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Active learning assists chemical intuition identify a
scalable conversion of chitin to 3-acetamido-5-
acetylfuranti
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The shift towards a more sustainable chemical and pharma industry led to considerable efforts on disco-
verying biorenewable synthons, amongst other approaches. Whereas lignocellulosic biomass has thrived
as a source of furan building blocks, chitin has struggled in competing despite its abundance and being a
source of sustainable nitrogen. This may be due to the difficulties in large scale production of chitin-
derived furans. Here, we leverage active learning for the optimization of a multi-parameter reaction,
namely the formation of 3-acetamido-5-acetylfuran. This active learning approach was able to outper-
form a trial-and-error optimization based on chemical intuition, yielding the desired N-rich furan in up to
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70% yield from N-acetylglucosamine and in 10.5 mg g~ directly from dry shrimp shells. The reaction was
scalable up to a 4.5 mmol scale, bypasses the use of undesirable toxic, high boiling point solvents and
allows the reuse of the reaction media, supporting the utility of machine learning to advance green chem-
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istry and the valorization of biomasses.

1. This study delivers an improved and greener method to yield a sustainable synthon (3A5AF), allowing further exploration
of this biomass derivative. In addition, the method further corroborates the potential of machine learning for the upgrad-

ing of biomass.

2. By using machine learning we were able to obtain the highest reported yield of 3A5AF directly from chitin, being able to
reuse the reaction media and improving on some green metrics such as PMI.
3. This work can be further elevated by a process intensification endeavor, in particular continuous flow chemistry. Also,

by further expanding the toolkit for modification of 3A5AF.

Introduction

Nitrogen-containing compounds play an important role in the
pharmaceutical industry; 80% of approved drugs have at least
one nitrogen atom, the majority of which are obtained from
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ammonia produced by the Haber-Bosch process.' This indus-
trial reaction is responsible for more than 1% of the world’s
annual energy consumption and uses around 50% of the
hydrogen supply."”? In this regard, the growing demand for
sustainable development requires innovative solutions for the
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synthesis of N-containing value-added chemicals. Extensive
research has been conducted on the synthesis and valorisation
of biomass-derived intermediates prepared from ligno-
cellulosic biomass primarily composed of carbon and oxygen
atoms.>” In contrast, chitin, the most abundant oceanic
biomass resource and the second most abundant polymer on
Earth (after cellulose) has received less attention.®™" Chitin is
an important biologically-fixed nitrogen source with an annual
production of up to 10! tonnes. This biopolymer is composed
of N-acetyl-D-glucosamine (NAG) residues, is readily available,
non-toxic, and has the potential to serve as a platform for
nitrogen-containing chemicals independent of the Haber-Bosh
process. 3-Acetamido-5-acetylfuran (3A5AF), a furan obtained
upon dehydration of NAG, is a particularly promising bio-
renewable building block preserving the nitrogen atom present
in chitin."*™** Similarly to other high value biomass furanic
synthons, such as furfurals, the 3ASAF synthetic utility has
been showcased in several examples depicted in Scheme 1A.

— A. Examples of the synthetic utility of 3-acetamido-5-acetylfuran

— B. Selected procedures for the preparation of 3A5AF

NHAC B(OH)3 or B,O3 (> 1 equiv) (o)
HO NaCl or CaCl, (> 1 equiv) 0
HO d OH  Jonic Liquids (> 1 equiv) N Ve
OH Polar aprotic solvents AcHN

(DMF, DMA, NMP)

N-acetyl-glucosamine i
120 - 220 °C, 10 - 120 min

® Expensive media ® Poor yields ® MW conditions @ Provide
mporta
r— C. This work
NHAc " o
HO OH conditions 0. L
HO (0] > \ /) Me —~ A~
OH AcHN

ML analy%is Chitin polymer

3A5AF Al d

Scheme 1 (A) Selected examples of the synthetic utility of 3-acet-
amido-5-acetylfuran (3A5AF); (B) selected methods for the preparation
of 3A5AF; (C) machine learning (ML) assisted approach for the trans-
formation of NAG into 3A5AF (this work).
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These range from simple acid-promoted condensation with
ketones yielding dihydrodifuropyridines,' to the complex syn-
thesis of 3-acetamido-cyclopentenone via the Piancatelli
rearrangement of 4-acetamidofurfuryl alcohol, derived from
3A5AF reduction.'® The oxidative ring expansion of the alcohol
derived from the asymmetric reduction of 3A5AF yielded a
2-amino sugar named 1-rednose.” In addition, our group
described a Diels-Alder reaction involving 3A5AF as a diene,
which endorsed the formation of new molecular entities.'®>°
These were further aromatized yielding the first examples of bio-
based anilines from chitinous biomass. Additionally, the anti-
cancer alkaloid proximicin A was successfully synthesized using
the chitin-derived platform chemical 3A5AF as starting material.”!

These examples highlight the importance of the novel
furanic platform, which resulted in the emergence of several
methodologies for the dehydration of NAG and chitin.

From the initial discovery of 3A5AF in 1984, where pyrolysis
of the sugar yielded 2% of the desired furan,' research has
focused on increasing the yield of the product mostly by react-
ing NAG at high temperatures/MW irradiation in the presence
of either acidic promoters or ionic liquids (IL) in polar aprotic
solvents such as NMP, DMA or DMF.">***° Despite recent
methodologies reporting the furan in up to 67% yield, these
conditions fail to deliver 3A5AF when scaling up, require
complex ILs and use undesirable solvents.

The direct conversion of chitin into 3A5AF via depolymeri-
zation and dehydration reactions was also described by Chen
and co-workers, yielding the furan molecule in 28% using
[BMim]Cl in DMF at 180 °C for 10 minutes.”>*" This result
supports the viability of obtaining the desired furan directly
from the polymer, thus avoiding the time and reagent-consum-
ing depolymerization to NAG.

Overall, we identified challenges in the preparation of
3A5AF to be (i) the use of MW, which limits scalability; (ii) the
use of complex ILs which hinder their use in industrial appli-
cations; (iii) the use of toxic and high boiling point solvents
such as NMP, DMA and DMF, which compromises both sus-
tainability metrics and purification procedures; and finally (iv)
poor scalability, potentially due to poor mass and heat transfer
in >1 mmol scale, which cause either low conversions or
runaway reactions.

Given the complexity of the reaction, which presents many
tuneable variables, expert intuition can be inefficient in identi-
fying optimal synthetic conditions.?” In recent years, there has
been progress in the use of machine learning (ML) tools in
chemistry, including in the optimization of reaction con-
ditions, following active learning strategies.>***> ML algor-
ithms have the ability to identify hidden patterns in reaction
conditions that may lead to desirable reaction outcomes.
However, the use of ML tools is usually limited by the lack of
quality training data.

The importance of the nitrogen-rich furan synthon together
with its challenging preparation and numerous reaction vari-
ables makes its preparation a suitable candidate for ML-
assisted optimization. Herein, we report a synthetic method-
ology identified by a learning algorithm that allows accessing
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3A5AF from N-acetylglucosamine and chitin in high yield. Our
results support the power of active learning to sustainably
accelerate chemical research and valorize biomass-derived
building blocks.

Results and discussion

To enable the use of a ML workflow previously reported by
us,>® we first generated a reaction dataset. We started this task
by exploring the dehydration reaction of NAG under standard
conditions with various heterogeneous catalysts, including
amberlyst (amberlyst 15w, 16w and 21), amberlite (IRA400,
IRA410, IRA458, IRC86) and glucose-derived amorphous
carbon (GC400) with DMA as solvent. However, the desired
product was not obtained under these conditions. Based on
our previous experience with HMF, we next queried the use of
ILs as solvent.’” In fact, we observed that most ILs led to the
formation of 3A5AF. Interestingly, tetraethylammonium chlor-
ide (TEAC) proved effective, leading to a remarkable 40% yield.
This is consistent with the importance of chloride anion in the
reaction mechanism. Different promoters were also screened,
both homogeneous and heterogeneous®®™° Brgnsted acids,
leading to yields ranging from 27% to 51%. Phosphoric acid
was the best homogeneous promoter, whereas SO;H-functio-
nalized Montmorillonite K10 was the best heterogeneous acid,
yielding 3A5AF in 51%. In general, no correlation between the
acidity and the yield of 3A5AF, or between homogeneous or
heterogeneous catalysts was observed. In the absence of acid,
NAG dehydration occurred to some extent promoted by the
high temperatures and the IL, albeit with a lower reaction
yield. Other additives were also included in the reaction con-
dition search space, in particular boric acid and boronic acids,
given the reported formation of boronate complexes in the de-
hydration of NAG. However, these had little influence on the
overall reaction yield. NaCl was also added as additive due to
its reported enhancement of the product yield. Mechanistic
studies reported in previous literature suggest that the boronic
acid complexes with the diols, and the chloride anion helps
the dehydration to form the furan ring.*'

Stabilizing reagents, such as antioxidants - e.g., Na,SO,,
Na,S,0s5 - and glycine which have been shown to avoid HMF
decomposition were also screened.?”**™**

Concentration values in the range of 0.1-0.9 M was another
parameter of importance to the dataset. A steep drop in reac-
tion yield was observed at higher concentration values poten-
tially due to humin formation.** Finally, we studied the effect
of water in the system either by adding water as co-solvent or
by removing water through vacuum. However, both strategies
had a detrimental effect on the formation of 3A5AF. Taken
together, following this intuition-based, divide and conquer
strategy, we were able to obtain 3A5AF in 54% yield. For
detailed information of the dataset and the unique reaction
conditions see the ESL.}

Overall, we iteratively performed 149 unique reactions and
10 replicates that were purposefully used as noise in the train-
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ing data, given the variability of reaction yield measurement.
While those reactions explored only a small fraction of a vast
reactivity space, they informed on which variables appeared
most important toward improved reaction yields. With that
information in hand, we built a search space combining >10?
discrete reaction conditions and randomly sampled 10 000 for
downstream studies. Interestingly, the sampled reactions
explore different regions of the search space in comparison to
the training data, suggesting a potential bias in established
practices and our previous reactions. Using this small dataset
to train a ML algorithm can be challenging since it does not
entirely represent the optimization task. For a successful appli-
cation, the ML routine must transfer knowledge. Toward that
end, we used our LabMate.ML routine.**?> In short, the
method uses self-tuning random forests and allows optimizing
categorical (e.g., solvent) and real value (e.g., temperature) vari-
ables simultaneously by predicting reaction yields. The priori-
tized reactions will thus correspond to conditions that meet a
pre-established objective function criterion, such as maximiz-
ing reaction yield. Following this active learning cycle, the
method balances both exploitation and exploration of the reac-
tivity space, taking the experimentally generated data to close a
re-training loop and suggest a new set of experiments.

For the first iteration, LabMate.ML suggested three reac-
tions that afforded 3A5AF in 24-53% yield (Fig. 1b and Table 8
from ESI}). Those reaction conditions, together with the
corresponding yields, allowed refinement of the model. An
optimal yield (62%) was obtained in iteration 4 while using
tetrapropylammonium chloride (TPAC), pTsOH, B(OH); and
NaCl as additives at 169 °C for 12 minutes.

Moreover, scaling up the reaction from 0.1 to 1.1 mmol con-
sistently yielded the desired product in 66% yield after extrac-
tion. To further show the applicability of the ML-suggested
method, we performed a larger scale synthesis, starting with
4.5 mmol of NAG to obtain the isolated product in 68% yield.
In contrast with the unoptimized methodology, no significant
formation of side products and insoluble tars (i.e., humins)
was observed.

This showcases the potential of ML that in 4 iterations was
able to build upon the previous method and further fine tune
the reaction conditions. When generating the initial dataset,
chemical intuition required over 100 reactions to plateau at
~50% yield. Overall comparing to the previously reported
methodologies,**?*™*° this procedure is easily scalable due to
the homogeneity of the reaction, does not use complex
reagents and avoids the use of undesirable solvents, such as
DMF.

Additionally, the use of TPAC as solvent allows the reuse of
the reaction media, further improving the green metrics of our
methodology. To this end, successive dehydration reactions
were performed, allowing the IL to be reused for up to eight
cycles without significant loss of 3A5AF yield (Table 1). TPAC
was recovered from the aqueous phase during the extraction
procedure in each cycle. Thus, the reutilization of the reaction
medium makes our process even more favourable in terms of
green chemistry, with low environmental impact. Importantly,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Optimization of reaction conditions with machine learning (ML). (a) Projection of the search space with selected reactions highlighted. The search
space is given as grey dots and reactions from the initial training dataset as blue dots. Reactions from specific iterations are given in gradient and the best
reactions pre- and post-ML usage are highlighted in purple and green, respectively. (b) Optimization campaign with conditions selected by expert intuition
(reactions 1-159) and with assistance of active ML (reactions 160-164). The optimized reaction conditions were found on iteration 4.

Table 1 Conversion of N-acetylglucosamine into 3-acetamido-5-acet-
ylfuran and reutilization of the reaction medium over 8 cycles

PTSA (0.8 equiv)
o NHAc B(OH)3 (2.5 equiv) o
HO g ©OH NaCl (2 equiv) \ | Me
OH TPAC (0.45 M) AcHN
N-acetyl-glucosamine 169 °C, 12 min 3A5AF

Entry Cycle 3A5AF yield (%) TPACl recovered (%)  Fig. 2 SEM images of commercial (left) and grinded (right) chitin.

1 1 66 73

2 2 68 86

3 3 63 79 Furthermore, FTIR analysis shows no changes in the
‘51 ‘51 Zg ;g spectra, retaining the bands corresponding to the hydrogen
6 6 61 83 bond O-H and N-H stretching at 3440 cm™" and ~3000 cm ™"
7 7 56 82 correspondingly. Importantly, no changes were observed to the
8 8 72 —

Table 2 Conversion of chitin polymer into 3-acetamido-5-acetylfuran

. . . and reutilization of the reaction medium over 3 cycles
the yield of the reaction ranges around ~65% in most of our

experiments, with yields going down to 56% and up to 72%. oH g{ga) (?285 eqLIiV;
. .5 equiv

This may be due to heat transfer challenges that are more o NHA®|  Nacl (2 equiv) o

noticeable in higher scales, that can be further optimized by %o 0HQ d 9 Tpac (0.45 M) \ ) Me
o . NHAc °C. 12 mi AcHN

adjusting reaction set-ups. chitin O n 169°C, 12 min SABAF
Having successfully developed a simple, efficient, reusable, o

and scalable method for the transformation of NAG into gpgy Cycle 3A5AF yield (%) TPACI recovered (%)

3A5AF, we envisioned the synthesis of 3A5AF directly from the B 1 S .

. I, X . i - 7 7

biopolymer chitin. We carried out this study by milling chitin > 29 81

to break its crystalline structure (hydrogen bond networks), 3 3 37 83

allowing it to react more easily.*®> In particular, we grinded 2 g

of commercial chitin in a planetary ball mill, using a ZrO, JTsA (08 s

reactor and 100 ZrO, balls at 650 rpm for 1 h 30 min (with Gy santezed é:/ NHAG| oy o i) o

[ O _ e

rotation inversion cycles of 15 minutes and 5 s pause between o naon | Fo NHMO%O TPAC (045 W) MHN\ /A

. . . . o n 169°C, 12 min

inversion cycles). This procedure afforded a 10-fold reduction Shrimp Shell e chin O 3ABAF

. o . . . . . (SS) 10.5 mg/g SS

in chitin particle size, breaking its crystalline structure and

increasing its surface area (Fig. 2). Fig. 3 Preparation of 3A5AF in 2 steps from Shrimp Shells.
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Table 3 Comparison of quantitative and qualitative green metrics between the developed procedure and six reported procedures for the trans-

formation of NAG or chitin to 3A5AF

NAG Chitin

B(OH);** IL>° NH,CI*° AlCl,*® This work HCI? HCPP! This work
Yield 43 37 42 16 66 7 20 37
AE 54 43 53 54 35 35 35 35
RME 18 6 14 9 17 0.3 1 9
PMI 64 384 205 150 10 299 99 18
OE 33 14 27 16 48 1 3 27
Hazardous solvents No No No No
Energy

PMI values not counting isolation procedures. “Reaction mass efficiency (RME)” is the division of the product and reactant mass. “Optimum
efficiency (OE)” is the ratio of RME and “atom economy (AE)”. Green flag represents “preferred”. Yellow flag represents “acceptable”. Red flag

represents “undesirable”.

strong bands at 1600, corresponding to the C=0 stretching of
the amide, highlighting that no chemical modification of the
chitin occurred.

To our delight, 3ASAF was isolated with 37% yield
(compared with 20% reported in the literature) directly from
chitin. This result demonstrates that, in addition to NAG de-
hydration, our system promotes the hydrolysis of chitin glyco-
sidic bonds. Additionally, we reused the TPAC employing
chitin as starting material for up to 3 cycles (Table 2) and
similar behaviour to the monomeric starting material was
observed.

Our final experiment was an integrated approach starting
from the shrimp shells to the desired final furan as depicted
in Fig. 3. To this end, we extracted chitin from the shrimp
shells using naturally occurring citric acid - less toxic than the
commonly used acids in extraction of chitin® - followed by
ball milling and our dehydration method. This yielded the
3A5AF in 10.5 mg ¢~ * of shrimp shell, further highlighting the
potential of this methodology for the valorization of waste
biomass.”” The extracted chitin was prepared and character-
ized, and the results are presented in the ESL.}

Finally, we performed a quantitative and qualitative green
metrics analysis for the formation of the furan from NAG and
chitin of some representative methods from the literature and
ours according to the CHEM21 toolkit (Table 3).** These
methods encompass initial reports using B(OH); and NaCl,>*
as well as more recent methods that employ AlCI; ** or simple
NH,CL*® Most methodologies from NAG provide similar “atom
economy (AE)”, as well as “reaction mass efficiency (RME)”,
with the use of NH,Cl and IL’° affording lower RMEs.
However, concerning “process mass intensity” (PMI) our
method that allows the reuse of the IL, with only ca. 20%
losses, affords significantly lower PMIs for the reaction. It is
note highlighting that these PMIs do not account for isolation
solvents due to the lack of information available on previous
literature. Concerning chitin, previous methods®'' afford
lower RMEs, whereas our method affords better PMIs for the
same reason as NAG. Importantly, both our method and the
previous ones using chitin do not use hazardous solvents
(Table 3).

1744 | Green Chem., 2025, 27,1740-1746

Conclusions

In summary, we here report the use of active learning to steer the
valorization of biomasses and leverage the discovery of a novel and
efficient system for converting NAG into 3A5AF. The chitin-derived
3A5AF was isolated from NAG in 66% yield (conditions: pTsOH,
B(OH)3, NaCl in TPAC at 169 °C for 12 minutes) and the reaction
media was reused for up to 8 cycles without significant loss
efficiency. Moreover, the reaction was efficiently scaled up to
4.52 mmol. The one-pot reaction of chitin into 3A5AF, resulted in
37% yield of the required product. This is ca. 2-fold higher than
the previously best described literature method. Further, the ML~
designed method proved robust and generalizable as it led to
3A5AF in 10.5 mg g~ of shrimp shell, highlighting the potential
for the implementation of the methodology in a “real world” scen-
ario. The reaction media can be reused for up to 8 cycles without
significant loss of productivity. We envision that the disclosed
method for obtaining 3A5AF directly from chitin will expand the
utility of nitrogen rich synthons in materials science and medicinal
chemistry and anticipate that ML can play a decisive role uncover-
ing new roles for biomasses and promoting sustainable chemistry.

Data availability

The data supporting this article have been included as part of
the ESL.}
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