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Introduction

Staudinger aza-Wittig reactions are nowadays regularly
employed in many fields of organic chemistry, as a step of
a reaction sequence,’ in syntheses of poly-substituted cyclic
derivatives,> or for isotopic labelling.® This sequential reaction
involves the formation of iminophosphorane from phosphane
and organic azide, known as the Staudinger reaction,”® and the
reaction of the latter, known as the aza-Witting reaction, with
aldehyde, CO,, CS, or isocyanate to give imine, isocyanate,
isothiocyanate or carbodiimide, respectively. The Staudinger
aza-Wittig reaction has been widely used to obtain ureido-
cyclodextrin derivatives since the pioneering work of Marsura,
especially in solution in anhydrous media®'® or in supercritical
CO,."* However, the use of solvents associated with long reac-
tion times or harsh reaction conditions excludes this approach
from the realm of green chemistry. To overcome this issue, we
investigated this reaction using mechanochemical activation.
Mechanochemistry consists of the study and use of mechanical
energy for the activation of chemical reactions. The mechanical
energy transferred to the reaction system can be provided by
pestles, vibrating or planetary mills or extruders in order to
carry out chemical reactions in the solid state.> Mechano-
chemistry, by the reduction of reaction times, as well as by the
important reduction of the quantity of solvent necessary to the
process, allows an important reduction of the energy
consumption compared to the traditional processes. Thus, the
mechanochemical activation allows a more respectful approach
of the environment and is fully in line with the sustainable
development.
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times, without solvents and without thermal activation, greatly reducing the environmental impact of the

Cyclodextrins are cyclic oligosaccharides; the most common
of which are composed of 6, 7 and 8 glucose units for a, B and y-
cyclodextrins respectively. They form cone-shaped structures
with non-polar cavities that can complex apolar guests.*® It is
worth noting that cyclodextrins offer a versatile platform for
chemical modification, enabling a wide array of tailored deriv-
atives with diverse properties and functionalities for various
applications including in textiles, flavor protection in food
formulations, cholesterol removal in dairy products, drug
delivery enhancement, agricultural chemical encapsulation,
and separation in the chemical industry, owing to their
complexation abilities, odor control, and molecular encapsu-
lation properties.**

In this study, we employ functionalized cyclodextrins,
specifically, monoazido-per-O-acetyl-p-cyclodextrin ((2,3-di-O-
acetyl-6-deoxy-6-azido)-hexakis-(2,3,6-tri-O-acetyl)-
cyclomaltoheptaose) 1A and monoazido-per-O-methyl-B-cyclo-
dextrin  ((2,3-di-O-acetyl-6-deoxy-6-azido)-hexakis-(2,3,6-tri-O-
methyl)-cyclomaltoheptaose) 1B (Scheme 1). The reaction
sequence involves a Staudinger reaction between the azido-
cyclodextrin derivatives 1A or 1B and triphenylphosphine
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Scheme 1 Cyclodextrin 1A and 1B.
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(TPP),* followed by an aza-Wittig type transformation with CO,,
and subsequently, ureation reactions with R-NH, derivatives to
form ureido-B-cyclodextrins products (Scheme 2).

During urea formation, it is essential to avoid any other
nucleophilic species in the reaction environment to prevent
adverse reactions with isocyanate 6. Therefore, the use of
monoazido-B-cyclodextrin ((6-deoxy-6-azido)-
cyclomaltoheptaose) with OH groups is not recommended as
it may result in the formation of unwanted carbamate deriva-
tives. However, the deprotection of cyclodextrin hydroxyl func-
tions through ester function methanolysis using the Zemplen
method is easily achievable,'® thereby enhancing the relevance
of this study starting from 1A.

Results and discussion
Performance of grinding process vs. solution process

During this study, the mechanochemical processes were carried
out in planetary ball milling with 20 mL grinding bowl and ten
10 mm balls in zirconium oxide. The reaction atmosphere can
be introduced at pressures ranging from atmospheric pressure
to 10 bars.

We began by co-grinding 1A, TPP and 2-iodoaniline under 10
bars of CO,. After a 15 minute reaction, we obtained a yield of
47% for compound 7Ak, accompanied by the formation of 6%
for coproduct in the form of a symmetrical bicyclodextrin
(Scheme 3).

During the Staudinger aza-Wittig urea reaction, a side reac-
tion can occur between the iminophosphorane intermediates 4
and the isothiocyanate intermediates 6 to form carbodiimides
8, which will be hydrolyzed into symmetrical ureas 9 during
analyses or purifications'” (Scheme 4). However, selectivity
towards compound 7Ak was 80%.

When we conducted the reaction involving 1A, TPP, and 2-
iodoaniline under CO, pressure directly in a chloroform solu-
tion for a duration of 15 minutes, the yield of 7Ak was found to
be less than 1%, which makes the selectivity undefined (Table 1
entry 1). However, a yield of 48% could be obtained after
a reaction time of 15 h, but the selectivity was lower than that
obtained by grinding (Table 1 - entry 2). Intriguingly, upon pre-
grinding 1A and TPP in the absence of additional reagents and
solvents, followed by subsequent use of the pre-ground powder
for a 15 minute reaction in a chloroform solution in the pres-
ence of CO, and 2-iodoaniline, we achieved a significantly
enhanced yield of 48% for compound 7AKk, characterized by an
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Scheme 2 Staudinger aza-Wittig ureation.
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Scheme 3 Ureation of 1A with 2-iodoaniline.

impressive 67% selectivity (Table 1 - entry 4). These findings
suggest that the pre-milling of 1A and TPP can significantly
enhance the Staudinger reaction step in this reaction sequence.
Furthermore, the molar ratio obtained in chloroform solution
at 20 °C closely resembles that achieved through ambient
temperature milling.

Effect of substitution on performance in grinding process

This study was extended to a wide range of halogenated aniline,
amino-pyridine derivatives or amino-adamantane to product
unsymmetrical urea's cyclodextrin (7Ax or 7Bx) (Table 2).

In the case of aniline derivatives, we first investigated the
effect of halogenated substituents in the ortho, meta, and para
positions on the yields with 1A. We did not observe significant
electronic effects on the yields. However, we found that steric
effects are predominant. Indeed, regardless of the presence of
a halogenated substituent or a methyl substituent, the para-
substituted series of aniline always gave the best yields.
However, in the fluorinated series, although the absence of
steric hindrance in the para position allows for the best yields,
the differences in yields between the ortho and meta positions
do not allow us to conclude a unique influence of steric effects.
The fluorine may also induce electronic effects in addition to
steric effects.

We also observed that the presence of a substituent in the
ortho position of the NH, function leads to significant steric
hindrance resulting in low to moderate yields. However, by
using aminopyridine derivatives, we were able to study the
influence of electronic effects. We observed that the yields ob-
tained are directly correlated to the nucleophilicity of the ami-
nopyridine derivative.”® Thus, when steric effects are not
present, the influences of electronic effects become predomi-
nant (Fig. 1). These results emphasize the importance of
considering the steric and electronic effects of substituents
when designing new derivatives for the synthesis of ureas by
mechanoactivation.

Although 1-adamantanamine is a sterically hindered
primary amine, it is perfectly recognized by cyclodextrin cavi-
ties,” with which it forms complexes in solution with high
association constants. We have demonstrated in previous arti-
cles that the complexes present in solution also exist in the solid
phase,**”* so it seems conceivable that this is also the case with
1-adamantanamine. Thus, it is likely that the obtained result
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Scheme 4 Side reaction during Staudinger aza-Wittig ureation.
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Table 1 7Ak derivative obtention with 2-iodoaniline in various
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Table 2 Substrate scope of Staudinger aza-Wittig ureation of cyclo-
dextrins derivatives®

Yield  Selectivity
%) (%)
Entry  Method Time 7Ak?  (7AK/(7AK + 2 x 9A)) x 100°
1 Solution” 15min  nd/ nd.
2 Solution® 15 h 48 67
3 Grinding” 15 min 47 80
4 Solution® 15 min 48 67

“ 1A (1000 mg, 0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.),
2-iodoaniline (131 mg, 0. 60 mmol, 1.2 equiv.), CHCI; (15 mL), CO, (10
bars), 1500 rpm, R.T. 1A (1000 mg, 0.5 mmol, 1 equiv.), TPP
(157 mg, 0.60 mmol, 1.2 equiv.), 2-iodoaniline (131 mg, 0.60 mmol,
1.2 equiv.), CO, (10 bars), 20 mL zirconium oxide grinding bowl with
ten 10 mm zirconium oxide grinding balls, 850 rpm. © 1A (1000 mg,
0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.), 20 mL
zirconium oxide grinding bowl with ten 10 mm zirconium oxide
grinding balls, 850 rpm, 15 min before introduction of resulting
powder in solution of 2-iodoaniline (131 mg, 0.60 mmol 1.2 equiv.) in
CHCl; (15 mL), CO, (10 bars), 1500 rpm, R.T. Isolated yield
¢ Calculated with isolated products quantity.’ The reaction progress is
too low to allow isolation of any product.

can be explained by the spatial proximity of the reactive sites in
the 1-adamantanamine/cyclodextrin complex. However, it is
probable that complexes are not specifically oriented, and that
a random distribution between the orientation of the amine
function towards the secondary face (corresponding to posi-
tions 2 and 3 of the sugars) and the primary face (corresponding
to positions 6 of the sugars) coexists.?> Thus, only complexes
with an orientation of the amine function towards the primary
face would have spatial proximity to the reactive function of
cyclodextrins, which would explain yields of 47% to 80%.

Effect of CO, pressure on performance in grinding process

We also investigated the effect of CO, pressure (Table 3). We
observed that the CO, pressure did not significantly influence
either the yield or the selectivity of the reaction. We attribute
this finding to the high accessibility of the reactive sites to the
gaseous reactants in the absence of solvent. In contrast to
liquid-phase reactions, where mass transfer limitations are
typically compensated by using high gas pressures to promote
phase transfers, this limitation is absent in solid-phase reac-
tions. Therefore, a high pressure of gaseous reactant is no
longer necessary, and a nearly stoichiometric quantity of CO, is
sufficient to achieve high yields (Table 3). Recently, Bols and
co.”® presented a compelling demonstration of the capacity of
certain cyclodextrin derivatives to form complexes with CO,.
This study was distinguished by the successful crystallization of
specific complexes involving cyclodextrin derivatives and CO,,
providing robust confirmation of the existence of these associ-
ations in the solid phase. Furthermore, this team elucidated
a correlation between the heightened lipophilicity of cyclodex-
trin derivatives and a significant increase in association
constants with CO,. Consequently, it becomes plausible that, in
the solid phase, CO, can indeed form inclusion complexes with
cyclodextrins 1A and 2B, thereby enhancing chemical reactivity

230 | RSC Mechanochem., 2024, 1, 228-234
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“ 1A or 1B (0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.),
aniline derivative (0.60 mmol, 1.2 equiv.), CO, (10 bars), 20 mL
zirconium oxide grinding bowl with ten 10 mm zirconium oxide
grinding balls, 850 rpm, 15 min - yield (Y%) and selectivity (S%)
calculated with isolated products and $% = (7x/(7x + 2 x 9)) x 100.

through proximity effects with reactive groups, without the
necessity for high pressures.

Mechanism exploration

Our results suggest strongly that the Staudinger reduction
constitutes a critical step. Many research teams have investi-
gated this reaction using experimental techniques®™?® or
computational methods.”” To scrutinize this critical phase, we
used *'P NMR spectroscopy to follow the reaction progress.
Experiments involved the co-grinding of TPP with per-methyl-
ated-B-cyclodextrin or per-acetylated-f-cyclodextrin cyclodex-
trins not functionalized by azide functions and without taking
precautions on the atmosphere composition (air at atmospheric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of substrates on isolated yield of 7A type derivatives.

Table 3 7Aa derivative obtention with 2-iodoaniline with various
pressure of CO*

Selectivity
Yield (%) (%)
(7Ak/(7Ak
Entry CO, (bar) 7Ak +2 x 9A)) x 100
1 10 47 81
2 7 48 80
3 2 47 80

% 1A (1000 mg, 0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.),
2-jodoaniline (131 mg, 0.60 mmol, 1.2 equiv.), CO,, (10 bars), 20 mL
zirconium oxide grinding bowl with ten 10 mm zirconium oxide
grinding balls, 850 rpm, 15 min - yield and selectivity calculated with
isolated products.

pressure), moreover, the atmosphere is renewed at each
sampling every hour. Over a grinding time of 3 hours without or
in the presence of per-methylated-p-cyclodextrin or per-acety-
lated-B-cyclodextrin, we didn't observe any oxidation of TPP.
Similarly, a solution of TPP in CDCl; at room temperature will
only undergo an oxidation of less than 0.3% in 3 hours, the
oxidation is about 3% after 46 h in solution at R.T. These
observations allow us to use *'P-NMR for the analysis of our
systems by not considering the oxidation during the short time
of the analysis.

We investigated the generation of iminophosphorane inter-
mediates in both solution and under dry milling conditions. We
used an equimolar mixture of azido-cyclodextrin derivatives 1A
or 1B and TPP. Our analysis using *'P-NMR consistently
revealed the presence of four distinct species in varying
proportions. Specifically, TPP and TPPO exhibited signals at
—5.0 ppm and 29.5 ppm, respectively. Additionally, we observed
signals corresponding to triazaphosphadienes 2A at 41.4 ppm,
2B at 40.8 ppm, and iminophosphoranes 4A at 12.5 ppm, and
4B at 8.7 ppm (Fig. 2).

In solution at room temperature in CDCl;, we observe an
evolution of the conversion of TPP over several hours in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presence of an equimolar quantity of azido-cyclodextrins 1A.
The presence of intermediate 2A is always maintained at
a proportion of about 5% (Fig. 3A).

The evolution of the proportion of TPPO in the medium is
attributed to the greater sensitivity of iminophosphorane 4A to
hydrolysis. By mechanochemical activation, we observe an
extremely important increase in the conversion of TPP
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Fig. 3 Relative integrated intensity of phosphorus species by NMR

31p(CDCls) (A) in solution at room temperature in CDCls (B) by grinding
at 850 rpm ¢ TPP, ¢ TPPO, m 2A, a 4A
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compared to reactions in solution at room temperature
(Fig. 3B). Thus, milling of 1A and TPP leads to a conversion step
of 80% of TPP in less than 20 min whereas in solution,
a comparable conversion is obtained in more than 4 hours, i.e.
a reduction of about 92% of the conversion time. However, the
product distribution is very different.

Similarly, from an equimolar quantity of azido-cyclodextrins
1B and TPP in solution at room temperature in CDCl;, we
observe an evolution of the conversion of TPP over several
hours. The presence of intermediate 2B is always maintained at
a small proportion of about 6% (Fig. 4A). The evolution of the
proportion of TPPO in the medium is attributed to the greater
sensitivity of iminophosphorane 4B to hydrolysis. From 1B, we
also observe a much faster conversion of TPP by mechano-
chemical activation a plateau at 70% conversion in less than
15 min (Fig. 4B). Comparatively, a comparable conversion
requires more than 13 hours in solution, i.e. a reduction of
about 98% of the conversion time.

Unexpectedly, in both solution and under dry milling
conditions, we observe a faster conversion of TPP starting at 1A
compared with 1B. We suggest attributing this result to the
contribution of the acetate groups in shifting the equilibria in
favor of iminophosphorane 2A formation through a transition
by an 1,3,2-oxazaphosphetane 3A* (Scheme 5).2*
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Fig. 4 Relative integrated intensity of phosphorus species by NMR

3IP(CDCls) (A) in solution at room temperature in CDCls (B) by grinding
at 850 rpm ¢ TPP, ¢« TPPO, m 2B, a 4B.
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Scheme 5 Proposed mechanism for assisting the ester function to
shift equilibria towards the formation of iminophosphorane 4A.

However, the diffusion dynamics of the reagents in the solids
is fast when grinding from 1A or 1B. This diffusion allows
a rapid reaction between the TPP and the azide functions, with
the formation of the intermediate 2. Thus, the mechanical
energy transferred to the powders allows intermolecular
movement as well as reaction activation for the formation of the
first intermediate 2. However, the intramolecular dynamics
seems to be different in solid medium compared to the solution
medium. Indeed, the reaction equilibria in solid phase lead to
a distribution of reaction intermediates different from the
distribution in solution. Thus, we assume that the intra-
molecular reaction allowing the formation of 4 from 2 inter-
mediates is slower in solid phase than in the liquid phase.
However, the intramolecular chemical equilibria remain
displaceable by introducing another reactive molecule in the
medium.

Green chemistry metrics of grinding process vs. solution
process

The green chemistry metrics* of the grinding process were
compared with those of the solution process (Table 4).

For Atom Economy (AE), both methods yield a similar result,
with an atom economy of 87.9%, showcasing the efficiency of
both approaches in utilizing reactants. Similarly, Reaction Mass
Efficiency (RME) demonstrates congruence between the two
methods, with both registering an RME of approximately 40%,
implying the effective conversion of reactants into desired
products.

In contrast, Process Mass Intensity (PMI) exhibits
a substantial contrast between the two methods. While the
solution-based approach yields a PMI of 45 kg kg ', the
grinding method remarkably reduces this metric to a mere 2.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of green chemistry metrics for 7Ak derivative obtention with 2-iodoaniline by grinding or solution

Percentage off by

Green chemistry metrics In solution® By grinding” grinding versus solution
Atom Economy (AE) 87.9% #

Reaction Mass Efficiently (RME) 40.7% 39.9% 4 0.8%

Process Mass Intensity (PMI) 45 kg kg ! 2.6 kg kg ! 94% reduction

E-factor 44 kg kg™* 1.6 kg kg™* 96% reduction

Time of reaction (min) 900 15 98% reduction
Purification Evaporation of organic solvents/column Column chromatography

chromatography

% 1A (1000 mg, 0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.), 2-iodoaniline (131 mg, 0.60 mmol, 1.2 equiv.), CHCl; (15 mL), CO, (10 bars),
1500 rpm, R.T.? 1A (1000 mg, 0.5 mmol, 1 equiv.), TPP (157 mg, 0.60 mmol, 1.2 equiv.), 2-iodoaniline (131 mg, 0.60 mmol, 1.2 equiv.), CO, (10 bars),
20 mL zirconium oxide grinding bowl with ten 10 mm zirconium oxide grinding balls, 850 rpm.

kg kg™". This indicates a remarkable 94% reduction in process
mass intensity when employing the grinding method.

Likewise, the E-factor illustrates a significant disparity
between the two approaches. The solution-based method
results in an E-factor of 44 kg kg ', whereas the grinding
method records an impressively lower E-factor of 1.6 kg kg™,
signifying a substantial 96% reduction in waste generation
when grinding is employed. Furthermore, the time of reaction
displays a substantial contrast, with the solution-based
approach necessitating 900 minutes, whereas the grinding
method remarkably reduces the reaction time to just 15
minutes, signifying a noteworthy 98% reduction.

Lastly, in terms of purification, the solution-based method
involves the evaporation of organic solvents and column chro-
matography, while the grinding method employs just a column
chromatography, which may be seen as a more simply purifi-
cation strategy.

This comparison demonstrated that the grinding method
offers significant advantages in terms of process mass intensity,
E-factor, and reaction time when compared to the solution-
based approach, thereby exemplifying its potential as a more
environmentally sustainable and efficient synthetic route.

Conclusion

This study has clearly demonstrated that mechanochemistry
under reactive atmosphere is a practical and effective method to
functionalize cyclodextrins with urea functions. The formation
of iminophosphorane has been identified as the kinetically
limiting step in this reaction, whether in a solution or a solid
phase. Additionally, our findings suggest that steric effects are
generally more prevalent than electronic effects in the reaction.
However, supramolecular effects facilitating complex formation
can modulate steric effects by pre-organizing reactive func-
tionalities, notably in the case of 1-adamantamine. Finally, it
has been shown that the use of high-pressure reactive atmo-
sphere is not necessary in the absence of solvent. These obser-
vations have contributed to a better understanding of the
mechanisms involved in mechano-activated reactions in the
absence of solvent and offer interesting perspectives for the
optimization of this synthesis method. Similarly, this study
demonstrates that mechanochemistry is an approach that

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

makes it possible to reduce the environmental impact of reac-
tions under a reactive atmosphere, in particular the ureation
reaction by the Staudinger aza-Wittig reaction sequence under
reactive atmosphere of CO,.
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