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le two-step synthesis of alkylated
b-cyclodextrin via acetylation and GaBr3-catalyzed
reduction

Leon J. Bartlewski, ab Peter Conen, ab Qianyu Cai, b Maximilian Bürk,b

Dominique Armspach c and Michael A. R. Meier *ab

Cyclodextrins (CDs) are bio-based and biodegradable oligosaccharides, enzymatically derived from starch,

offering low toxicity and renewability, thus representing an interesting renewable feedstock. While chemical

modification allows for precise tailoring of their properties, greater emphasis on sustainability aspects of

such processes, for instance a reduction of the produced waste and avoidance of toxic substances,

should be aimed for. This work thus focuses on a more sustainable and efficient two-step synthetic

alternative approach for the alkylation of b-cyclodextrin (b-CD), especially avoiding the typical use of

highly toxic alkylating agents. Transesterification using vinyl acetate facilitated a more sustainable

acetylation of b-CD, resulting in an E-factor of 2.83 for the overall process. In a subsequent step, the

acetylated b-CDs were successfully reduced under mild conditions to ethylated b-CDs (RE-b-CDs) using

near-stoichiometric amounts of TMDS and 4 mol% GaBr3 per ester group, whereby also new

mechanistic insights were gained. Notably, anisole was introduced as a more benign, bioavailable

alternative to the traditionally used hazardous solvents (e.g. dichloromethane, chloroform). Herein, we

present the synthesized RE-b-CDs, which exhibited properties comparable to methylated analogues,

including solubility (H2O, MeOH, EtOH, DMSO), thermal stability (TGA/DSC), and host–guest interactions,

as confirmed by 2D DOSY and ROESY NMR spectroscopy. Overall, this study establishes a more

environmentally friendly access to alkylated b-CDs without compromising characteristic properties of

conventionally synthesized methylated CDs, offering a generally more sustainable alternative approach.
Sustainability spotlight

This work demonstrates a more sustainable alkylation strategy of b-cyclodextrin (b-CD), an interesting renewable oligosaccharide with various application
possibilities, for instance in phase transfer catalysis or water purication. The focus was to establish a process that minimizes waste and avoids typically used
hazardous substates, instead utilizing more benign and non-toxic compounds, closely following the principles of Green Chemistry. Signicant recycling rates for
solvents (acetonitrile 96%, isopropanol 94%), use of catalysts, and high conversions facilitated a low environmental impact, reaching an E-factor for the
acetylation of 2.83. Additionally, hazardous solvents could successfully be substituted by non-toxic and bio-based alternatives.
Introduction

Cyclodextrins (CDs) are an intriguing class of bio-based oligo-
saccharides, obtained by the enzymatic conversion of naturally
occurring starch.1,2 CDs form conically-shaped macrocycles,
consisting of six, seven, or eight glucose units connected via a-
1,4-glycosidic bonds (a-CD, b-CD, and g-CD, respectively).3,4
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é de Strasbourg, UMR 7177 CNRS, 4 rue

edex, France

126–4136
Their low toxicity, renewability, and biodegradability are
exemplary properties of native CDs, directly contributing to the
principles of Green Chemistry.5,6 In addition, their characteristic
hydrophobic inner cavity, in contrast to the hydrophilic outer
periphery, facilitates the formation of non-covalent inclusion
complexes with various guest molecules, making their use
especially attractive for drug delivery in pharmaceutical appli-
cations, catalysis, food sciences, cosmetics, or environmental
engineering.7–12 Although, chemical modication of the
macrocycle provides the opportunity to further tailor the phys-
icochemical properties to unique needs, the aspect of sustain-
ability of the necessary chemical transformations is oen
neglected. Acetylated b-CD, one of the rst reported classes of
CD derivatives, is conventionally synthesized by the use of
excessive amounts of acetic anhydride.13,14 Strategies aiming at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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improved sustainability have been explored by utilizing ionic
liquids or vinyl acetate as “greener” solvent or reagent alterna-
tives, respectively.15,16 Vinyl acetate in particular displays a more
favorable atom economy, lower toxicity, non-corrosiveness, and
generally milder reaction conditions, compared to acetic
anhydride.17,18 Accordingly, Meier et al. demonstrated the use of
vinyl acetate for the acetylation of cellulose, resulting in
a reduced environmental impact, illustrated by signicantly
reduced E-factors and milder reaction conditions.19 Among
numerous different CD derivatives, alkylated CDs are of
particular interest due to their unique physicochemical char-
acteristics.20,21 Methylation of CDs enhances water solubility,
reduces crystallinity, and alters host–guest interactions with
non-polar guest molecules by tuning the degree of substitution
(DS) to value of desired properties.22–24 The synthesis of CD
ethers predominantly involves the use of highly toxic and
carcinogenic alkylation reagents (methyl iodide, ethyl chloride,
or dimethyl sulfate) in combination with hazardous solvents
(e.g. N,N-dimethylformamide) under strong basic conditions
(sodium hydride or sodium hydroxide).25–29 These routes are
associated with high environmental factors (E-factor) and
signicant safety concerns. The E-factor is a promising metric
used for assessing the environmental impact of chemical
processes. It is dened as the mass ratio of generated waste to
desired product obtained, accounting for yields, reagents, side
products, solvent losses, and auxiliary materials.30 However,
a relevant limitation of the E-factor is its neglection of toxicity
aspects of the substances involved, an important factor that
signicantly inuences both the sustainability and safety of
a process, as emphasized by the general principles of Green
Fig. 1 (A) General reaction scheme and conditions of the DBU-catalyze
ATR-IR spectra (left) of ac.CD A 1–8 and the detailed comparison of the O

© 2025 The Author(s). Published by the Royal Society of Chemistry
Chemistry.6,31 Therefore, the focus of benign and more sustain-
able reagents should be emphasized in addition to minimizing
waste production of chemical processes. The aim of this work is
to present an alternative pathway towards alkylated CDs, while
avoiding hazardous substrates and focusing on lowering the
environmental impact. A comprehensive investigation in rela-
tion to sustainability aspects was conducted for a vinyl acetate-
based acetylation of b-CD and the reaction parameters were
optimized accordingly. Novel insights into a subsequent silane-
based GaBr3-catalyzed ester reduction were furthermore gained
and the stablished reaction parameters were evaluated in terms
of sustainability compared to present methods.32–35 Herein, we
thus report a more sustainable synthesis of ethylated b-CDs
with comparable host–guest and physicochemical properties to
conventional methylated b-CDs.
Results and discussion
More sustainable synthesis and characterization of acetylated-
b-cyclodextrin

For a less toxic and non-carcinogenic access to etheried b-CD
derivatives, a two-step strategy was developed: acetylation fol-
lowed by deoxygenative reduction towards CD ethers. A more
sustainable synthesis route for the acetylation of b-CD was thus
rst investigated. The acetylation of the cyclic oligomer was
conducted utilizing vinyl acetate as an acetylating reagent,
a generally more sustainable and less toxic alternative to the
established acetic anhydride route for carbohydrate modica-
tion.19 Due to the formation of vinyl alcohol as a side product,
which tautomerizes to the thermodynamically favored
d acetylation of b-CD with vinyl acetate in acetone or acetonitrile. (B)
–H stretching vibration (middle) and C]O stretching vibration (right).
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Table 1 Synthesized acetylated b-CD samples per used equivalents of
vinyl acetate (VA) in acetone (A) or acetonitrile (B) and the corre-
sponding conversions, yields, and calculated DS (degree of substitu-
tion, DSmax= 21.0 for b-CD) based on 1H NMR (SI, eqn (1)) and 31P NMR
(SI eqn (2) and (3)) spectroscopy methods

Sample Equiv. VA Conversiona/% Yielda/% DS1H DS31P

ac.CD A 1 6.00 40 64 1.47 2.38
ac.CD A 2 9.00 44 59 2.17 4.00
ac.CD A 3 12.0 47 66 4.27 5.67
ac.CD A 4 15.0 63 71 7.49 9.38
ac.CD A 5 18.0 99 67 16.9 17.8
ac.CD A 6 21.0 87 74 17.8 18.3
ac.CD A 7 24.0 76 65 17.5 18.2
ac.CD A 8 27.0 71 72 18.3 19.0
ac.CD B 1 6.00 48 68 1.68 2.87
ac.CD B 2 9.00 72 61 4.13 6.51
ac.CD B 3 12.0 96 63 11.0 11.6
ac.CD B 4 15.0 93 61 12.8 14.0
ac.CD B 5 18.0 Quant.b 82 18.0 18.3
ac.CD B 6 21.0 95 89 20.0 20.0
ac.CD B 7 24.0 85 72 20.2 20.4
ac.CD B 8 27.0 74 77 20.0 20.0

a Determined based on the DS31P.
b Assumption of quantitative

conversion due to calculated conversion of 102% (within expected
NMR error).
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acetaldehyde (b.p. 20 °C), the chemical equilibrium shis at
elevated temperatures, driving the acetylation of b-CD and thus
minimizing the amount of required modication reagent.
Therefore, the transesterication was performed at 50 °C,
facilitating efficient conversions while preventing vinyl acetate
(b.p. 72 °C) from evaporating from the reaction mixture. In
addition, vinyl acetate displays the advantage, in comparison to
acetic anhydride, that the formed side product (acetaldehyde)
does not interfere with the use of common organic bases, e.g.
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), by the formation of
the corresponding salt.36 This simplies the subsequent
Fig. 2 (A) Calculated DS based on 31P NMR (solid) or 1H NMR (dashed) in
acetonitrile (blue). (B) ESI-MS spectrum for the illustration of the DS dist

4128 | RSC Sustainability, 2025, 3, 4126–4136
recycling process and further enables base catalysis, which
aligns with the general principles of Green Chemistry. Thus,
3 mol% DBU per AGU were added to pre-dried b-CD and vinyl
acetate to catalyze the transesterication reaction. The afore-
mentioned substrates were suspended in either acetone or
acetonitrile, both regarded as greener aprotic solvent alterna-
tives compared to the typically applied DMF (Fig. 1A).37 Aer
24 h of stirring, the acetylated b-CDs were puried by reuxing
in isopropanol, avoiding undesired side reactions observed with
more nucleophilic alcohols such as methanol or ethanol in the
presence of DBU, which would result in lower yields, undesired
side products, and increased total waste as reported by Meier
and co-workers.19 In order to optimize and evaluate the reaction,
a set of acetylated b-CDs (ac.CD A/B 1–8) was synthesized by
using various stoichiometric ratios (6.00–27.0 equiv.) of vinyl
acetate in acetone (A) or acetonitrile (B) (Table 1).

ATR-IR spectroscopy was used to monitor the general trend
of conversion by analyzing the signal intensities of the O–H
stretching vibration at 3305 cm−1, the C]O stretching vibration
at 1742 cm−1, the C–H stretching vibration corresponding to the
ester at 1368 cm−1, and the C–O stretching vibration at
1236 cm−1 of the formed ester moiety (Fig. 1B le). To allow
comparability between the different ATR-IR data, spectra were
normalized to the vibrational band at 1022 cm−1, which corre-
sponds to the invariant C–O–C acetal bond of the AGU.

With increasing equivalents of vinyl acetate, an increasing
carbonyl vibrational band, suggesting successful and increased
conversion to the acetylated b-CD, can be detected (Fig. 1B right).
The conversions of the samples ac.CD A 5–8 were signicantly
higher than the others, which is consistent with the decreasing
signal intensities of the O–H stretching vibration (Fig. 1Bmiddle).
An equivalent trend is visible for the transesterication in
acetonitrile (SI, Fig. S50). The yield of the reactions was generally
acceptable and good for higher conversions, but correlated poorly
with the conversions, most likely due to signicant solubility
differences of themodied CDs with different DS. To evaluate the
efficiency of the transesterication, the degree of substitution (DS
relation to the applied equivalents of vinyl acetate in acetone (red) and
ribution of sample ac.CD B 6 (DS31P = 20.0).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A schematic illustration of the b-CD acetylation recycling approach. Pie chart of the calculated E-factor (SI, eqn (4)) for the synthesis of
ac.CD B 6 with the respective contribution of the utilized substrates, formed products, recovered solvents, and yield loss.
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where DSmax = 21.0 for b-CD) of ac.CD A/B 1–8 was thoroughly
investigated via previously reported 1H- and 31P-NMR spectros-
copy methods (SI, Fig. S1–S16).38

Accordingly, Fig. 2A displays the calculated DS based on 1H
NMR (dashed) and 31P NMR (solid) spectroscopy, which agree
well with each other, in the two solvent systems. In both
solvents, the proposed synthesis strategy gives access to a broad
spectrum of various DS31P in the range of 2.38 to 20.4 for acet-
ylated b-CDs (detailed in Table 1). These results suggest
a general trend for higher conversions by performing the
transesterication in acetonitrile rather than acetone. Only by
using acetonitrile, CD derivatives close to peracetylation (DS =

20.4) could be obtained. On the other hand, samples of lower DS
(#19.0) have also been synthesized using the less toxic and
more environmentally friendly solvent, acetone. In addition to
NMR studies, electrospray ionization mass spectrometry (ESI-
MS) was utilized to gain further insights into the structural
composition of the synthesized samples (Fig. 2B). The indi-
vidual acetylated b-CD species of a distinct DS (Fig. 2B marked
in red) and the characteristic shi of 42.011 Dalton (Da) (Fig. 2B
marked in blue) illustrate the general distribution of various DS
along the sample ac.CD B 6. Besides the structural character-
ization, the synthesized samples ac.CD A/B 1–8 were also
investigated in relation to their thermal properties via differ-
ential scanning calorimetry (DSC). The DSC measurements
indicated no melting point (Tm), but identied glass transition
temperatures (Tg) for all acetylated b-CD samples (except ac.CD
A 1), revealing an amorphous state in the measured tempera-
ture range, as can be expected for a mixture of compounds
© 2025 The Author(s). Published by the Royal Society of Chemistry
(conrm Fig. 2B). Increasing functionalization of the hydroxyl
groups led to the loss of hydrogen bond donors, thereby di-
minishing the inter- and intramolecular hydrogen bond
network. As a result, the Tg is steadily decreasing from 236.2 °C
(DS31P = 2.87) to 129.0 °C (DS31P = 20.4) with increasing DS (SI,
Fig. S57 and S58). To evaluate the proposed acetylation proce-
dure in terms of sustainability, a comprehensive solvent recy-
cling approach was designed (Fig. 3). As a result of the
optimized reaction conditions, in relation to conversion and
yield (Table 1), and the evaporation of acetaldehyde, the only
side product, from the reaction mixture, the utilized solvents
during the reaction and purication steps display a crucial role
in the total contribution to the E-factor. Simple distillation
methods facilitated recycling rates up to 96% for acetonitrile
and 94% for isopropanol (exact values in SI, Table S2), leading
to an E-factor of 2.83 (Fig. 3) for ac.CD B 6. The employed
solvents have been regained in high purity (1H NMR spectra in
SI, Fig. S59 and S60) and could be reused in a consecutive
reaction. Due to the use of minimal catalytic amounts of DBU,
its recycling was not further pursued, but could very well be
realized on a larger scale.19 Similarly, acetaldehyde (b.p. 20 °C)
can theoretically be captured by fractionating columns,
contributing a valuable bulk chemical.
Synthesis of randomly ethylated b-CD (RE-b-CD) via GaBr3-
catalyzed reduction of acetylated b-CD with 1,1,3,3-
tetramethyldisiloxane (TMDS)

In a subsequent reaction step, the acetylated b-CD samples were
reduced applying a TMDS-mediated GaBr3-catalyzed reduction
RSC Sustainability, 2025, 3, 4126–4136 | 4129
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to obtain RE-b-CD. The bifunctional organosilane TMDS can be
considered as a side product of the silicone industry, making its
utilization as a reducing reagent valuable.39 GaBr3 was used in
catalytic amounts to facilitate the conversion from the ester to
the corresponding ether, while maintaining mild reaction
conditions. This type of reaction typically proceeds in carcino-
genic and hazardous solvents, e.g. dichloromethane, chloro-
form, or benzene.33,40 In perspective to sustainability, the
replacement towards a non-toxic alternative is highly desirable.
Therefore, we report the use of anisole as a comparatively non-
toxic, non-cancerogenic, non-volatile, and bio-available substi-
tute to reduce acetylated b-CD to RE-b-CD at mild conditions
(Fig. 4A).41,42 In order to optimize the reaction conditions and
minimize the amount of produced waste, the reaction was
monitored via ATR-IR spectroscopy. Similarly to the optimiza-
tion of the acetylation reaction, the intensity of the C]O
stretching vibrational band at 1739 cm−1 was investigated for
various reaction conditions (Fig. 4B).

First, the conversion was investigated as a function of reac-
tion time, applying reaction conditions comparable to literature
reports (2 mol% GaBr3 and 1.10 equiv. TMDS per ester).34,35 As
illustrated by the corresponding ATR-IR spectrum (Fig. 4B le),
reduction of the ester was achieved using these parameters as
indicated by the decreasing C]O vibrational band, but even
aer 161 hours full conversion was not achieved. Thus, the
Fig. 4 (A) Reaction scheme of the GaBr3-catalyzed reduction of acetylate
monitoring of the C]O stretching vibration for different reaction condi

4130 | RSC Sustainability, 2025, 3, 4126–4136
inuence of the catalyst and the reducing reagent was assessed.
Increases in TMDS and GaBr3 dosage both displayed a positive
inuence on the reaction rates and conversion (Fig. 4B middle
and right), whereby the catalyst loading showed a more
pronounced effect. Increasing the amount of catalyst is
preferred here from a sustainability standpoint due to the
potential recyclability and the overall much lower amounts.
Indeed, the absolute quantity of substance would be signi-
cantly enhanced by increasing the stoichiometric amount of
TMDS, resulting inmore total waste. Concluding, 4 mol%GaBr3
and 1.10 equivalents TMDS per ester moiety proved to be the
preferred reaction parameters, assuring close to quantitative
conversion and good yield (80%), contributing to minimizing
the environmental impact. To quench the reaction, deionized
water was added to the mixture in order to hydrolyze the reac-
tive species and the combined solvents were removed via
distillation. The residue was dissolved in ethanol and the
hydrolyzed gallium salts were ltered off over Celite®. Aer-
wards, the solution was precipitated in n-hexane to dissolve in
situ generated oligo- and polydimethylsiloxanes. Inductively
coupled plasma optical emission spectrometry (ICP-OES)
conrmed that the removal of gallium exceeded 99%, whereas
no silicon traces were detected in the nal product. In addition,
the investigation of the structural properties of the RE-b-CD was
conducted via NMR spectroscopy. The conversion of the
d b-CDwith 1,1,3,3-tetramethyldisiloxane (TMDS) in anisole. (B) ATR-IR
tions (as shown in the top right corner of the respective spectrum).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction was determined as 97% via 1H NMR by comparing the
values of the integrals corresponding to the methyl groups of
the acetyl and ethyl moieties (SI, Fig. S51). In addition, the RE-b-
CD equivalent of ac.CD B 7 was derivatized with TMDP and
quantitative 31P NMR spectroscopy, analogously to the befor-
ementioned DS determination, was performed. The results
demonstrate that a substantial overreduction, i.e. the cleavage
of the ethyl ether moieties, occurred, leading to unmodied
hydroxyl groups (SI, Fig. S17). The nal DS of the RE-b-CD
sample was calculated to be DS31P = 14.3, the DS distribution
revealed by mass spectrometry further conrms these ndings
(SI, Fig. S54). Additionally, the 13C NMR spectrum indicated the
successful conversion by the absence of the carbonyl carbon
specic signal and the expected downeld shi of the C6 carbon
to 68.42 ppm (SI, Fig. S52). Nevertheless, an additional signal at
60.12 ppm was detected, which usually correlates to the
respective unmodied C6–OH carbon. Thus, the cleavage of the
ether preferably occurs at the C6 position, which is advanta-
geous from a synthetic point of view due to easier further
modication.

The intriguing characteristics of CD derivatives predomi-
nantly arise from their cyclic and conical shape. Besides spec-
troscopic studies, size exclusion chromatography (SEC) was
selected to investigate the stability of this macrocyclic structure
during the acetylation and reduction reaction. Cleavage prod-
ucts of lower molecular weight would be indicated by signals of
higher retention times in the SEC traces. Exemplarily, the SEC
traces of ac.CD B 7 and RE-b-CD display no further signals of
higher retention times, relative to the respective main product
peak, indicating no cleavage products and consequently the
stability of the macrocyclic structure during the derivatization
steps. In comparison to unmodied b-CD, the SEC trace of the
main product peak of RE-b-CD shis towards higher retention
times. This phenomenon was also observed by the even higher
Fig. 5 (A) SEC traces of b-CD, ac.CD B 7, PM-b-CD, and RE-b-CD con
reduction of triacetin (2) to triethylin (1) depicting possible structures (iso
sodium adducts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
shi of the main product peak of permethylated b-CD (PM-b-
CD). With the progressive functionalization of the hydroxyl
groups (for PM-b-CD full conversion), the hydrogen bond
network, contributing to the general rigidity of the conical
structure, is lost. As a consequence, a more exible geometry
can be obtained, reducing the hydrodynamic radius and
therefore resulting in higher retention times. Surprisingly, the
SEC trace of RE-b-CD shows low intensity signals at lower
retention times than the main product peak, indicating the
formation of species of higher molecular weight during the
reduction (Fig. 5A). In contrast, the mass spectrum of RE-b-CD
only displays the expected signals for ethylated cyclodextrins of
varying DS. However, no signals could be assigned to any
compound that would explain the emergence of the higher
molecular weight peaks in the SEC trace (SI, Fig. S54). Thus, to
gain further understanding related to this SEC peak, a model
reduction with a less complex substrate was conducted. Glyceryl
triacetate (triacetin) was selected as the model substrate due to
its easy accessibility and nature as a polyfunctional acetate ester
of low molecular weight. Triacetin was subjected to the opti-
mized reduction conditions (Fig. 4B right) and crude ESI-MS
analysis was conducted (Fig. 5B). The mass spectrum shows
the presence of the expected reduction product triethylin
(molecule (1) in Fig. 5B) and residual triacetin (molecule (2) in
Fig. 5B). However, signals at higher m/z values are visible as
well. Themass peak atm/z= 373.2558 Da corresponds exactly to
a product dimer, i.e. the mass of two molecules of triethylin
minus two hydrogen atoms (molecule (4) as a representative
structure in Fig. 5B). Furthermore, the signal at m/z =

345.2245 Da can be assigned to the same molecule with one
ethoxy group replaced by a hydroxy group (molecule (3) in
Fig. 5B), resulting from the beforementioned overreduction of
molecule (4). The presence of these signals serves as a strong
indication that a previously unreported intermolecular coupling
ducted in DMAc (0.034 wt% LiBr). (B) ESI-MS spectrum of the model
mers thereof are likely) of the formed coupling products (3) and (4) as
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occurs as a side reaction during the GaBr3-catalyzed reduction.
Such a side reaction is in agreement with the mechanism sug-
gested by Sakai et al. for silane-mediated ester reductions,
involving radical intermediates that can recombine to form the
respective coupled species (SI, Scheme S1).43 This postulate was
based on the inhibition of the reduction in the presence of
radical scavengers, as well as poor yields for substrates with
radical-stabilizing substituents, such as aromatic esters. We
propose that radical–radical recombination could serve as
a possible pathway for the formation of the higher molecular
weight products observed in the ESI-MS spectrum (Fig. 5B).
Although not detectable in the mass spectrum of RE-b-CD, we
assume that this side reaction is also responsible for the
emergence of the additional signals in the corresponding SEC
trace. These observations are in line with the proposed radical
reaction mechanism and thus further supports this mecha-
nism.43 Similar to the acetylation procedure, a sustainability
assessment was conducted for this reaction. To evaluate its
environmental impact, attempts were made to recycle the used
solvents (anisole, water). However, effective separation of the
solvent mixture could not be achieved yet with available
equipment and due to small scales. Thus, a simplied envi-
ronmental factor (Esimple-factor), which excludes the contribu-
tion of the solvents, was employed as a metric to quantify waste
generation. The Esimple-factor was calculated to be 4.22.
Investigation of the host–guest and physicochemical
properties of RE-b-CD

In order to investigate the ability of the synthesized RE-b-CD to
form inclusion complexes, 2D NMR diffusion ordered
Fig. 6 Investigation of the formation of host–guest interactions between
the illustration of the intermolecular H–H correlation between RE-b-CD
were conducted in D2O at a 1 : 1 molar ratio. For the 3D illustrations, the
partially optimized at the B3LYP-D3/6-31G(d,p) level of theory using Ga

4132 | RSC Sustainability, 2025, 3, 4126–4136
spectroscopy (DOSY) and rotating frame Overhauser enhance-
ment spectroscopy (ROESY) studies were conducted. In both
cases, anisole (a suitable non-polar guest molecule) and RE-b-
CD (host molecule) were combined in a 1 : 1 molar ratio in
deuterated water. The formation of an inclusion complex was
rst examined via DOSY NMR. The free anisole and RE-b-CD
molecules display distinctly different hydrodynamic radiuses,
which correlate to varying diffusion coefficients (D) stated by the
Stokes–Einstein equation. However, in the DOSY NMR spec-
trum, only one value of D = 2.86 × 10−6 cm2 s−1 was obtained
(Fig. 6A), indicating both molecules diffuse together as a single
entity. This value is signicantly lower to the theoretical diffu-
sion coefficient of anisole in water, Dtheo. = 7.01× 10−6 cm2 s−1,
and aligns with literature reports of comparable systems (SI,
eqn (7)), thus implying that an incorporation into the CD cavity
took place and an inclusion complex was formed (representa-
tive illustration of the inclusion complex in Fig. 6A).44 To gain
further insight into the structural composition of the host–
guest complex, ROESY studies have been performed. The data
reveal an intermolecular H–H cross coupling between the
aromatic anisole protons at 7.40–7.02 ppm and the inner cavity
protons of RE-b-CD (H3 at 3.60 ppm, H5 at 3.75 ppm), sche-
matically illustrated by the dotted lines in Fig. 6B. This spatial
proximity is direct evidence of the incorporation of anisole
(guest) into the RE-b-CD's cavity (host).

In addition to the detailed structural analysis, the physico-
chemical properties, which ultimately dictate the processibility
and general eld of application, were studied. Solubility tests
revealed that polar solvents, e.g. H2O, MeOH, and EtOH, are
suitable candidates for the dissolution of RE-b-CD.
RE-b-CD and anisole via (A) 2DDOSY and (B) 2D ROESY experiment for
and anisole, indicated by the dotted lines. Both 2D NMR experiments
host–guest inclusion complex was adapted from a crystal structure,45

ussian 16.46
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Fig. 7 (A) TGA decomposition curves of b-CD, ac.CD B 7, PM-b-CD, RM-b-CD, and RE-b-CD in the range of 25 °C to 800 °C. (B) DSC studies
(second heating cycle) of b-CD, PM-b-CD, RM-b-CD, and RE-b-CD in the range of 0 °C to 275 °C and depiction of the respective Tg values.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 2

:4
1:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Additionally, aprotic alternatives, i.e. DMSO, DMAc, and DMF,
efficiently dissolve RE-b-CD as well. Thermogravimetric analysis
(TGA) measurements were conducted in the range of 25 °C to
800 °C to compare and determine thermal stability of the
synthesized RE-b-CD and ac.CD B 7 (exemplarily for acetylated
b-CDs) samples (Fig. 7A). The TGA traces reveal a single-step
degradation for the investigated samples in the range of 300 °
C to 420 °C, attributed to the decomposition of the CD back-
bone. The thermal decomposition values (Td) of the derivatized
CDs indicate an improved thermal stability compared to native
b-CD, whereas RE-b-CD showed the lowest Td50% = 354.4 °C of
the CD derivates (exact Td5% and Td50% values in SI, Table S1).
Due to residual physically bound water, Td5% values of RE-b-CD
cannot be qualitatively compared to the remaining samples. To
complement the TGA analysis, DSC measurements were con-
ducted. While no thermal transition could be detected for
randomly methylated b-CD (RM-b-CD) (DS1H = 14.0), the DSC
analysis of RE-b-CD reveals an amorphous state in the investi-
gated temperature region (0–275 °C) by showing a glass tran-
sition at 130.6 °C (Fig. 7B). Although the DS values are
comparable, these results cannot only be attributed to the
difference in the side chain substituent, due to potentially
different substitution patterns resulting from the aforemen-
tioned ether cleavage.
Conclusion

This work demonstrated a more sustainable and efficient two-
step synthetic alternative strategy for ethylated b-CD, avoiding
typically used highly toxic alkylation agents. The rst step
involved a previously reported protocol for vinyl acetate-based
transesterication, which achieved a “greener” acetylation
pathway with a notably low E-factor of 2.83 through catalytic
dosage of DBU and high recycling rates for the employed
solvents, acetonitrile (96%) and isopropanol (94%). In the
© 2025 The Author(s). Published by the Royal Society of Chemistry
second step, the acetylated b-CDs were efficiently reduced to RE-
b-CDs under mild conditions, reaching high conversions by
employing close to stoichiometric amount of TMDS and 4mol%
GaBr3 per ester group. Herein, we reported the novel use of
anisole, a non-toxic, bio-available solvent alternative to its
conventional hazardous and carcinogenic counterparts. These
carefully optimized parameters, monitored by ATR-IR spec-
troscopy, ensured efficient reaction progress while minimizing
waste generation. Through a model reaction with triacetin, SEC
analysis and mass spectrometry conrmed the existence of
a previously unreported side reaction of the applied ester
reduction, resulting in the formation of higher molecular
weight side products, potentially arising from radical–radical
recombination, thus offering new experimental insights into
the mechanistic pathway of the GaBr3-catalyzed silane-based
carbonyl-reduction reactions. The synthesized RE-b-CDs
exhibited physicochemical properties comparable to methyl-
ated CDs, including solubility in both protic (H2O, MeOH, or
EtOH) and aprotic solvents (DMSO) and thermal stability as
characterized by TGA and DSC analyses. Additionally, their
host–guest properties with the non-polar guest molecule ani-
sole was characterized through DOSY and ROESY NMR
methods, to verify the formation of inclusion complexes. In
conclusion, this work showcased a more benign synthetic
alternative for etherication of b-CD. We have demonstrated
that RE-b-CDs obtained via the developed approach retain their
characteristic performance without compromise, offering
amore sustainable alternative to the conventionally synthesized
b-CD derivatives.
Experimental section
Materials

Acetone (Thermo Scientic, extra dry 99.8%), acetonitrile
(MeCN, Sigma-Aldrich, anhydrous 99.8%), acetylchlorid (Sigma-
RSC Sustainability, 2025, 3, 4126–4136 | 4133
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Aldrich, 99%), anisole (Sigma-Aldrich, 99%), chloroform-d1
(CDCl3, Eurisotop, 99.80%), b-cyclodextrin (b-CD, Acros Chem-
icals, 98%), deuterium oxide (D2O, Eurisotop, 99.90%), N,N-
dimethyl acetamide (DMAc, Sigma, anhydours 99.8%), di-
methylsulfoxide-d6 (DMSO-d6, Eurisotop, 99.80%), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, Tokyo Chemical Industry,
<98%), gallium bromide (GaBr3, Thermo Scientic Chemicals,
ultra dry 99.998%), glycerol (abcr, 99%) endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (e-HNDI, Alfa Aesar, 97%),
lithium bromide (LiBr, Acros Organics, 99+%), pyridine
(Thermos Scientic Chemicals, extra pure 99%), sodium
carbonate (Na2CO3, Thermo Scientic, extra pure anhydrous
99.5%), sodium sulfate (Na2SO4, Thermo Scientic, extra pure
anhydrous 99%), tetramethyldisiloxane (TMDS, Acros Chem-
icals, 97%), triuoroacetic acid (TFA, Acros chemicals, extra
pure 99%), and vinyl acetate (VA, Acros Chemicals, 99+%) were
used without further purication. Anisole was dried prior use by
the addition of activated 4 Å molecular sieves. Only deionized
water was used. Other solvents used are HPLC or analytical
grade.

General procedure for the synthesis of acetylation of b-
cyclodextrin

In a round bottom ask, b-cyclodextrin (300 mg, 0.264 mmol,
1.00 equiv.) was suspended in 7.5 mL anhydrous acetone or
acetonitrile, followed by the addition of DBU (8.29 mL,
0.0556 mmol, 1 mol% per –OH group). In addition, the
respective amount of vinyl acetate (6.00–27.0 equiv.) was added
dropwise under argon atmosphere. The heterogeneous solution
was then heated to 50 °C and stirred for 24 h. The solvent
mixture was removed under reduced pressure and the obtained
precipitate was reuxed in 3 mL isopropanol. The mixture was
cooled to −19 °C, isolated by vacuum ltration, and washed
with cold isopropanol (3 × 5 mL). Aerwards, the solid was
dried at reduced pressure (10 mbar) at 65 °C for 24 h. The nal
product was obtained as a white powdery substance. Yields were
calculated based on the DS31P (Table 1) according to SI eqn (5)
and (6).

Reduction of acetyl-b-cyclodextrin towards randomly
ethylated b-cyclodextrin (RE-b-CD)

In a round bottom ask, acetylated b-cyclodextrin (DS = 20.1)
(5.00 g, 2.53 mmol, 1.00 equiv.) was dissolved in 125 mL
anhydrous anisole. GaBr3 (629 mg, 2.03 mmol, 4 mol% per
ester) dissolved in 5 mL anhydrous anisole was combined with
the acetylated b-cyclodextrin solution. The homogeneous reac-
tion mixture was stirred and TMDS (9.87 mL, 7.50 g, 55.9 mmol,
1.10 equiv. per ester) was added over the course of 3 h with
a syringe pump. Aer 161 h, the mixture was quenched with
water (50 mL) and the solvents (anisole/water) were removed
under reduced pressure. The residue was dissolved in ethanol
(50 mL), ltered over Celite® to remove any residual gallium
species, and concentrated under reduced pressure. Aerwards,
the mixture was precipitated from ethanol into cold n-hexane,
vacuum ltered, and dried under vacuum (10 mbar) at 65 °C.
The nal product was obtained as a white powdery solid with
4134 | RSC Sustainability, 2025, 3, 4126–4136
a yield of 80% (3.11 g, 2.03 mmol) (calculated based on the
DS31P according to SI eqn (5) and (6)).

ATR-IR: n/cm−1 = 3616–3161 n(O–H), 3007–2795 n(C–H),
1084 n(C–O)ether, 1030 n(C–O)AGU.

1H NMR (400 MHz, D2O): d/
ppm = 5.79–2.98 (m, AGU, 7H), 3.84 (br, CH2, 6H), 1.23 (t, J =
10.7 Hz, CH3, 9H). 13C NMR (126 MHz, D2O): d/ppm = 101.47,
80.69, 79.37, 71.70, 68.43, 66.86, 14.58, 14.14.
Analytic methods

Infrared spectroscopy (IR). IR measurements were conduct-
ed, using a Bruker Alpha-p spectrometer (Ettlingen, Baden-
Württemberg, Germany) with ATR technology in a range of n =
400–4000 cm−1. Each measurement consisted of one back-
ground measurement and one absorbance measurement with
24 scans at room temperature.

Nuclear magnetic resonance spectroscopy (NMR). NMR
spectroscopy was performed using a Bruker Ascend spectrom-
eter (Ettlingen, Baden-Württemberg, Germany) (400 MHz for 1H
NMR) or Bruker Avanche DRX (Ettlingen, Baden-Württemberg,
Germany) (126 MHz for 13C, and 162 MHz for 31P NMR) at
a constant temperature of 298 K. For sample preparation, 5–
25 mg of the samples were dissolved in deuterated solvents and
mixed until homogeneous. 1H NMR spectra were recorded at
400 MHz with 16–64 scans (delay time d1 = 1.00 s), 13C NMR
spectra were recorded at 126MHz with 1024–16 384 scans (delay
time d1 = 1.00 s), and 31P NMR spectra were recorded at 162
MHz with 512 scans (delay time d1= 5.00 s). The chemical shis
(d) were reported in parts per million (ppm) relative to the
chemical shi of tetramethylsilane (d = 0.00 ppm) and refer-
enced to the solvent signal of 1H: DMSO-d5 at 2.50 ppm, CHCl3
at 7.26 ppm, or HDO at 4.79 ppm; 13C: DMSO-d5 at 39.52 ppm
and CHCl3 at 77.16 ppm. Peak deconvolution was performed by
applying a quantitative global spectrum deconvolution method
(GSD) with 20 tting cycles (renement level 4) and 10
improvement cycles.

DOSY NMR experiments were conducted on a Bruker Avan-
che DRX (500 MHz) and the spectra recorded with 64 scans. The
relaxation delay (D1) and the gradient recovery delay were kept
xed at 3 s and 0.2 ms, respectively. The strength of the pulsed-
eld gradients was increased from 2% to 98% of the maximal
gradient strength (10 A) in 16 steps, whereas the diffusion-
sensitive period (D) was set to 0.06 s and the gradient dura-
tion (d) was set to 2 ms. The obtained data were processed with
MestreNova by applying a DOSY transform (Bayesian method).
ROESY NMR experiments were performed on a Bruker Avanche
DRX (500 MHz) with a pulse spin lock of 200 ms.

Electrospray ionization-mass spectrometry (ESI-MS). ESI
experiments were recorded on a Q-Exactive (Orbitrap) mass
spectrometer (Thermo Fisher Scientic, San Jose, CA, USA)
equipped with a HESI II probe. Formic acid was added to
selected samples to improve ionizability. The spectra were
interpreted by peaks of protonated molecules [M + H]+ and
adducts such as [M + NH4]

+ or [M + Na]+. All peaks are indicated
with their mass-to-charge ratio (m/z).

Differential scanning calorimetry (DSC). DSC measurements
were performed on a Mettler Toledo DSC 3 (Greifensee, Canton
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Zurich, Switzerland) using a Huber Intracooler TC100
(Offenburg, Baden-Württemberg, Germany) and aluminum
crucibles (40.0 mL). The experiments were performed under
nitrogen ow (50mLmin−1) in two consecutive heating–cooling
cycles: −20–300 °C, 300 to −20 °C and −20–300 °C at a heating/
cooling rate of 10 K min−1. Each measurement was performed
using 3–7 mg of substance.

Thermogravimetric analysis (TGA). Thermogravimetric
measurements were performed on a TGA Q5500 instrument
(New Castle, DE, USA) from TA Instruments. The samples were
dried under reduced pressure (10 mbar) at 65 °C overnight
before eachmeasurement. The samples (3–7mg) were heated in
a platinum crucible in the range of 25–800 °C under a nitrogen
atmosphere at a heating rate of 10 K min−1. Td,5% is dened as
the temperature at which 5% weight loss of the sample
occurred, while Td,50% is dened as the temperature at which
50% of the weight loss of the sample was detected.

Size exclusion chromatography (SEC). SEC measurements
were performed on an Agilent Technologies 1260 Innity II
(Waldbronn, Baden-Württemberg, Germany) equipped with
a Mixed-C 5 mm and Mixed-E 3 mm Agilent column, and
a differential refractive index detector. The used eluent was
DMAc containing 0.034 wt% LiBr. The number average molar
mass (Mn), the weight average molar mass (Mw), and the di-
spersity (Đ = Mw/Mn) of the samples were determined using
a calibration of poly(methyl methacrylate) (PMMA) standards
ranging from 800 to 2.2 × 106 Da. The samples were dissolved
in the eluent at a concentration of 2 mg mL−1 and ltered over
a 0.2 mL lter.

Inductively coupled plasma optical emission spectrometry
(ICP-OES). ICP-OES measurements were performed on an ICP-
OES iCap 7000 (Thermo Fisher Scientic, Waltham, MA, USA).
For the sample preparation, 5 mg of the analyte were treated
with a mixture of 68% nitric acid and 30% hydrogen peroxide in
a digitube and heated in a DigiPRep heating system for 2 h.
Aerwards, the liquid was evaporated and diluted with deion-
ized water up to 20 mL. All measurements were conducted in
duplicates to minimize the susceptibility to errors.
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