Open Access Article. Published on 29 October 2024. Downloaded on 1/20/2026 11:41:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 34611

Received 4th September 2024
Accepted 27th September 2024

DOI: 10.1039/d4ra06403h

Levoglucosenone as a starting material for cascade
continuous-flow synthesis of (R)-y-carboxy-y-
butyrolactonet

Caio M. Pacheco, @2 Wesley Lima,? Fernanda A. Lima,® Mauro R. B. P. Gomez,?
Isabela G. da Silva,? Leandro S. M. Miranda,? Pierre M. Esteves, & ® lvaldo Itabaiana, Jr,©
Robert Wojcieszak, & 9 Raquel A. C. Ledo® and Rodrigo O. M. A. de Souza ® *?

The global imperative to shift towards renewable and sustainable resources has spurred significant interest
in exploring and utilizing platform chemicals derived from renewable feedstocks. Among these,
levoglucosenone (LGO) and Cyrene™ have emerged as promising candidates. LGO, derived from the
pyrolysis of cellulose and hemicellulose, exhibits structural versatility, making it an attractive starting
material for various valuable products. Its chemical transformations can yield a diverse array of
derivatives, including levulinic acid, furan derivatives, and intermediates for pharmaceutical and
agrochemical synthesis, as well as bio-based materials such as bioplastics and resins. Cyrene™,
produced through the hydrogenation of LGO, serves as a renewable, biodegradable, and non-toxic
dipolar aprotic solvent, offering sustainability advantages for green chemistry applications. Herein we
report our results on the continuous-flow cascade transformation of LGO into Cyrene™ and then (R)-vy-
carboxy-y-butyrolactone in good yields with an additional mechanistic investigation for the Baeyer—

rsc.li/rsc-advances Villiger oxidation of Cyrene™.

Introduction

The shift toward renewable and sustainable resources is
a global imperative. With this in mind, the exploration and
utilization of platform chemicals derived from renewable
feedstocks have garnered significant interest."® Platform
chemicals serve as building blocks for various valuable prod-
ucts, ranging from pharmaceuticals to advanced materials.
Among the emerging stars we can find levoglucosenone (LGO,
1) and Cyrene™, two bio-based compounds with great poten-
tial. LGO (1) is derived from the pyrolysis of cellulose and
hemicellulose, two abundant polysaccharides found in
biomass.”*® One of the key characteristics that makes LGO (1)
an attractive starting material is its structural versatility, being
able to be readily modified to yield a diverse array of
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derivatives.**”

3 This versatility opens up a wide range of
synthetic pathways, allowing for the production of various
value-added products. The chemical transformations of LGO (1)
can lead to the synthesis of valuable chemicals such as levulinic
acid and its esters, furan derivatives, and a variety of interme-
diates for pharmaceutical and agrochemical synthesis.***11>
Additionally, LGO (1) has been explored as a platform for the
production of bio-based materials, including bioplastics and
resins.’ Its ability to undergo selective chemical trans-
formations while maintaining its structural integrity makes
LGO (1) an excellent candidate for sustainable chemical
processes. Cyrene™ can be produced by hydrogenation of LGO
(1), and it has been used recently as a bio-based dipolar aprotic
solvent derived from renewable feedstock.” Furthermore,
Cyrene™ is biodegradable and non-toxic, making it a sustain-
able option for various chemical processes. The unique prop-
erties of Cyrene™ (2) make it suitable for a wide range of
applications, positioning it as a promising solvent for green
chemistry applications.”™*

Among the possibilities, the synthesis of (R)-y-carboxy-y-
butyrolactone (4), which is an intermediate for the synthesis of
substituted lactones with potential biological activity is of
growing interest.'®> Herein we report our efforts on (R)-y-car-
boxy-y-butyrolactone (4) synthesis starting from LGO (1). Our
group has envisioned a strategic approach that begins with
continuous-flow hydrogenation of levoglucosenone (LGO, 1),
resulting in the production of Cyrene™ (2). Subsequently,
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a cascade continuous-flow Baeyer-Villiger/oxidation protocol is
employed, culminating in the production of (R)-y-carboxy-y-
butyrolactone (4) (Scheme 1). The Baeyer-Villiger reaction of
Cyrene™ (2) has been previously documented by Bonneau and
colleagues.” However, the unusual product from this trans-
formation prompted us to undertake a theoretical investigation
of the reaction mechanism."® This study was conducted to gain
a deeper understanding of this reaction for further
developments.

Results and discussion

The research started with the optimization of LGO (1) hydro-
genation under continuous-flow conditions. To accomplish
this, we employed the H-Cube Mini reactor (see Fig. S1 at ESI{)
was employed, which generates in situ hydrogen via water
electrolysis, ensuring a safe operational environment for
process optimization. For the initial screening, the concentra-
tion of LGO (1) in the reaction solution was kept at 0.1 M, and
the impact of reaction variables like temperature, residence
time, and reaction selectivity was evaluated to identify the most
favorable reaction conditions (Table 1).

Table 1 Continuous-flow hydrogenation of LGO (1) for the produc-
tion of Cyrene™ (2)*

H, Generator (0]

o
. lo) + O ) OH
B @ @

N\
(S
160 (1) 0.1M Pd/C 10% Cyrene (2) 5
H,0 Temp. 40-80°C
Selectivity (%)”

Entry T (°C) Rt (sec) Conv. (%)’ Cyrene™ (2) 5
1 40 100 >99 >99 —
2 50 >99 >99 —
3 60 100 >99 95 5
4 50 >99 87 13
5 80 100 >99 40 60
6 50 >99 50 50

¢ Reaction conditions: A solution of levoglucosenone (LGO, 1) in water
(0.1 M), 250 mg of Pd/C 10% catalyst cartridge (Thales Nano), 200 pL
internal volume, 15-30 bar H,. ? Conversion (%) and selectivity (%)
values based on GC/FID absolute area analysis (chromatographic
profile: Fig. S4 to S9, see ESI).
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(R)-y-Carboxy-y-butyrolactone (4) synthesis starting from levoglucosenone (LGO, 1).

The condition with maximized Cyrene™ (2) production were
observed at 40 °C and a flow rate of 1.0 mL min " (entry 2,
Table 1). Under these conditions, Cyrene™ (2) was produced
with a selectivity of 99% after only 50 seconds (entry 2, Table 1).
When the temperature was raised to 60 and 80 °C, the forma-
tion of a single side-product was observed, and its appearance
was greatly affected by increasing temperatures (entries 3-6,
Table 1). The single side product observed was characterized as
the 1,4-addition of water product 5, previously reported by other
groups,* and NMR spectroscopy (Fig. S37-S40 in the ESIT) has
confirmed the chemical structure.

Further reduction of the residence time at 40 °C did not
permit to reach full conversion limiting the reaction to a 50
seconds reaction. The limiting concentration that could be used
for this reaction has also been evaluated and reproducible
results (>99% conversion and selectivity) were achieved until
1.5 M at 40 °C and 100 seconds residence time.

With Cyrene™ (2) in hands we proceeded to the Baeyer—
Villiger protocol developed by Bonneau and co-workers.*®* While
the Baeyer-Villiger protocol has been efficiently optimized
under batch conditions, its translation to a continuous-flow
system necessitates the adaptation of specific reaction param-
eters, especially reaction temperature, to fully leverage the
potential benefits of process intensification. We initially
focused on increasing reaction temperature over different
residence times to observe the effect on reaction conversion.
Then we tested the limiting concentration of the starting
material (Table 2). In batch conditions, the Baeyer-Villiger
protocol employs a three-temperature setup, beginning with the
addition of hydrogen peroxide at 0 °C, followed by a tempera-
ture increase to 50 °C for lactone formation followed by another
temperature increase to 90 °C for the decomposition of any
remaining H,O, and deformylation of the final intermediate
towards 2H-HBO (3) (see batch conditions Section 1.1 in the
ESIf). Due to the rapid heat transfer characteristic of
continuous-flow reactors, we opted to forego the three-
temperature approach, as depicted on Table 2.

Table 2 demonstrates that at 100 °C, 7.5 and 3.75 minutes of
residence times can result in moderate to good conversions
(entries 3 and 4). A further increase in reaction temperature can
enhance the reaction conversion at 3.75 minutes of residence
time and increase reaction concentration to 6.03 M without
sacrificing efficiency (entries 7 and 8). Product 3 can be easily
isolated without compromising reaction yield. At 100 °C, where
we found 72% conversion, we could identify the final for-
mylated intermediate (FBO) as a single by-product. While the
FBO intermediate is known in the literature,*® no mechanistic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Continuous-flow Baeyer-Villiger oxidation of Cyrene™ (2)¢

2H-HBO (3)

Cyrene (2)

Up to0 6.03 M in H,0

B H,0,
8Min H,0

Entry Rt (min) T (°C) Conv. (%)
1 30 100 99
2 15 99
3 7.5 94
4 3.75 72
5 15 150 99
6 7.5 99
7 3.75 99
8 5 99

% Reaction conditions: solution A: Cyrene™ (4.61 mL, 45 mmol) in
2.84 mL of H,O (6.04 M), solution B: HyO, 30% (v/v) (5.57 mlL,
54 mmol, 1.2 eq) in 0.715 mL of H,O (8 M). The solutions were
pumped with a Syrris® syringe pump, mixed in a T connector, and
passed through a 12 mL PTFE coil reactor with 1/16' inner diameter,
the line was pressurized with a back pressure regulator set at 4.0 bar.
b Analysis by CG/FID absolute area (chromatographic profile: Fig. S11-
S18, at ESI).

Table 3 Continuous-flow oxidation of 2H-HBO (3) towards carbox-
ylic acid 4 ¢

2H-HBO (3)
3.02 Min H,0

TEMPO (0.075eq)
NaOH 1M

NaBr (0.8eq)
NaOCl (1.5eq)
H,0

Entry Rt (min) Conv. 4 (%)
1 60 >99

2 30 >99

3 20 84

4 15 68

5 5 31

% Reaction conditions: solution A: 2H-HBO (3) (610 pL, 6.46 mmol) in
2 mL of H,O (3.2 M); solution B: TEMPO (0.075 g, 0.075 eq), NaBr
(0.531 g, 0.8 eq), NaClO (650 puL, 1.5 eq), 40 pL of NaOH solution 1 M
in 2 mL of H,O (pH: 10). The solutions were pumped with a Syrris®
syringe pump, mixed in a T connector and passed through a 12 mL
coil reactor with 1/16’ inner diameter a temperature of 25 °C, the line
was pressurized with back pressure regulator set at 4.0 bar. ° Analysis
by CG/FID absolute area (chromatographic profile: Fig. S20-S24, at ESI).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigation has been conducted to shed light on this unusual
Baeyer-Villiger reaction.

The next step involves the oxidation of 2H-HBO (3) to form
a carboxylic acid derivative 4 (see batch conditions Section 1.2
in the ESIT). To optimize this step, we chose to use the crude
reaction product from the previous step to mimic the reaction
contents as closely as possible, facilitating the implementation
of a cascade reaction. First, we decided to explore the residence
time based on a standard protocol that uses TEMPO (0.075 eq),
NaBr (0.8 eq), and NaOCl (1.5 eq) in order to optimize the
production of 4. Results are presented in Table 3.

Based on this initial evaluation, we could observe that short
residence times could be achieved by standard TEMPO oxida-
tion protocol, where after only 20 minutes, a good conversion
could still be obtained (entries 1-3, Table 3). Further decrease in
the residence time has a dramatic effect on reaction conversion
(entries 4 and 5, Table 3). Although 30 min of residence time
provided excellent conversion, we decided to optimize the
reaction conditions, keeping the residence time at 20 minutes
and improving the reaction efficiency through this operational
window. The oxidation step was optimized based on the
number of equivalents of TEMPO, NaBr, and NaOCI. Results are
presented in Table 4.

As observed in Table 4, decreasing the amount of TEMPO or/
and increasing the number of equivalents of NaBr has a dele-
terious effect on reaction conversion (entries 4, 5 and 7, Table
4), as well as the reduction in NaOCl equivalents (entry 6, Table
4). In our experiments, we were able to note that a slightly
increase in the amount of NaOCI, from 1.5 to 2.0 equivalents,
led us from 84% of conversion to >99% (entries 1 and 2, Table
4). It is important to note that the increased amount of TEMPO
did not have the same effect where since conversion has raised
to 93% (entry 3, Table 4). Isolation of the product to establish
the isolated yield was performed as mentioned in the experi-
mental section (see Experimental section). The optimized
conditions obtained for the oxidation step were then used to
couple both steps on a cascade protocol (Scheme 2).

Table 4 Optimization of 2H-HBO (3) oxidation under continuous-
flow conditions®

Entry TEMPO (eq) NaBr (eq) NaOCl (eq) Conv. 4 (%)
1 0.075 0.8 1.5 84

2 0.075 0.8 2.0 >99

3 0.11 0.8 1.5 93

4 0.04 0.8 1.5 84

5 0.075 1.2 1.5 66

6 0.075 0.8 0.7 68

7 0.05 1 2 78

“ Reaction conditions: solution A: 2H-HBO (3) (610 pL, 6.46 mmol) in
2 mL of H,O (3.2 M); solution B: TEMPO (0.075 g, 0.075 eq), NaBr
(0.531 g, 0.8 eq), NaClO (866 pL, 2.0 eq), 40 uL of NaOH solution 1 M
in 2 mL of H,O (pH: 10). The solutions were pumped with a Syrris®
syringe pump, mixed in a T connector and passed through a 12 mL
PTFE coil reactor with 1/16’ inner diameter a temperature of 25 °C
with a residence time of 20 minutes, the line was pressurized with
a back pressure regulator set at 4.0 bar. ? Analysis by CG/FID absolute
area (chromatographic profile: Fig. S25-S31, at ESI).
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To 25°C

Temp. 150°C
3.75 min

Temp. 25°C
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H,0, TEMPO (0.075eq),
8 Min H,0 NaBr (0.8eq)
NaOCl (2.0eq)

H,0

Scheme 2 Continuous-flow synthesis of carboxylic acid 4 starting from LGO (1).

We initiated the process by producing Cyrene™ (2) via
hydrogenation of LGO (1) under mild conditions (using water as
a solvent at 40 °C) and a very short residence time. Under these
conditions, we achieved complete selectivity for the desired
product. However, the first step is limited by the use of 0.1 M of
LGO (1), whereas steps 2 (Baeyer-Villiger) and 3 (oxidation) can
be conducted at significantly higher concentrations, up to
6.03 M. This disparity directly impacts the space-time-yield of
the process. Subsequently, a 6.03 M solution of the synthesized
Cyrene™ (2) was pumped through the cascade reactor. Initially,
it reacted with H,O, at 150 °C via the Baeyer-Villiger protocol to

HaO +

~0._20

0

12

-,

11

produce 2H-HBO (3), which then was cooled down in a heat
exchange coil to react with the oxidation reagents and deliver
carboxylic acid 4 in quantitative isolated yields, the whole
cascade process led to a productivity of 5.11 g h™".

Aiming to better understand this unusual Baeyer-Villiger
reaction, we investigated the reaction mechanism both by DFT
calculations (IEFPCM(H,0)/M06-2X/6-311++G(d,p)) and some
control experiments (see Computational details for further
information). In addition to the unusual Baeyer-Villiger rear-
rangement, the Cyrene™ (2) was also reported to participate in
an abnormal Beckmann rearrangement, yielding a nitrile as the

Scheme 3 Pictorial representation of a mechanistic proposal for the Baeyer-Villiger rearrangement of Cyrene™ (2).
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major product, instead of the usual amide.* In the case of this
abnormal Beckmann rearrangement, such behavior is reported
when a carbocation stabilizing group is present anti to the
departing leaving group. We hypothesized that such a stabi-
lizing effect may also be the reason for the observed lactone
formation in the BV reaction of Cyrene™ (2). This mechanistic
rationale is depicted in Scheme 3.

In this mechanistic hypothesis, after the classical Baeyer-
Villiger step, the presence of an acetal adjacent to the ester
would stabilize the carbocation, which leads to the carboxylate
intermediate 10, resulting then in the observed product after
a 5-exo-tet cyclization of 10.

To theoretically evaluate this hypothesis, the geometries of
reactant, intermediates, transition states, and products were
optimized. Neutral and protonated reactants were considered in
the calculations, as well as the explicit solvation of water
molecules.

According to the theoretical model used to evaluate the
reaction coordinate, under neutral conditions, the product of
the addition of hydrogen peroxide to Cyrene™ is a slightly
exergonic process when compared to the pre-association
complex 6 between hydrogen peroxide and Cyrene™. Interest-
ingly, intermediate 7 leads to intermediate carboxylate 10 in
a highly exergonic process that does not pass through inter-
mediate 8 but through 9. Such a sequence of events represents
a Grob-like fragmentation®*** of the addition intermediate 7
instead of the classical Bayer-Villiger mechanism which would
lead to 8. From the kinetic point of view, the most significant
barrier is the one related to the ring-opening step with a reac-
tion barrier (AGrs; ”) of 34.2 kecal mol ™. In this transition state
(TS2) the interatomic distance between the carbocation carbon
and the carbonyl carbon is 2.009 A (Fig. 3). The observed lactone
product 11 is then derived from intermediate 10 through a 5-

AG (kcal/mol)
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exo-tet cyclization (evidence by NMR 'H spectra in Fig. S447),
kinetically favored over the concurrent 6-exo-tet cyclized
product 12 (Fig. 1).

The influence of acid catalysis and explicit solvent assistance
effects on the fragmentation step was then investigated. The
presence of an acid leads to the elimination of water instead of
the hydroxide anion, dramatically decreasing the reaction
barrier, with a reaction barrier (AG” 1g;) of only 1.1 kcal mol ™,
with a much earlier transition state, Fig. 2b. The presence of
explicit solvation water molecules also impacts this step,
however, in different directions in the acid-catalyzed and non-
catalyzed reactions. The presence of explicit solvent molecules
in the non-catalyzed process decreases the reaction barrier of
TS1 to AGrs;” = 30.9 kecal mol '), probably through solvation
(and stabilization) of the hydroxide leaving group, which
increases its nucleofugacity, Fig. 2a. The interaction of the
explicit solvent molecules also impacts the acid-catalyzed
reaction, where the reaction barrier is now increased from
AGrs;™ =25.9 kcal mol ! to AGrg;” of 12.7 keal mol ™%, a result
of the increased stabilization of the intermediate 3 due to
solvation, Fig. 2c. These reaction barriers in the presence of
explicit solvent molecules represent a more realistic scenario
once a reaction barrier of only 1.1 kcal mol " is highly unlikely.

The IBO analysis®***” of the rearrangement step shows that
the C-C bond density flows in order to displace the leaving
group, confirming the BV nature of the transformation.
However, the reactive intermediate, an oxygen-stabilized car-
bocation (or oxonium ion), is formed and can undergo internal
rotations that afford the different products, formed by an
intramolecular substitution, Fig. 3.

In conclusion, we have optimized two crucial steps in the
synthesis of (R)-y-carboxy-y-butyrolactone (4), beginning with
the hydrogenation of levoglucosenone (LGO, 1) to produce

Reaction coordinate

Fig. 1 Reaction mechanism profile, with optimized geometries at IEFPCM(H,0)/M06-2X/6-311++G(d.p) level, for the species shown in

Scheme 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Unprotonated & Non-assisted TS

AG=34.2 kcal/mol TS

(b) Protonated & Non-assisted TS

AG =11 kcal/mol
-651cm-

(c) Unprotonated/Solvent Assisted : 3 H,0

AG=309 keal/mol —

(d) Protonated/Solvent Assisted: 3 H,0

AG =127 keal/mol © )9

-788 cm~

Fig. 2 The TS1 for structures for the different transitions stated
studied: (a) uprotonated/non-asssited, (b) acid-catalyzed/non-assis-
ted, (c) unprotonated/non-assisted and (d) acid-catalyzed/solvent-
assisted (3H,0).

Cyrene™ (2), followed by the Baeyer-Villiger (BV) protocol and
subsequent oxidation steps. The hydrogenation step, employing
continuous-flow conditions with the H-Cube Mini reactor ach-
ieved a remarkable 99% selectivity towards the desired product
after only 50 seconds. Upscale results were attained to 1.5 M
concentration at 40 °C and 50 seconds residence time,
providing valuable insights for scalability. Regarding the
Baeyer-Villiger protocol, increasing reaction temperature to

34616 | RSC Adv, 2024, 14, 34611-34619
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expedite ester hydrolysis, led us to achieve moderate to good
conversions at 100 °C with varying residence times and
concentrations. In the final oxidation step, we optimized
conditions based on the TEMPO oxidation protocol, adjusting
the equivalents of reagents to maximize conversion. By
balancing reagent ratios, we achieved over 99% conversion,
highlighting the importance of fine-tuning reaction parameters
for optimal outcomes.

Furthermore, our mechanistic investigations shed light on
the unusual Baeyer-Villiger rearrangement observed during 2H-
HBO (3) synthesis, providing valuable insights into the mech-
anism for product formation. Through computational
modeling, we proposed a mechanism for the formation of
lactone product 3, underscoring the significance of under-
standing reaction mechanisms for rational design and
optimization.

Material and methods
Materials

All reagents and solvents, were purchased from commercial
sources and used without further purification. Cyrene was
purchased from Sigma Aldrich, and hydrogen peroxide 30% was
purchased from ISOFAR Industria e Processos Quimica.

Flow synthesis was performed using a 3-module setup:
a syringe pump utilizing a set of 1 and 0.5 mL syringes; a PTFE
coil reactor with 12 mL volume and 1/8” OD; and a back pres-
sure regulator.

NMR spectra were recorded on a Bruker 400 MHz spectrom-
eter in a deuterated solvent. The values of chemical shifts (6) are
expressed in ppm with reference to tetramethylsilane (TMS) for
'H NMR and chloroform signal for *C NMR. Coupling constants
(/) are expressed in hertz (Hz). Gas chromatography analyses
were carried out in GC-MS using Shimadzu GC 2010 (gas
chromatography/flame-ionization detection/helium was used as
carrier gas) and GC/FID using Shimadzu GC 2010 - DB5 HT
column, 30 m, with automatic injector.

Gas chromatography GC/FID analysis

Injector at 310 °C, 20.0 split ratio, pressure: 72.3 kPa, column
flow: 1.76 mL min~'. The oven starts at 60 °C and then increases
to 230 °C at a 15 °C min~"' rate. Flame temperature: 380 °C.
Analysis preparation: To 30 uL of analyte was added 500 pL of
CHCl;. Then, in a 1.5 mL flask, an aliquot of 20 pL of the initial
solution and 980 pL of CHCI; was added.

Gas chromatography-mass spectrometry (GC-MS) analysis

Gas chromatography analyses were obtained on a Shimadzu
GC-2010 MS with a DB-5 column (30 m x 0.25 mm x 0.25 pm)
(Agilent Technologies). Injection temperature 280 °C, injection
split ratio 1: 50, helium (99.9992% purity) was used as carrier
gas at 2 mL min~" in constant flow mode, pressure 92.0 kPa,
column flow 1.09 mL min~'. The oven temperature setting
was: 50 °C and heated at 10 °C min~" to 250 °C. Solvent cut
time 2 minutes. Mass spectra were obtained in scan mode
(45—800 Da).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
leaving OH.

Experimental procedure

Continuous-flow hydrogenation of LGO (1) for the produc-

6 3
04
5

tion of Cyrene™ (2) . Continuous-flow experi-

2

ments were performed in a high-pressure continuous-flow
hydrogenator reactor H-Cube® Mini Plus (ThalesNano; see
Fig. S1 in the ESI}). Levoglucosenone (LGO, 1) solutions in
water (0.1 and 1.5 M) were pumped through the reactor module
containing a 70 mm catalyst cartridge filled with 250 mg of 10%
Pd/C catalyst. The total flow rates were 0.5, 1.0, and 2.3
mL min ", corresponding to residence times of 100, 50, and
20 s, respectively. Reaction temperatures of 40, 60, and 80 °C
were investigated. The system pressure varied depending on the
chosen temperature and flow rate, ranging from 15 to 30 bar.
Conversion (%) and selectivity (%) were monitored using GC-
MS (see ESI, Fig. S4 and S97), considering the absolute peak
areas. IR v (KBr) cm™': 2969, 1742, 1419, 1286, 1245, 1110,
986, 882, 800. "H NMR (500 MHz, CDCl,) 6 5.11 (s, H6), 4.71 (d, ]
= 3.4 Hz, H5b), 4.05 (dd, ] = 7.4, 0.6 Hz, H5a), 3.99-3.95 (m, H4),
2.66 (ddd, J = 16.4, 11.6, 8.6 Hz, H2a), 2.40 (ddd, J = 16.0, 4.9,
3.9 Hz, H3a), 2.36-2.27 (m, H2b), 2.06-2.00 (m, H3b). **C NMR
(126 MHz, CDCl;) 6 200.38 (s, C1), 101.54 (s, C6), 73.18 (s, C4),
67.59 (s, C5), 31.15 (s, C4), 29.92 (s, C3). The IR, 'H and "*C NMR
can be seen at ESI, Fig. S34, S35 and S36,T respectively.
Continuous-flow Baeyer-Villiger oxidation of Cyrene™ (2)

5
HO
for the production of 2H-HBO (3)

4.0
1
O. Solution

3 9

3
A: Cyrene™ (4.61 mL, 45 mmol) in 2.84 mL of H,O (6.04 M),
solution B: H,0, 30% (v/v) (5.57 mL, 54 mmol, 1.2 eq) in
0.715 mL of H,O (8 M). The solutions were pumped with a Syr-
ris® syringe pump, mixed in a T connector, and passed through

© 2024 The Author(s). Published by the Royal Society of Chemistry

IBO analysis of the BV step, showing the progressive flow of electron density from the CC bond (blue) to the oxygen group from the

a 12 mL coil reactor with 1/16' inner diameter, the line was
pressurized with a back pressure regulator set at 4.0 bar. At the
end of the reaction, the reaction medium was distilled under
reduced pressure, obtaining a colorless oil with a yield of >99%
and purity >99%, analyzed by GC/FID (see ESI, Fig. S11-S187),
considering the absolute peak areas. IR vy, (KBr) cm™': 3382,
1754, 1640, 1364, 1198, 1062. "H NMR (400 MHz, CDCI,) 6 4.59
(tdd, J = 7.4, 4.6, 2.8 Hz, H4), 3.86 (dd, J = 12.5, 2.8 Hz, H5a),
3.64-3.55 (m, H5a), 2.89 (s, H6), 2.64-2.45 (m, H2), 2.27-2.04
(m, H3). *C NMR (126 MHz, CDCl;) 6 177.84 (C=0), 80.87 (C4),
64.10 (C5), 28.70 (C2), 23.15 (C3). The 'H and *C NMR can be
seen at ESI, Fig. S41, S42 and S43, respectively.
Continuous-flow oxidation of 2H-HBO (2) towards carboxylic

O

HO
acid 4 4

3 2

@)
1 O- Solution A: 2H-HBO (610 pL, 6.46

4
mmol) in 2 mL of H,0 (3.2 M); solution B: TEMPO (0.075 g,

0.075 eq), NaBr (0.531 g, 0.8 eq), NaClO (866 pL, 2.0 eq), 40 uL of
NaOH solution 1 M in 2 mL of H,O (pH: 10). The solutions were
pumped with a Syrris® syringe pump, mixed in a T connector
and passed through a 12 mL coil reactor with 1/16’ inner
diameter a temperature of 25 °C with a residence time of 20
minutes, the line was pressurized with a back pressure regulator
set at 4.0 bar. At the end, methanol (1 mL) was added, followed
by a 6 M solution of HCI (60 pL, pH adjustment = 1). Then, 3 mL
of methanol was added, and the mixture was distilled under
reduced pressure. To the obtained solid, 3 mL of methanol
heated at 60 °C during 15 minutes, followed by vacuum filtra-
tion to remove inorganic salts. Subsequently, methanol was
distilled under reduced pressure, yielding a white solid with
a 90% yield. For analysis in GC/FID, 0.01 g of the obtained solid
was weighed into a 4 mL vial. 90 pL of MSTFA was added and the
mixture was heated at 60 °C for 30 minutes. At the end, 1 mL of
DCM was added. An aliquot of 50 uL from this solution was
withdrawn and added to a 1.5 mL via L with 0.95 mL of DCM,
resulting in purity >99% in absolute area. IR vy, (KBr) cm™:
3550-3200, 1775, 1723, 1175. "H NMR (400 MHz, D,0) é (ppm)
6 2.4-2.6 (4H, m, -CH,~CH,), 4.85-5.15 (H, m, ring-H), 5.1 (H, s,
-COOH).
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Scheme 4 Geometries of the species involved in the reaction, computed at IEFPCM(H,0)/M06-2X/6-311++G(d,p) level. Selected geometric

parameters are shown, when appropriate.

Computational details

Quantum chemical calculations were carried out using the
Gaussian16 package® at M06-2X/6-311++G(d,p) level*® consid-
ering solvation through the IEFPCM modification*® of the PCM
method for simulating solvation in H,0O, which is the solvent
used experimentally. The optimized geometries of the reagents,
the corresponding transition states, intermediates, and products
were computed and further characterized by vibrational analysis
and are shown in Scheme 4, with selected geometric parameters
shown. Reactants, reaction intermediates, and products have no
imaginary frequency, while transition states are characterized as
having a single imaginary frequency. In this last case, the
imaginary will be shown below the figure as vjya,. Inspection of
the animation the imaginary frequency of each transition state,
indicates the correct reaction outcome. Intrinsic reaction coor-
dinate (IRC)* calculations were employed for the analysis of the
transition states related to TS1, to show that the product of the
rearrangement is the carbocation.
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