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1. Introduction

A self-driving, closed-loop workflow is devel-
oped to autonomously iterate between experi-
mentation and modeling, maximizing infor-
mation gain from minimal data. The workflow
integrates automated time-course data collec-
tion using a Chemspeed platform equipped with
online HPLC, mechanistically informed kinetic
model construction, and model-driven experi-
mental design. At each iteration, the model
evaluates model uncertainty and discrimination
power to propose the next most informative ex-
periment, enabling rapid refinement of kinetic
parameters and efficient exploration of reaction
space. This information-driven, data-efficient
framework provides a systematic pathway for
accelerating reaction optimization while deep-
ening mechanistic understanding.

As a demonstration of this approach, the work-
flow is applied to the direct (classical) aldol re-
action, one of the most fundamental carbon-
carbon bond-forming transformations in or-
ganic synthesis. From a sustainability perspec-
tive, the direct aldol reaction is attractive due to
its operational simplicity, low cost, and minimal
environmental impact, often requiring only
mixing and stirring under mild conditions.[!
However, these advantages are offset by persis-
tent challenges, including poor chemo- and ste-
reoselectivity, low isolated yields, and limited
product stability. Despite extensive historical
study of aldol chemistry and its mechanism, as
reviewed by Mestres and others, the literature
reveals a notable lack of systematic optimiza-
tion and quantitative kinetic data for direct al-
dol reactions.*?! In contrast, alternative ap-
proaches such as the Mukaiyama aldol reaction
offer improved selectivity but typically rely on
less environmentally benign reagents and con-
ditions.!!

2. Method

All experiments were executed using a
Chemspeed robotic platform interfaced with a
large language model (LLM) through

Chemspyd,#! which serves as the command
translation layer. For the initial experiment, the
user provides a textual description of the in-
tended experimental procedure. The LLM inter-
prets this description and generates Chemspyd
commands, which are then executed directly on
the Chemspeed platform.

The automated workflow for reaction setup in-
cludes the following steps:

1. Weighing and stock solution prepara-
tion: Solid reagents are weighed auto-
matically, and stock solutions for the re-
action are prepared on-deck.

2. Reaction initiation: Starting materials,
along with any necessary reaction aids,
are added to initiate the reaction under
controlled conditions.

3. Time-course data collection: Reaction
progress is monitored in real time using
online HPLC. The resulting data are au-
tomatically processed by the algorithm.

The self-driving component of the workflow
continuously integrates experimental data with
kinetic modeling (Figure 1). Mechanistically in-
formed models of the reaction are constructed,
with uncertainties in kinetic parameters explic-
itly quantified. Based on these models, subse-
quent experiments are autonomously proposed
with the dual objectives of reducing model un-
certainty and maximizing reaction yield. Each
new experiment is translated by the LLM into
executable Chemspeed commands, completing
the closed-loop cycle. This approach enables
data-efficient exploration of reaction space, lev-
eraging real-time experimental feedback to it-
eratively refine kinetic understanding and opti-
mize reaction conditions.
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Fig. 1: Overview of closed loop workflow

3. Results

The reaction we selected is the aldol addition
between an acetophenol and glyoxylic acid to
form a-hydroxy acid; a useful class of molecule,
that can be utilized for downstream synthesis of
pharmaceuticals (Scheme 1).15 However, it was
observed that subsequent undesired cascade re-
actions, such as dehydration, cyclization, or
subsequent aldol additions, were difficult to
prevent due to the lability of the hydroxyl group
in the product.
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Scheme 1: Aldol reaction between acetophenols
and glyoxylic acid to yield a-hydroxy acids
(AHAs) under basic aqueous conditions.

Preliminary studies of the selected aldol reac-
tion indicate that product stability is the pri-
mary challenge. A series of reactions were con-
ducted using various bases and temperatures on
an ReactAll platform,!®! capable of running five
reactions in parallel at a 5 mL scale (Figure 2a
and 2b). Among the conditions tested, the use of
triethylamine (TEA) at 10 °C yielded a relatively
stable aldol product, with impurity levels re-
maining around 0.5 % after three days (Figure
2b), demonstrating the feasibility of achieving
stable product under mild conditions.
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Figure 2. (a) Liquid Chromatography Area Per-
cent (LCAP) of the aldol reaction with KOH at
20 °C; (b) LCAP of the aldol reaction with TEA
at 10 °C.

These findings validate the reaction setup and
provide a benchmark for further optimization.
The self-driving closed-loop workflow enables
subsequent experimentation on a significantly
smaller 2 mL scale, combining automated reac-
tion execution, real-time online HPLC monitor-
ing, and model-driven experiment design. By
leveraging this approach, the workflow is
poised to systematically refine reaction condi-
tions to further improve yield and product sta-
bility while minimizing experimental resource
use. Additional time-course data collected
through the self-driving closed-loop platform
are currently in progress and will inform ongo-
ing model refinement and optimization.
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