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Biobased dihydrolevoglucosenone (Cyrene)
enables rapid and efficient synthesis of acylals
under microwave irradiationt

Tobias Keydel@ and Andreas Link @& *

The synthesis of asymmetric acylals starting from chloromethyl esters has been comprehensively
documented in the extant literature. However, this process is typically associated with the use of toxic
and environmentally hazardous solvents, such as N,N-dimethylformamide (DMF) or, less frequently, N-
methylpyrrolidone (NMP), as well as an often protracted (up to several days) reaction time. In this study,
we demonstrate that dihydrolevoglucosenone (Cyrene), a green solvent, in combination with microwave
irradiation, leads to a substantial reduction in reaction time by several orders of magnitude (a few
minutes instead of hours or days) with good to excellent yields. In certain instances, precipitation is
a sufficient method for the removal of high boiling Cyrene, resulting in an approximate 70 fold
improvement of molar efficiency (Mol E.%) compared to standard procedures. In case of more lavish
purification, Dry Column Vacuum Chromatography (DCVC) has been demonstrated to be a suitable
purification approach, characterised by its expeditious nature and its significantly reduced generation of
organic waste in comparison with conventional column chromatography. Building on this and in addition
to the green synthesis, an ultra-low cost and highly efficient chromatographic method, based on similar
principles to the DCVC, has been developed, resulting in a 12 fold improvement in the E-factor versus
column chromatography. The protocol is robust for acylal synthesis for a wide range of carboxylic acids
up to relevant drugs and biochemically important reagents. It provides the opportunity to create large
libraries of acylal compounds for medicinal chemistry or biochemistry approaches in a short time.

The quest for non-toxic solvents derived from renewable resources represents a significant challenge in contemporary chemistry, with the potential to address
two major concerns: enhanced safety for personnel and equipment, and a transition away from reliance on petroleum-based solvents. In this report, we
demonstrate that dihydrolevoglucosenone (Cyrene), an aprotic polar solvent derived from biomass, is optimally suited for the microwave-assisted synthesis of

acylals, thus replacing the conventional methodology that employs toxic DMF. The syntheses are rapid (less than 15 minutes) and effective (up to 96% yield) and
purication works expeditiously and solvent-eciently using the chromatography method, which is also described here. The article aligns with the principles of
green chemistry and the SDG 4, 8, 12 and 13.

Introduction

deprotonation under physiological conditions and thus
temporarily alter the polar character resulting from ionization

Inadequate oral bioavailability represents a significant imped-
iment in the development of novel pharmaceuticals, frequently
resulting in the failure of promising substances.”* The inability
of substances to permeate biological membranes is the primary
cause of poor bioavailability, predominantly attributable to
polar or charged functional groups within the molecule.? A
rational and often effective approach to overcome the phar-
macokinetic limitations of the original drug is to block
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by reversible derivatisation of these groups.** Carboxylic acids,
in particular, offer a rich source of examples for the application
of prodrugs, with simple esters such as methyl, ethyl or iso-
propyl esters being prevalent in numerous marketed drugs.®”
Conversely, double ester strategies frequently yield prodrugs
with enhanced properties, such as improved hydrolysis. The
term “acylals” is used to describe a specific group of double
esters, which are defined as carboxylic acids that are covalently
linked to each other via a methylene bridge. Acylals have
demonstrated their efficacy, particularly in the domain of pro-
drug applications for B-lactam antibiotics, and they constitute
a structural element of certain essential antibiotics (see Fig. 1).
Furthermore, acylals have been identified as structural motifs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 General structure (top left) and selected marketed acylal pro-
drugs of the cephalosporin cefuroxime and sulopenem, derived from
the penem family, as well as sultamicillin, a codrug consisting of
aminopenicillin ampicillin and B-lactamase inhibitor sulbactam. These
compounds play crucial roles in the treatment of various bacterial
infections. Of importance for biochemical purposes is calcein AM,
a membrane-permeable precursor of the fluorescence indicator
calcein.

in vital reagents within the domain of biochemistry, including
calcein AM and fura 2 AM, which are significant fluorescent
dyes.?

From a synthetic perspective, acylals can be categorised into
different distinct groups: symmetrical and asymmetrical acy-
lals, each with R”= or # H. The synthetic accessibility of these
groups has been comprehensively delineated in the existing
literature. In case of R” = H, dichloromethane,

Previous work:
« dichloromethane as C1 precursor for symmetrical acylals
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Fig. 2 Conventional synthesis of symmetrical acylals (top) utilising
dichloromethane as C1 precursor and standard procedure (centre)
with hazardous DMF as solvent requiring several hours of reaction
time. Microwave assisted synthesis in Cyrene (our work) reduces
reaction time, increases safety and leads, in combination with the
chromatography method described here (DCPC), to satisfactory yields
representing a valuable approach for sustainable acylal synthesis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dibromomethane, or dilodomethane function as C1 precursors
for symmetrical acylals®'® (see Fig. 2 upper part), while the
synthesis of asymmetrical acylals is contingent on the uti-
lisation of a precursor, specifically o-haloalkylesters. Chlor-
omethyl- or bromomethylesters, along with their ethylidene
analogs (R” = CHj;), are the most prevalent precursors, with
some being commercially available. The synthetic accessibility
of these precursors has been documented in the existing liter-
ature in detail.** The actual acylal synthesis follows an Sx2
mechanism, predominantly facilitated by an aprotic polar
solvent and the presence of a non-nucleophilic base. It is
noteworthy that the majority of syntheses reported thus far
employ N,N-dimethylformamide (DMF), a solvent that has been
the subject of restrictions by the European Union. The search
for less toxic alternatives is therefore explicitly recommended.™*
In addition to its effectiveness as a solvent in numerous reac-
tions, DMF has certain safety issues in chemical reactions.™ It is
associated with liver damage and is considered toxic to repro-
duction® and even carcinogenic.'” The structurally related and
similarly often used solvents dimethylacetamide (DMAc) and N-
methylpyrrolidone (NMP) pose a number of hazards.”® In
addition to health hazards, despite being the standard solvent
for the synthesis of acylals, DMF is not optimal due to the
following issues: long reaction times, often poor yields, and
a laborious and solvent-wasting work-up (column chromatog-
raphy) (see Fig. 2 centre part). The recent report of acetonitrile
as a substitute for DMF in the synthesis of acylal prodrugs of
itaconic acid has been associated with low yields." Sy2 reac-
tions can often be accelerated by increasing the temperature;
however, DMF cannot be heated safely due to formation of skin
irritating vapor and its instability at high temperatures and
decomposition to carbon monoxide and dimethylamine, which
in turn affects the reaction as a foreign nucleophile. The search
for heat-stable alternatives to DMF with at least similar dis-
solving power and applicability in the synthesis of acylals is
therefore important. In the last decade, particular attention has
been paid to the search for DMF alternatives, and a promising
candidate has been found in dihydrolevoglucosenone (trade
name Cyrene), which has so far proved successful in a large
number of chemical reactions,”®* exemplified by amide
couplings,” SyAr* or Suzuki-Miyaura cross coupling
reactions.*

The present study investigates biomass-derived Cyrene,
a material that is fully biodegrable within a timespan of two
weeks, as surrogate for DMF in the microwave assisted
synthesis of acylals with respect to the principles of green
chemistry.® In addition, it is non-toxic, safer than other
solvents and auxiliaries, and stems from renewable feed-
stocks.” Furthermore it is designed for biodegradation
according to European standards. In the course of our study on
the synthesis of acylals from common drugs, we opted to opti-
mise the synthesis, primarily with a focus on hazard reduction
(“prevention”, “safer solvents and auxiliaries”,
able feedstocks”, and “design for degradation”).

Given the knowledge that Cyrene is a heat-stable solvent, we
hypothesized that it could be a candidate for the combination
with microwave irradiation as this is a powerful tool in organic

“use of renew-
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chemistry with outstanding relevance in green chemistry and
medicinal chemistry.””** Here, we present scope and limita-
tions of microwave-assisted synthesis of acylals as prodrug
motifs in medicinal chemistry woven into a green chemistry
framework with the aim of replacing the standard methodology,
namely the synthesis utilizing DMF, which has been the subject
of some debate (Fig. 2 bottom part).

The synthetic procedure was focused on its performance in
terms of its rapidity and efficiency. Sustainable purification
processes were implemented in order to avoid the use of
column chromatography, although restrictions were made here
and Dry Column Vacuum Chromatography (DCVC) was used as
a highly functional and less consumptive chromatographic
method for some substances.*” In view of the foregoing, and in
recognition of the fact that chromatographic purification is, on
occasion, an essential procedure, it is nevertheless imperative
to approach it with a critical eye in terms of sustainability.*** In
light of this, a method has been developed combining the
advantages of DCVC with enhancements in terms of simplicity
and reduced costs, as well as savings in solvents and silica gel
which we now call DCPC (Dry Column Pressure Chromatog-
raphy) in reference to DCVC. Finally, the results of the syntheses
and purifications of selected compounds were compared using
various green chemistry metrics. These metrics provide a rapid
and straightforward assessment of the “greenness” of chemical
processes.?**3®

Experimental section
General procedure

A suitable chloromethylester (1 mmol, 1.0 equiv.), and
a carboxylic acid (1.1 mmol, 1.1 equiv.) were combined in a G10-
vial and suspended in 2.0 mL (0.5 M) Cyrene. DIPEA (1.2 mmol,
1.2 equiv.) was added and the mixture was reacted in a micro-
wave reactor at 150 °C for an appropriate time. After the reaction
was finished (monitored by TLC) the crude mixture was poured
into ice water (25 mL) and the resulting outcome was isolated as
follows: in case of precipitation, the solid was filtered and
washed with water, subsequently. In case of no precipitation,
the oily residue was isolated by suction filtration over a small
silica gel column (2 cm height) and redissolved in ethyl acetate
(20 mL) and purified by chromatographic methods.

Results and discussion

The present investigation commenced with the reaction of
commercially available chloromethyl benzoate with benzoic
acid to synthesise methylene dibenzoate (4a) as a model acylal.
This reaction has been the subject of extensive comparative
analysis in the existing literature.**** Initially, a range of
solvents were investigated, and the influence of temperature
and the type and amount of base was determined. Various
conventional laboratory solvents yielded product formation
after 24 h of reaction time, though only traces of the product
could be isolated from protic solvents such as methanol,
ethanol and isopropyl alcohol. Conversely, aprotic solvents,
including the comparatively less toxic ethyl acetate,*” as well as
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toluene, dichloromethane and diethylether, exhibited signifi-
cant conversion at room temperature, though the yields were
inadequate. Water and 1,4-dioxane, on the other hand, yielded
no conversion. However, the reactions were significantly
enhanced in DMF, NMP and DMSO, which are particularly well-
suited for Sy2 reactions. Notably, complete conversion (moni-
tored by TLC) was only observed in DMSO. The complete
miscibility of DMSO with water facilitated the isolation of the
products by precipitation in ice water. In the initial series of
investigations, Cyrene, a long-standing candidate for a green
alternative to DMF, was also found to be applicable. Similar to
DMSO, the reaction in Cyrene was found to be complete,
prompting the optimisation of the synthesis in this solvent.
Following an extensive screening of the parameters (see
Table 1), it was determined that Cyrene was a suitable option for
the microwave reactor, yielding excellent results (96% isolated
product, 150 °C in under two minutes). This was achieved by
altering the reaction temperature and the type and quantity of
auxiliary bases utilised. It was determined that the inorganic
bases, sodium carbonate, potassium carbonate and caesium
carbonate, were not suitable for the intended purpose due to
insolubility or, in the case of caesium carbonate, incompati-
bility resulting in a crude mixture of various by-products.

The organic bases TEA and DIPEA are soluble in Cyrene at
slightly elevated temperatures (above 40 °C) and proved to be
applicable bases for the synthesis without significant difference
in reaction time and yield. The only difference observed was
that the resulting TEA HCI precipitates from the reaction and
can be filtered off, while DIPEA HCIl remains in solution.
Overall, Cyrene exhibited minimal solubilising capacity for the
substances employed at ambient temperature; however,
a modest increase in temperature resulted in rapid dissolution
of all substances. It is noteworthy that the reaction mixture
rapidly acquires a brownish hue, deepening to a brown shade at
higher temperatures. However, this observation should not be

Table 1 Optimization process of model reaction obtaining acylal 4a

o 0 0 0

O 00 e 070

3a 2a solvent
1.0mmol  1.1mmol  condition 48

Entry Solvent Base (equiv.) Conditions Time Yield (%)
1 Neat DIPEA (1.2) 150 °C 8h Traces
2 DMF K,CO; (2.0) 85 °C 16 h 64
3 DMF K,CO; (2.0) Reflux 8h 78
4 DMF DIPEA (1.2) 85 °C 16 h 68
5 DMSO  K,CO; (2.0)  85°C 4h 82
6 DMSO DIPEA (1.2) 85 °C 3h 81
7 Cyrene  K,CO; (2.0) Insoluble — —
8 Cyrene  DIPEA (1.2) 85 °C 45 min 91
Microwave improvement
9 DMF DIPEA (1.2) 150 °C 1h 82
10 DMSO DIPEA (1.2) 150 °C 25 min 83
11 Cyrene  DIPEA (1.2) 150 °C 2min 9

© 2025 The Author(s). Published by the Royal Society of Chemistry
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construed as evidence of a failed reaction or even carbonisation.
Following a thorough purification of the mixture, the products
can be isolated in high purity and yield as white solids or
colorless oils with a few exemptions.

The model reaction was fastest and yielded the best result at
150 °C in the microwave reactor, with the reaction complete in
less than two minutes. Cyrene is fully miscible with water;
therefore, an attempt was made to isolate the product by
precipitation from ice water, which was successful. It should be
noted that the precipitation required a longer time than was the
case in the DMSO or DMF experiments. Furthermore, vigorous
stirring or shaking is necessary to initiate precipitation of white
solids, and after approximately one hour, precipitation is
complete and the product can then be filtered off.

One main objective of this study was to examine the gener-
ality of both synthetic methods and purification effords. To this
end, a series of acylals were synthesised, starting from a previ-
ously used chloromethyl benzoate with different carboxylic
acids, both aliphatic and aromatic, with different substitution
patterns. This approach was adopted to evaluate the extent to
which the synthesis can be carried out and the possible

A) Exploring the scope of coupling acids DIPEA (1.2 equiv)
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limitations that exist. The results demonstrated that the
synthesis was feasible for almost all of the investigated
carboxylic acids. It was observed that a marginal decrease in
reaction temperature (from 150 °C to 125 °C) had no substantial
impact on reaction times, yet it facilitated the utilisation of
heat-labile compounds in the synthesis without decomposition
(e.g. acetyl salicylic acid 4j). It was evident that aliphatic acids
necessitated slightly extended reaction times in comparison to
aromatic acids, while there was an absence of discernible vari-
ation in reaction times when different aromatic acids, bearing
either electron-withdrawing or electron-donating groups at the
aromatic ring, were utilised. The compounds synthesised in
this series are enumerated in Fig. 3A. In order to explore the
wide variety of acids to be coupled, also with regard to naturally
occurring substances, we have presented acylals starting from
precursor 3a with various protected amino acids. Protecting the
amino function is essential because, on the one hand,
a conglomeration of undesirable products could otherwise be
formed and, on the other hand, the solubility of free, zwitter-
ionic amino acids in Cyrene is insufficient even at elevated
temperatures.

[o] o
Y fFanens (&
3a 2az
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(A) Starting from commercially available chloromethyl benzoat (3a) a series of acylals were synthesised with various aliphatic and aromatic

| C) Exemplary N-Boc deprotection
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rt.1-3h
4v-dp 98%
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carboxylic acids to evaluate the potential feasibility of our protocoll. (B) Esterification of sterically hindered acids (pivalic acid) runs insufficiently,
so the precursor can be replaced (by chloromethyl pivalate (3b)), resulting in very good yields. (C) Acidic deprotection of N-boc amino acids is
well tolerated by the acylal moiety and leads to formation of crystalline solids that exhibit ease of handling.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The protocol has demonstrated its efficacy in synthesising
acylals from N-protected amino acids, including N-Boc deriva-
tives (4v, 4w) and highly base-lable N-Fmoc protected r-valine
(4n). The utilisation of a non-nucleophilic base, DIPEA, has
been shown to reduce the amount of Fmoc deprotection,
resulting in enhanced efficiency. However, the yield was lower
(56%) compared to the other examples, and the Fmoc cleavage
product 9-methylidene-9H-fluorene (dibenzofulvene)
detectable by TLC.** Additionally, amino acids protected with
the hydrogenolytically cleavable benzyloxycarbonyl (Cbz- or Z-)
group (4y) and phthalimido derivative (40) were prepared in
excellent yields. The conversion of both short-chain (4m, 4r, 4u)
and long-chain (4x) carboxylic acids has been demonstrated to
occur with satisfactory yields, thus paving the way for the
development of nanoparticles (NPs) from drug molecules by
tethering them to long chain unsaturated carboxylic acids, also
called bioconjugates, giving these compounds advanced phar-
macokinetic properties.****¢ In addition to acylals from benzoic
acid, our protocol for acylal synthesis with chloromethyl esters
of pivalic acid and cinnamic acid was utilised, with these esters
being commercially available (chloromethyl pivalate 3b) or
synthesised in accordance with reported methods.'>** It was
observed that these chloromethyl esters can be employed in
a manner analogous to that of acylals, yielding corresponding
acylals in satisfactory to substantial yields (see Fig. 4A, top part).

was

A) Expanding the scope of acylal precursors

from pivalic acid
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In the subsequent stage of the study, the method was evalu-
ated with the objective of synthesising acylal prodrugs of certain
known drugs, with a view to demonstrating the feasibility of the
protocol in prodrug synthesis for medicinal chemistry
approaches. In the present study, ibuprofen and baclofen (i.e. an
N-protected derivative) were selected as drugs to be converted
into acylal prodrugs. The rationale behind this choice is twofold:
firstly, to enhance the pharmacokinetic properties of the original
drug, and secondly, to introduce a motiv that could facilitate the
prodrug’s interaction with membrane transport proteins such as
OCT1 or PepT1.*7* The evaluation of the pharmakokinetic
properties of these compounds is currently ongoing and will not
be discussed in this paper. Derivatisation of both drugs was
successful as expected due to the results of the first series. The
ibuprofen-derived compounds were obtained as oils after puri-
fication, which makes precipitation from ice water impossible,
as is the case in various acylal syntheses in the first series.
Precipitation of some of the N-Boc-protected baclofen derivatives
proved possible, with the isolated solid being recrystallized from
a mixture of ethyl acetate and n-hexane, yielding 30-50% of the
desired product. The use of DCVC has been shown to enhance
the isolated yield of these reactions, resulting in good to excel-
lent yields (see Fig. 4A, centre part).

In contrast to the first series, the reaction times for drug
acylals increased slightly, but all reactions could be completed
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B) Intramolecular cyclization limits acylal synthesis approaches
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(A) Expanding the scope of precursors: utilization of chloromethyl esters of pivalic acid (3b), N-boc-baclofen (3c), ibuprofen (3d) and

cinnamic acid (3e) for the synthesis of various acylals shows similar outcome as in the first series. (B) Failed approach in synthesis of diclofenac
acylals from chloromethylester of diclofenac (3f): thermodynamically favoured reactions, such as lactam formation, limit the reaction protocol,

but proceed independently of the solvent used.
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in less than 15 min, which represents a significant improve-
ment over the reactions documented in the literature.’*>* In
order to exploit scope and limitations, additional trans-
formations were investigated. In this context the synthesis of
diclofenac acylals from the precursor 3f proved to be inefficient,
as intramolecular cyclisation to a lactam occurs preferentially in
this case. Notably, this phenomenon is observed to be inde-
pendent of the solvent utilized, and it occurred as well in the
synthesis starting from precursor 3a with diclofenac. This
outcome underscores the limitations of the current synthesis
protocol and highlights the potential for further research in this
area (see Fig. 4B). In addition to the undesired side reactions,
there are also limitations in the reaction with sterically
demanding carboxylic acids. The most prominent example of
a tertiary saturated monocarboxylic acid is pivalic acid, which is
also found in many acylal prodrugs. Steric hindrance has been
shown to make esterification more difficult, as evidenced by the
insufficient yields obtained during the present investigation.
However, the employment of pivalic acid chloromethyl ester
(3b), a commercially available precursor, has been demon-
strated to circumvent this challenge and has yielded very good
acylal yields (see Fig. 3B). Notwithstanding, the inherent
chemical properties of this approach carry the potential for the
synthesis of thermally and comparatively hydrolytically stable
esters and acylals.

To assess the robustness of the method, we synthesised two
acylals based on different dosage forms (see Fig. 5). First, we
converted cefuroxime sodium (as a powder for the preparation

A)
o DMF, rt, 3h, 30%
o Na
£ {[ ; W Too
HN O /)N:’r o .
S ‘- N k
cefurOX|mesod|um —F— " o
Cyrene cefuroxime axetil [Z o
Cyrene
2O/acetone DIPEA

Hw, 85°C, 10 sec
80%

B) " tablet triturated in ball mill
"°m - crude tablet material used for
\ '/‘ synthesis
JSeans e L0
° Cyrene
pw-cond. 7d, 89%
150°C, 10 min
Fig. 5 (A) The synthesis of cefuroxime axetil from cefuroxime sodium

failed due to insolubility of cefuroxime sodium in Cyrene. Despite
complete solubility in DMF, the yield was unsatisfactory. Utilization of
the free acid of cefuroxime for the synthesis leads to an ultra fast
completion within seconds and very good yields. (B) The reaction of
ibuprofen chloromethyl ester with ibuprofen from a crude matrix is not
effected negatively by the excipients.
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of an injectable solution) with 1-bromoethyl acetate in Cyrene to
give the orally bioavailable cefuroxime axetil. After 5 min of
microwave irradiation at 125 °C product conversion was
observable but the isolated yields were poor (~10%). A
comparative experiment using DMF as a solvent showed
a significant conversion after about 3 h at room temperature,
with both reactants in solution from the start, whereas the
reaction does not proceed economically in Cyrene. This failure
is primarily attributable to the inadequate solubility of
numerous sodium salts in Cyrene, a problem that can be cir-
cumvented by initially converting cefuroxime sodium into its
free acid form. The synthesis then progresses analogously to the
procedure outlined here within a few seconds (Fig. 5A). This
accelerated reaction rate is presumably attributable to the fact
that the bromine in the precursor functions as an additional
favoured leaving group for Sy2 reactions.” The second experi-
ment involved the synthesis of methylene bisibuprofenate (7d)
from precursor 3d with ibuprofen from a tablet (400 mg
ibuprofen) previously ground in a ball mill. The complete
ground preparation was transferred to the microwave vessel and
treated as described above. The additional ingredients of the
tablet had no effect on the reaction and the desired product was
isolated with 89% yield (Fig. 5B).

Isolation of the product

The second objective after efficient, green synthesis was to
realise the isolation of the desired product in a sustainable
manner in accordance with the principles of green chemistry,
whilst minimising organic waste.** The most desirable outcome
would be the precipitation of the pure product from the reaction
mixture; however, this was not observed in any case. A number
of publications have demonstrated that the addition of water to
the reaction mixture leads to the precipitation of the product
and the separation of the non-volatile Cyrene. The water solu-
bility of the initially hydrophobic ketone Cyrene is attributable
to the shift in equilibrium of the ketone form to the geminal
diol upon the addition of water, resulting in complete misci-
bility.”® Theoretically, the water-insoluble acylals are expected to
precipitate.

During the course of our studies, precipitation (of a solid)
from water was only observed for the acylals 4a-1, 4n, 40, and 4q
in the initial series. Some substances were oily and therefore did
not precipitate, and in the case of acylals from N-Boc-baclofen
(6a—e), crystallisation was very slow or not feasible from the
crude reaction mixture.

Despite the implementation of an aqueous work-up proce-
dure, which involved the dissolution of the reaction mixture in
ethyl acetate and subsequent washing of the organic phase with
water, saturated sodium hydrogen carbonate solution, and
brine, the desired pure product was not obtained. This failure
can be attributed to the presence of residual Cyrene in the
organic phase and/or traces of the starting material. In such
instances, the application of column chromatography becomes
imperative. It is noteworthy that products isolated by precipi-
tation invariably occur as yellowish to brown solids due to
Cyrene-derived impurities. However, these compounds can be
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Fig. 6 Stacked H-NMR spectra (DMSO-dg, 400 MHz) of (A) acylal 8¢
after preciptiation (blue) and DCPC (green). Here, no remains of
starting material, Cyrene (brown spectra as reference) or DIPEA are
detectable. (B) Precipitated solid of acylal 8b (blue) contains signifcant
amounts of Cyrene and DIPEA. DCPC purification is required and leads
to pure compound (green).

obtained as white solids following chromatographic purifica-
tion. It is a surprising finding that the conjecturally contami-
nated brown compounds, obtained after precipitation
sometimes do not exhibit any discernible Cyrene remains in the
"H-NMR spectra, while very similar compounds can exhibit
significant residues after the same precipitation procedure
leading to the conclusion that the presumption of purity is
always a case-by-case consideration (see Fig. 6).

In the case of substances that predominantly occur as oils,
the process of precipitation results in the formation of a brown
oily adduct comprising Cyrene, product, and unconsumed
starting material. In such instances, chromatographic separa-
tion of the crude mixture is inevitable. The preferred approach
was initially flash chromatography, which, in addition to its
advantages, such as the use of a gradient and automated frac-
tion collection, is quite consumption-intensive. For example,
the purification of a 1 mmol scale synthesis often requires 1 L or
more of organic solvent, a large proportion of which is the
questionable n-hexane. In order to reduce the amount of
solvents, the applicability of DCVC for the isolation of the
products was investigated. Additionally, it was found to be more
cost-efficient than flash chromatography devices. Using
a solvent mixture of ethyl acetate/n-hexane, a gradient of 0-20%
ethyl acetate was found to be suitable for the separation and
isolation of the pure compound after evaporation. In the
majority of cases, a maximum of 200 mL of solvent is required
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for reactions conducted on a 1 mmol scale, representing a mere
fraction of the amount employed in conventional column
chromatography, where the quantity of silica gel utilized is also
significantly higher. TLC analysis sometimes reveals, that some
acylals show tailing which occasionally can be problematic for
chromatographic purification. To overcome this, small
amounts (~1-5%, related to the polar portion of the solvent
mixture) of polar protic solvents like methanol or ethanol can
be added. To summarize, DCVC is a suitable and solvent-
sparing method for the purification of the described synthesis
products with greatly reduced organic waste production.

Subsequent progression pertaining to silica gel and solvent
consumption

The merits of DCVC in terms of separation performance and
reduced solvent consumption are counterbalanced by certain
drawbacks, including the necessity for a vacuum pump and the
concomitant generation of negative pressure. This process
rapidly and extensively converts highly volatile solvents, such as
n-hexane, into the gas phase, thereby inducing technical or
health concerns for both the device and its operators. The
objective was to identify a straightforward technique for puri-
fying the crude reaction mixtures, with minimal consumption
of silica gel and solvent, and without the necessity of power-
carrying technical devices, such as a vacuum pump. The
approach was to prioritise simplicity in handling, the potential
for gradient utilisation, and the option for reusability, with the
overarching aim of achieving the lowest possible ecological
impact and economical costs while maintaining at least equiv-
alent separation performance. The purportedly substantial
obstacles were successfully surmounted, much to our satisfac-
tion, by employing sealable dry-load cartridges as column cases
with caps for utilising plastic syringes originally designed for
single use. The cartridges were filled with silica gel, and the
column was compressed by constant tapping on a rigid surface.
The silica gel was added until the compacted column had
attained a height of approximately 5 cm. Subsequently, the
simple separation column was covered with a frit and gently
compacted horizontally once more. The column was then
equilibrated with n-hexane, the solvent being added via a plastic
syringe until the column is completely saturated (typically
around 4-5 column volumes (CV)). The column is then pulled
dry by drawing air onto the syringe and also pushing it through
the column, a process similar to the DCVC. Around 3 CV is
sufficient for this purpose. The material intended for chro-
matographic separation can now be applied to the column,
thereby commencing the process. The individual fractions are
added to the column via a syringe, ensuring that they are added
in a uniform and gradual manner. Subsequent to each fraction,
the column is subjected to a process of drying, during which
a significant quantity of solvent is removed. The application of
each individual fraction, akin to the DCVC method, enables the
utilisation of a gradient, which has been shown to enhance
separation efficiency and cut solvent consumption. In the
context of the present study, the isolation of the acylals is ach-
ieved with an average expenditure of less than 100 mL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Workflow in acylal synthesis and purification towards the use of less toxic solvents in synthesis and reduced solvent consumption
chromatographic methods: after the rapid synthetic step, products can be isolated by precipitation, sometimes leading to pure compounds.
Impure compounds can further be purified by well-established but solvent consuming chromatographic methods. In addition to its low solvent
consumption, the DCPC is distinguished by its simple design and ease of use, which collectively serve to make it a valuable tool in the purification
of acylals and other compounds. A more detailed insight is given in the ESI.}

solvent, representing an advancement over the DCVC approach.
For the schematic design and additional information see Fig. 7,
right-hand part.

The simplicity of the method and the highly satisfactory
results obtained have prompted us to attempt its application to
a more serious separation problem. For instance, the precursor
3a (1 mmol) was reacted with benzoic acid, 4-methylthiobenzoic
acid and furan-2-carboxylic acid (0.4 mmol each) in a one-pot
reaction, following which the product mixture was separated
using the aforementioned method and the individual acylals
were isolated. These substances exhibited highly similar chro-
matographic behaviour. In the initial experiment, it was evident
that the method had reached its limits at this juncture, as the
separation performance of the column was inadequate to
effectively isolate the substances, despite the application of
a gradient. The separation performance of a chromatography
column is contingent upon the particle size of the stationary
phase. The silica gel employed in this study, with a particle size
of 0.02-0.045 mm, in conjunction with our short column
dimension, is applicable to straightforward separation prob-
lems. However, to address more complex separation challenges,
we resorted to grinding the silica gel in a vibrational ball mill,
which has been reported before to obtain silica gel with
advanced properties.***® The use of ball mills for synthetic
applications, a branch of mechanochemistry, not only offers
advantages in the synthetic outcome of some reactions,*** but
can also be used as a tool for green chemistry.®*> Our approach
is to grind commercially available silica gel for a short time (30
s) at 30 Hz with the intention of lowering the particle size and
making the particle shape more spherical. When the ground

© 2025 The Author(s). Published by the Royal Society of Chemistry

silica gel was examined under the microscope, an obvious
difference to the untreated silica gel was already apparent at 4 x
magnification: although many particles were unchanged, the
silica consisted of a large number of significantly smaller and
round-shaped fragments (see ESIt), which macroscopically
results in an increased packing density and thus improved
separation performance, which can be expressed mathemati-
cally using the Van Deemter equation, which describes the
separation performance of a chromatographic system. The
particle size is indirectly included in individual terms of the
equation and thus directly influences H (height equivalent of
the theoretical plates).®*** The combination of ground silica gel
(CAVE: as common practice for the handling of dust, required
safety precautions include the use of FFP2 masks.) with a finer
gradient was a successful attempt to separate the resulting
product mixture. With an expenditure of 250 mlL, solvent
consumption was significantly reduced compared to conven-
tional chromatography methods (Table 2).

Compilation of the green chemistry metrics

There is a whole range of different metrics that can be used to
make statements about the economy and ecology of different
reactions. As the majority of the acylals presented here are not
yet known in the literature and it is therefore not possible to
compare our method and associated purification processes with
potentially similar publications, we decided to calculate stan-
dardized green chemistry metrics taking into account the
results of our investigation. In order to demonstrate that the use
of Cyrene as a solvent in combination with the extended column
chromatography method represents an advance over the well-

RSC Sustainability, 2025, 3, 3448-3458 | 3455
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Table 2 Comparison of green chemistry metrics, with consideration given to reaction time, solvents utilised, yields obtained, and solvent
consumption when employing diverse chromatographic methods. For further informations see ESI

N + N
R™ 0" °CI HO™ R’ . R™ 0" 0" R
solvent, time
Precipitation
Entry R R Solvent Time Yield Rel. EM Rel. mol%
1 Ph Ph DMF 2 min 7% 1 1
2 Ph Ph DMF 60 min 82% 11.7 11.7
3 Ph Ph Cyrene 2 min 96% 70.2 17.6
Comparison of chromatographic purification methods
Entry R R’ Method Silica Solv. cons” E-factor Rel. E-factor
4 CC 100 g 1.5L 4229.7 1
5 Ph Flash C 40 g 0.8L 2278.2 1.9
6 DCVC 30g 230 mL 703.8 6.0
7 DCPC 10g 120 mL 345.9 12.2

“ Simplified ratio: n-hexane/ethyl acetate (9:1 V/V), including equilibration, for flash C: reusable columns (not included), 75 mL methanol (for

column purging) included.

known standard methods, we have used the following calcula-
tion bases for comparative analysis.

The first suitable parameter was the effective mass yield
(EM), to incorporate potential hazards from individual reac-
tants or reagents and solvents. Then, the E-factor was included
which provides a simple and quick overview of the amount of
waste generated by a reaction or method in relation to the mass
of product. Finally, we calculated the molar efficiency, which is
calculated by adding the amounts of all substances used and
comparing them to the isolated amount of substance in the
product (for more detailed calculation parameters see ESIT).

The first reaction (synthesis of compound 4a) was used to
show what effect the different reaction times have on EM
and mol%. For the calculation it was assumed that both starting
material 3a and benzoic acid as well as DMF and DIPEA are non-
benign reagents, whereas Cyrene does not belong to this cate-
gory. It was found that when DMF was used as a solvent, the EM
was in the lower single-digit range. Above all, the direct
comparison taking into account the reaction time (2 min)
showed an almost 70-fold improvement in the relative EM and
a 17.6-fold improvement in the relative mol% when using
Cyrene. Similarly, when the reaction time (1 h) was extended in
DMF with complete conversion of the starting material (moni-
tored by TLC), both EM and mol% were significantly worse than
in Cyrene. The E-factor was not included in this case, as the
products were obtained by precipitation from ice water.

In case of more extensive purification (column chromatog-
raphy) the E-factor was included in the calculation as this value
provides informations on the amount of solvent used for puri-
fication. Exemplarly, here we compared different column
chromatographic methods applicated to purify acylal 7a as an

3456 | RSC Sustainability, 2025, 3, 3448-3458

oily example. It has been shown that DCVC represents a nearly
6-fold improvement over classical column chromatography
(CC), which is further dramatically improved by the use of DCPC
(approximately 12.2-fold). The results of the calculations show
that the use of Cyrene as a solvent for microwave synthesis and
purification wusing the column chromatography method
described here, firstly, quickly and efficiently solves the prob-
lems associated with the use of DMF and, secondly, results in
a significant reduction in organic waste, which represents
a valuable improvement in terms of ecology and economy.
Similarly, the methods reported here may well be applicable to
other synthesis projects.

Conclusions

In summary, we report a fast and efficient microwave-assisted
protocol for the synthesis of acylals in dihy-
drolevoglucosenone (Cyrene) as a heat-stable solvent, which is
not only an environmentally friendly and less toxic alternative to
standard DMF, but also a much more efficient solvent option
for this purpose. In addition to precipitation from ice water for
some products, DCVC was initially used to purify synthesis
products, resulting in significantly lower organic solvent
consumption compared to flash or column chromatography
with similar separation performance. To further reduce
consumption and cost, we developed a method that eliminates
the need for electrical pumping systems and reduces both the
amount of silica gel and the volume of eluent by modifying the
column material in a ball mill. This effective chromatographic
purification method can be easily adapted for other separation
problems. In conclusion, our report shows that Cyrene can once

© 2025 The Author(s). Published by the Royal Society of Chemistry
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again be easily used as an alternative solvent for DMF to
promote sustainability and environmental friendliness in the
sense of green chemistry, and secondly, to replace petroleum-
based and hazardous chemicals to a certain extent, whereby
its use in combination with solvent-saving methods not only
reduces waste generation but also helps to reduce dependence
on petroleum-based solvents and, ultimately, to promote envi-
ronmental friendliness.
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