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1. Introduction

Cyclodextrins (CyDs) have attracted worldwide interest in var-
ious research fields related to host-guest molecular recognition.1

Regioselective functionalization of their hydroxyls groups remark-
ably enhanced their complexing and catalytic activities at the
supramolecular level. However, as selective chemical modification
of CyDs undoubtedly presents a challenge in the way of molecular
design, much effort is being directed to developing new synthetic
approaches that are both rapid and regioselective. From the past
two decades, the application of ultrasounds in synthetic organic
chemistry became more and more interesting.2 Moreover it is well
known that many organic reactions can be accelerated by ultra-
sounds (US).3,4 Some recent papers compared outcomes of several
CyD functionalizations carried out both under conventional condi-
tions and under US.5 Results showed that these techniques are very
advantageous in terms of yields and reaction times. Knowing that
many protocols for the preparation of CyD derivatives suffer from
limitations such as long reaction times, it appeared judicious to
investigate ultrasound power to promote these kinds of reactions.
However, selective chemical modifications of CyDs still present a
challenge and much effort should be engaged to developing pow-
erful protocols that are expeditious and regioselective. For the last
10 years, as a part of our interest in the development of the Stau-
dinger-Aza-Wittig (S.A.W.) tandem reaction as a green chemistry
tool for a safe ‘phosgene free’ access to ureas, isocyanates, carbodii-
mides, or urethanes quadrivalent functions6a–10 and in a continua-
tion of regioselective syntheses of CyD-based building blocks, our
current research program was concerned with the development
of the reaction in supercritical conditions (sCO2)11 and under ultra-
sound irradiation (Fig. 1).
ll rights reserved.
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2. Results and discussion

Herein, we present a preliminary study of ultrasound power
effect on a S.A.W. standard reaction, (Eq. (1)), from analytical
and kinetic points of view. The reactions were carried out under
both conventional (DMF) and ultrasonic irradiation conditions.
The 6A-azido-6A-deoxy-per-O-acetylated-b-cyclodextrin 1 was
treated with triphenylphosphine in presence of carbon dioxide
as electrophile and benzylamine 3 as the nucleophile in anhy-
drous DMF. The middle depth immersed sonotrode allowed stir-
ring of the reaction mixture and was adjusted for several
intensities.12 In these conditions, the 6A-benzylureido-6A-deoxy-
per-O-acetyl-b-cyclodextrin 46b was obtained in a shorter time
and in excellent yield compared to conventional conditions (see
Table 1). All experiments have been realized at three different
ultrasonic power levels, at two duration times (Table 1) and un-
der temperature control by an external water bath. A typical pro-
cedure is given below.13
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Figure 2. (A) Conversion rate (Cn) without US of � [azide] 1; N[isocyanate] 2 and j

[urea] 4 versus time into DMF; B) Conversion rate (Cn) of the [azide] 1 versus time
under US at j 70 W, N 35 W, and � 17.5 W.

Figure 3. Conversion rate (Cn) of the [isocyanate] 2 versus time under US at j

70 W, N 35 W, and � 17.5 W.
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Figure 1. Intensity (A.U.) versus time HPLC plot of a US 35 W experiment at
different times 5, 15, 90, and 120 min.

Table 1
Effect of ultrasonic power on the rate and yield of the urea 4 by the S.A.W. tandem
reaction

US power Without US 70 W 35 W 17.5 W

Time (min) 20 120 20 120 20 120 20 120
Yield (%) 10 53 5 40 5 99 3 5
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3. Composition and kinetic calculations

Considering the mechanism14 and the very recent study of the
reaction kinetics under conventional conditions (DMF) as well as
in supercritical CO2

15 it was demonstrated that: (i) the reaction fol-
lows in the two situations a first-order kinetic, (ii) the rate constant
was temperature dependant, and (iii) sCO2 as solvent improved
significantly the reaction rate. Analysis of the composition mix-
tures was performed using HPLC–ELSD on an unbounded silica sta-
tionary phase, knowing that such detection method is reliable and
well adapted for cyclodextrin detection.16,17

The standard reaction, which was assumed irreversible, can be
schematically written as in Eq. (1). Under conventional conditions
(Fig. 2A), we observed that 60% of the azido-CyD was consumed
after 2 h as under US 70 W maximum power (Fig. 2B). The situation
was quite different when middle and low US power were applied,
showing a more intense and rapid decrease of the azide concentra-
tion (98%) for the same irradiation time. Looking at the key inter-
mediate CyD mono-isocyanate 2, leading in a second step to the
urea 4, the conversion rate in the r1 step was proportional to the
ultrasonic power, and regarding the isocyanate formation, the
stronger the ultrasonic power was, the faster the isocyanate forma-
tion was (e.g., 50% for 70 W in 60 min); (Fig. 3).

Concerning the urea formation to the r2 step, the optimum con-
ditions were reached for 35 W middle intensity of ultrasounds in
120 min (99% yield, see Table 1) whereas an unattended decreasing
yield of 4 was then observed when the highest US intensity was ap-
plied in the same conditions (Fig. 4).

Looking at this contrasting result we performed another exper-
iment under US at 70 W during the first part and then at 35 W dur-
ing the second part. As illustrated in Figure 5, one can see the
reaction was completed much faster, 100% yield of the urea 4
was obtained in 100 min confirms our assumption. No other sup-
plementary by-product was detected judging from the registered
chromatograms suggesting the r2 step becomes reversible when
a high US power (70 W) was used. This feature perfectly correlates
with the persistency of isocyanate 2 concentration at 50% in this
step compared to the results observed at 35 W (0% yield). In order
to verify a possible retro-reaction occurring from the urea, we real-
ized the reaction with 4 under high power US (70 W) for 5 h in
DMF. In these conditions, 4 remained totally unchanged, no trace
of the isocyanate 2 being detected by HPLC analysis of the reaction
mixture and thus discarded the r2 step reversibility hypothesis.
Consequently, the origin of r2 step lower efficiency more probably
comes from the intense cavitation induced close to the sonotrode
surface as explained before by other authors.3 In such a situation,
it appears that a great part of the acoustic energy is reflected so
that the ultrasounds do not penetrate into the liquid inside the
reactor and thus are less efficient, whereas the ultrasonic waves,
when lower ultrasonic powers are applied, spread out through
the whole reactor volume, thus increasing refraction and reflection
on the reactor walls, and are then more efficient. Nevertheless, the



Figure 4. Conversion rate (Cn) of the [urea] 4 versus time under US at j 70 W, N
35 W, and � 17.5 W.
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Figure 5. Conversion rate (Cn) of the � [azide] 1; N [isocyanate] 2 and j [urea] 4
versus time under US at 70 W (60 min) then 35 W (60 min).
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latter does not take into account what happens at the molecular le-
vel. So that, a second hypothesis may be proposed for the transition
state in which intense cavitation prevents the benzylamine nucle-
ophile to approach the isocyanate and thus slowing down the rate
of the r2 step to yield the urea 4.

In summary, we showed that isocyanate and urea formation in
a S.A.W. standard reaction is strongly favored under US irradiation
and that proven US-assisted procedures are very advantageous in
terms of yields and reaction times. Elsewhere, an optimum power
should be applied to obtain the best conversion of the azido-CyD
into the urea and to avoid a lower efficiency at the second step.
As it is known that other parameters like diameter as well as depth
of immersion of the sonotrode influence the ultrasonic field inside
the reactor, supplementary experiments are now under progress as
well as investigations of the same reaction in supercritical fluids
(sCO2) with an interesting question: what may happen in such con-
ditions about the reaction course?
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