit identification, yet subsequent analogue synthesis and structure-activity
relationship exploration remain constrained by labor-intensive multistep workflows. Here, we describe an automated solid-phase
flow synthesis (SPS-flow) platform for diversity-oriented analogue generation of an HTS-derived, non-peptidic small-molecule hit
scaffold. A benzodiazepine hit against cyclin-dependent kinase 11B (CDK11B) was selected as a proof-of-concept and translated
into a modular 10-11-step synthetic sequence through fragment-guided retrosynthetic design. A sterically tuned triazene linker
on 2-chlorotrityl resin was developed to tolerate diverse reaction conditions while enabling traceless cleavage and post-synthetic
diazonium diversification, and Chemical Recipe File (CRF)-based control coordinated continuous-, circulation-, and stop-flow
operations within a unified automated workflow. The platform enabled the synthesis of 42 benzodiazepine analogues in 5%-33%
overall yields, with each sequence completed within approximately 45-48 h from a common resin-bound precursor. Within the
explored first-generation design space, the library rapidly defined the synthetic accessibility and preliminary structure-activity
landscape of the scaffold under SPS-flow conditions, supporting early triage of the series and demonstrating that SPS-flow can be

used as a programmable platform for automated multistep diversification and early-stage drug optimization.

1 | Introduction

High-throughput screening (HTS) has transformed early drug
discovery by enabling rapid identification of hit compounds
against diverse biological targets. However, converting these
hits into informative structure-activity relationships (SAR) still
largely depends on manual, multistep synthesis and purification,
which are slow, labor-intensive, and difficult to standardize or
automate [1-3]. This bottleneck is particularly acute for diversi-
fication of HTS-derived scaffolds, where efficient exploration of
scaffold-level chemical space around promising hits is essential

for assessing scaffold tractability and making informed go/no-go
decisions [4].

A variety of automated synthesis platforms have been developed
for single-target route optimization and for the production of
small sets of derivatives, but most are designed around spe-
cific targets and routes rather than around HTS hit scaffolds.
Automated batch and flow systems have already enabled robust
single-step optimization and route-specific multistep synthesis
for selected targets [5-11]. Yet most implementations rely on
complex, fixed architectures with inline analytics, scavenger
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columns, or regeneration modules tailored to a specific route [12],
which can limit their adaptability for scaffold-level diversifica-
tion. The radial synthesizer developed by Gilmore and co-workers
further demonstrated automated linear and convergent multistep
synthesis and analogue generation through a reconfigurable flow
architecture [13]. While such advances have improved the flexibil-
ity of automated multistep synthesis, intermediate handling and
purification remain important considerations in the development
of integrated synthetic workflows.

Solid-phase flow synthesis (SPS-flow) for complex small
molecules was developed by our group to address this need by
combining the purification efficiency of solid-phase synthesis
(SPS) with the control and automation of flow chemistry. In SPS,
resin-bound intermediates can be purified by simple filtration
and washing, minimizing chromatographic operations [14-16],
while flow operation affords precise control over reaction
parameters, efficient heat and mass transfer, and straightforward
integration with digital control [17, 18]. Merging these concepts,
SPS-flow executes multistep synthetic sequences on resin under
recirculating-flow conditions, governed by digitally encoded
programs, and thereby provides a programmable framework
for chromatography-free multistep automation, particularly for
synthesis of polypeptide and oligonucleotide [19-21].

Our previous work has shown that SPS-flow can deliver complex
small molecules under the control of a Chemical Recipe File
(CRF) (Figure 1). In the first study, a fully automated six-step
synthesis of prexasertib and selected derivatives demonstrated
that continuous-flow solid-phase synthesis can access a clinically
relevant drug candidate from a common resin-bound intermedi-
ate, using a single CRF to control all reagent additions, washes,
and temperature profiles [22]. Early- and late-stage diversifica-
tion were implemented by swapping building blocks at defined
positions in the CRF, allowing analogue generation without
redesigning the underlying multistep sequence. In the second
study, SPS-flow was applied to antiviral peptidomimetics using
a compact parallel synthesizer. Iterative amide-coupling and
deprotecting steps encoded in CRFs enabled “button-push” con-
struction of a-keto-amide and nitrile peptidomimetics libraries
guided by docking simulations, with five distinct molecules
produced per cycle and 42 derivatives prepared over 3 months
for SAR optimization [23]. Together, these studies established
SPS-flow as an automated platform for analogue synthesis across
predefined small-molecule and peptide-like scaffolds. Neverthe-
less, its application to scaffold-level appendage or functional-
group diversification centered on HTS-derived hit scaffolds in
early-stage drug discovery remained unexplored.

Here, SPS-flow is extended from target- and route-focused
multistep synthesis to scaffold-level diversity-oriented analogue
generation from HTS-derived hit scaffolds in an early-stage
drug discovery context (Figure 1). As a demanding proof-of-
concept, a tetrahydro-1,4-benzodiazepine (hereafter referred to as
benzodiazepine) core identified as a cyclin dependent kinase 11B
(CDKI11B) hit from an in-house HTS campaign was selected, pro-
viding a realistic scaffold for testing whether SPS-flow can support
scaffold diversification and triage at the hit stage. A fragment-
guided retrosynthetic design was formulated to expose multiple
diversification sites along a 10-11-step sequence. To realize this
multistep scaffold diversification workflow, a sterically tuned tri-

azene linker on 2-chlorotrityl resin was engineered to withstand
strong electrophiles and Lewis-acidic borane conditions while
permitting traceless cleavage into diazonium intermediates, and
CRF-encoded operation was implemented across continuous-
, circulation-, and stop-flow modes selected according to the
requirements of each transformation. Applied to the CDK11B ben-
zodiazepine scaffold, the resulting SPS-flow platform constructs
a 42-member analogue library within approximately 45-48 h per
sequence, with a single final purification step and modest solvent
consumption, furnishing an initial analogue set for scaffold
triage and for probing initial SAR trends across the accessible
diversification sites.

2 | Results and Discussion

To demonstrate the capability of SPS-flow to support automated
analogue diversification around realistic medicinal chemistry
scaffolds, an HTS-derived benzodiazepine hit against cyclin
dependent kinase 11B (CDK11B) was chosen as a proof-of-concept
substrate. Cyclin-dependent kinases (CDKs) are serine/threonine
kinases that operate as cyclin-associated heterodimers and play
central roles in cell-cycle control and transcriptional regulation
[24]. Dysregulation of CDK activity undermines checkpoint
control and drives uncontrolled proliferation, and aberrant CDK
expression is therefore a common feature of many cancers [25].
Within this family, CDKI11 has only recently come into focus
as an oncology target [26]. Functional studies have shown that
CDKI11B supports tumor cell survival and growth in several
indications, and that genetic or pharmacological suppression
reduces viability in preclinical models [27, 28]. Current reviews
and translational projects describe CDKI1 as a novel anti-cancer
strategy and highlight that work is still centered on understanding
its biology and discovering selective inhibitors, with no CDK11-
targeted drugs yet approved [29, 30]. The CDK11B program is
therefore firmly positioned at an early stage of drug discovery,
where rapid assessment of scaffold tractability and exploratory
SAR are particularly valuable.

Given this emerging target profile, an in-house HTS campaign
was undertaken to identify CDK11B hit scaffolds suitable for SPS-
flow-enabled diversification. A Nano-BRET Intracellular Kinase
Assay optimized (Figure S1) for CDK11B was used to screen
100,160 compounds, yielding 406 primary hits with more than
50% inhibition at 10 uM. Retesting and dose-response profil-
ing reduced this to 96 verified hits, which were grouped into
structurally distinct clusters by chemoinformatic analysis. From
these clusters, a benzodiazepine chemotype represented by com-
pound 1 was selected because it combined measurable CDK11B
inhibition (ICs, = 1.8 uM), clear structural differentiation from
reported CDK inhibitor chemotypes [31], and multiple positions
that could be diversified within a modular synthetic design
(Figure 2). In addition, this chemotype is complementary to
our virtual-screening-derived hit-finding approach for CDK11B,
further supporting its selection as a representative scaffold for
methodological evaluation [32].

Retrosynthetic analysis revealed that the target scaffold can be
modularly assembled from three key fragments: a benzodiazepine
core, five-membered heteroaromatic unit, and an amine sub-
stituent. The benzodiazepine core is accessible from anthranilic
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FIGURE 1 | Evolution of the SPS-flow platform in scope and application. Integration of solid-phase synthesis, flow chemistry, and automated control
enables programmable multistep synthesis. Previous applications in route-specific automation and parallel library synthesis are extended in this work

to automated diversification of a high-throughput screening (HTS)-derived hit scaffold.

acid, aliphatic aldehydes, and a-amino acids (Figure S2a). This
disconnection pattern was particularly attractive for diversity-
oriented analogue synthesis because it distributed diversification
opportunities across both early and late stages of the sequence,
allowing analogue generation through systematic variation of
aldehydes, amino acids, heteroaromatic components, amines,
and post-cleavage diazonium transformations. The scaffold there-
fore provided a practical entry point for SPS-flow-enabled
analogue generation from a medicinally relevant HTS hit.

A central challenge in translating this design into SPS-flow
was a linker and resin system that could survive chemically
distinct transformations while preserving the diversification logic
of the scaffold. To this end, a sterically tuned triazene linker
was constructed by functionalizing 2-chlorotrityl chloride resin 2
with a triacetonediamine 3 and aryldiazonium salt 5 (Figure 3a).
The modified resin 6 achieved substrate loadings of up to
0.8 mmol/g, as determined by cleavage of the 2-nitrobenzoic
acid aryldiazonium from the resin using 5% TFA/DCM followed
by reduction (Figure S7). The steric environment and electronic
properties of this triazene linker were selected to improve stability
under strongly electrophilic and Lewis-acidic conditions (Figure
S4), while still permitting traceless cleavage into aryldiazonium
intermediates for post-synthetic diversification [33]. The choice
of 2-chlorotrityl resin was guided by resin swelling, chemical

compatibility, and loading performance, which together provided
a robust physical platform for multistep SPS-flow synthesis
(Figure S3 and Table S1) [34, 35].

With this resin-linker system in place, the multistep sequence
was encoded into a unified digital workflow as a CREF, specifying
reagent delivery, washing operations, temperature, and the appro-
priate flow mode for each step. The automated operation of the
SPS-flow platform is demonstrated in the Supplementary Movie.
Continuous-flow operation was used for fast transformations
such as nitro reduction, circulation-flow was used for longer
residence steps such as reductive amination and coupling and
stop-flow was required for the heated Me,S*BH;-mediated lactam
reduction that formed the benzodiazepine core.

The synthesis route to compound 1 was first validated in batch
solution-phase (Figure S2b) and then translated into SPS-flow
format. Most transformations could be carried over directly, but
several operations required adjustment for SPS-flow compatibil-
ity, including premixed delivery of the nitro-reduction reagents,
washing after imine formation prior to NaBH;CN addition, and
staged handling of Me,S*BH; to manage gas evolution before
heating under stop-flow conditions. With further optimization
of the SPS-flow conditions (Tables S2-S9), compound 1 was
obtained in 32% overall yield after a single final purification by
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HTS-derived CDKI11B benzodiazepine hit and automated SPS-flow platform. (a) Summary of the in-house HTS campaign for CDK11B.

(b) Structure and dose-response profile of the selected benzodiazepine hit for SPS-flow diversification. (c) Schematic of the automated SPS-flow platform

and five diversification sites for early- and late-stage functionalization.

preparative HPLC after cleavage (Figure S12), compared with 28%
overall yield for the corresponding batch route. The SPS-flow
sequence not only minimized the purification burden by keeping
intermediates resin-bound throughout the multistep process but
also required only modest solvent consumption (Table S11).
These results show that the synthesis route is compatible with
automated SPS-flow operation while maintaining or slightly
improving overall efficiency relative to batch.

Building on the optimized SPS-flow route to compound 1, the
resulting CRF encoded a nine-step core synthetic sequence
(Figure 3b) that served as the programmable backbone for
scaffold-level diversification around the benzodiazepine hit.
Resin-bound nitrobenzene 6 was reduced to the corresponding
aniline 7 using B,(OH),, catalyzed by 4,4-bipyridine, under
continuous-flow mode, as the highly reactive species gener-
ated in situ enabled complete conversion within minutes [36].
Compound 7 underwent reductive amination to give amine 8.
Subsequent acylation with Fmoc-amino acid chloride 9 and
deprotection afforded 11, which cyclized intramolecularly to
lactam 12. These steps were performed under circulation-flow
mode to ensure sufficient reaction time for complete conversion.

Lactam 12 was next transformed into diamine 13 by Me,S*BH;-
mediated reduction of both lactam moieties. Batch studies

showed that complete reduction of the two lactam moieties
requires heating at 70°C in a sealed flask (Figure S2b). In the
SPS-flow system, this transformation was therefore implemented
under stop-flow mode, allowing efficient reduction of the solid-
supported lactams to form the benzodiazepine core while main-
taining a high concentration of Me,S*BH; at 70°C [37]. To main-
tain compatibility with the triazene linker, the amine-borane
complexes formed during the reduction—typically hydrolyzed
with hydrochloric acid under reflux—were instead treated with
a 50% THF solution of N,N,N;N-tetramethyl ethylenediamine
(TMEDA), smoothly releasing the corresponding amines 13
under linker-compatible conditions [38]. Under circulation-flow
conditions, coupling with heteroaromatic fragment 14 followed
by reductive amination furnished 16, which, upon cleavage with
5% TFA in DCM, produced aryldiazonium intermediate 17. This
intermediate could undergo diverse transformations, including
reduction [39] and Sandmeyer reactions [40], to deliver targeted
benzodiazepine derivatives 18.

Using the benzodiazepine CRF as a common backbone, the
SPS-flow platform was then applied to analogue generation
across five diversification points. Variations in aldehyde (D1-
D5), amino acid (D6-D12), heteroaromatic unit (D13-D15), and
amine building blocks (D16-D33), together with an additional
amide-coupling branch (Figure S14, D34-D40) and post cleavage
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FIGURE 4 | Automated SPS-flow synthesis of benzodiazepine derivatives with the established CRF. Overall isolated yields and corresponding

product masses are provided for each derivative. All syntheses were performed from a common resin-bound precursor, with each sequence involving
10-11 synthetic steps and a single final purification.

60f9

Angewandte Chemie International Edition, 2026

85U8017 SUOWIWIOD BAIE81D 3 (dedtdde au A peuseno a1e seoiie VO ‘88N JO S9N 10j AIq1T8UIUO /8|1 UO (SUOTHPUOD-PUR-SLUIB)LID™A8| 1M Afe.q [u[UO//SdNL) SUORIPUOD Pue SWS 1 8U1 88S *[920z/0T/62] Uo Ariqiauluo A8 |im ‘iodebuis JO A1sieAun euoieN Aq ¥6TO0ST @1Ue/Z00T OT/I0P/W0D A8 |1m Akeiq 1 pul|uo//Sdiy wolj pepeojumod ‘0 ‘€L/ETZST



diazonium transformations (D41 and D42), enabled the synthesis
of 42 benzodiazepine derivatives through 10-11-step sequences
(Figure 4). Each sequence was completed within approximately
45-48 h. All compounds were prepared from 300 mg of resin 6,
and yields were calculated based on a starting material loading
of 0.8 mmol/g. The final compounds were obtained in 5%-33%
overall yield after a single purification step.

The library synthesis also showed which parts of the scaf-
fold are currently accessible under the platform. Bulky five-
membered heterocycles showed reduced compatibility in the
amide-coupling step, likely reflecting steric limitations during
fragment installation, whereas aromatic heterocyclic benzy-
lamines were less successful in the reductive amination step,
consistent with less favorable imine formation or stability. The
failed examples (Figure S15) also indicated that alkylation in
step 2 was indispensable for the synthetic route, whereas ani-
line was incompatible with the transformation in step 8. As a
result, the campaign helps clarify where the present SPS-flow
sequence operates reliably and where additional methodolog-
ical development would be required to access new analogue
space, providing a practical view of scaffold positions and
reagent classes that are currently compatible with the SPS-flow
sequence. Taken together, these results demonstrate diversity-
oriented analogue generation around a representative benzo-
diazepine scaffold by swapping building blocks within a fixed
digital workflow, enabling exploration of multiple diversifica-
tion vectors through a complex multistep sequence. Although
ultra-performance liquid chromatography-mass spectrometry
(UPLC-MS) analyses and characterization of selected interme-
diates support reaction progression, comprehensive assessment
of incomplete conversions and resin-bound side products at
every stage remains challenging in multistep solid-phase synthe-
sis.

Biological evaluation of the analogue library did not identify com-
pounds with significantly improved CDK11B inhibition relative to
the parent hit. Although hit-to-lead optimization of this scaffold
is ongoing outside the present study, the work here shows that
the SPS-flow platform can rapidly interrogate chemical space
around a hit scaffold through automated multistep synthesis. The
programmable CRF-based workflow enabled the preparation of
structurally diverse benzodiazepine derivatives within a short
time frame and with minimal manual intervention, providing
an efficient means to assess synthetic tractability and early SAR
during hit evaluation.

Within the explored first-generation design space, the absence of
improved potency suggests that the substitutions introduced at
the aldehyde-, amino acid-, heteroaryl-, amine-, and diazonium-
derived positions did not sufficiently strengthen CDK11B engage-
ment. Even so, the library was able to probe multiple positions
on the scaffold under unified digital control, revealing both
productive and unproductive diversification vectors and helping
to define the current operating window of the SPS-flow sequence.
In this context, the study illustrates that negative or neutral SAR
can still be generated efficiently and informatively when ana-
logue construction is integrated with programmable multistep
synthesis, allowing early scaffold triage and route refinement
even when biological outcomes are modest.

3 | Conclusion

We have established an SPS-flow platform that integrates
continuous-flow, circulation-flow, and stop-flow operations
within an automated workflow, extending earlier predefined-
target-specific analogue synthesis to scaffold-level diversification
around an HTS-derived benzodiazepine hit. Through
programmable CRFs and a sterically tuned triazene linker, the
system achieves broad chemical compatibility and reproducibility
across a non-peptidic 10-11-step multitransformation sequence
under automated control. Applied to a benzodiazepine scaffold
identified via HTS, the platform enabled on-demand generation
of 42 analogues through 10-11 automated synthesis steps per
sequence, each requiring only a single final purification step.
The resulting workflow links hit identification, fragment-guided
retrosynthetic design, linker and process engineering, CRF-
based automation, and analogue generation under unified digital
control, defining both the current synthetic operating space of
the platform and the limits of the explored SAR.

More broadly, this study demonstrates the potential of SPS-
flow as a programmable framework for automated multistep
diversification of HTS-derived hit scaffolds. While the present
implementation is demonstrated using a benzodiazepine scaffold,
the underlying automation architecture may provide a basis for
future applications to chemically distinct scaffolds, subject to
scaffold-specific retrosynthetic design, reaction optimization, and
linker compatibility. Future studies will focus on expanding the
accessible chemical space—through alternative linker designs,
extended heteroaromatic N-substitution patterns, and integration
with additional reaction types—to further enhance the utility of
SPS-flow in medicinal chemistry workflows.
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